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Chapter

Fluorinated Ionic Liquids as
Task-Specific Materials: An
Overview of Current Research

Nicole S.M. Vieira, Mavrgarida L. Ferreira, Paulo ]. Castro,
Jodo M.M. Araiijo and Ana B. Pereiro

Abstract

This chapter is focused on the massive potential and increasing interest on
Fluorinated Ionic Liquids (FILs) as task-specific materials. FILs are a specific family
of ionic liquids, with fluorine tags equal or longer than four carbon atoms, that
share and improve the properties of both traditional ionic liquids and perfluoro
surfactants. These compounds have unique properties such as three nanosegregated
domains, a great surfactant power, chemical/biological inertness, easy recovery and
recyclability, low surface tension, extreme surface activity, high gas solubility,
negligible vapour pressure, null flammability, and high thermal stability. These
properties allied to the countless possible combinations between cations and anions
allow the design and development of FILs with remarkable properties to be used in
specific applications. In this review, we highlight not only the unique
thermophysical, surfactant and toxicological properties of these fluorinated com-
pounds, but also their application as task-specific materials in many fields of inter-
est, including biomedical applications, as artificial gas carries and drug delivery
systems, as well as solvents for separations in engineering processes.

Keywords: fluorinated ionic liquids, task-specific materials, artificial gas carriers,
drug delivery systems, separation processes

1. Introduction

Perfluorocarbons (PFCs) consists of a large group of man-made chemicals
available worldwide in many different fields since the 1940’ [1]. The numerous
applications of PFCs in different areas relies 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 ten-
sion), [1-3] highly fomented by the fluor-carbon moiety [1-3]. These compounds are
widespread in consumers life through plastics, fire retardants, dyes, surfactants,
polymers, and pharmaceuticals, among others [1-6]. Benign PFCs have been used in
the development of biomedical applications, such as emulsions, [7, 8] imaging agents,
[9, 10] biocompatible lubricants, [11] oxygen therapeutics, [12] pulmonary delivery
agents, [13] and theranostic agents [14]. 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 [1, 2, 5, 6]. Due to
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their high global warming potential (GWP), long atmospheric lifetime,

persistency, and mobility, these compounds have been found in several contaminated
sites, [2, 15] including water, soils, biota and food [16-18]. Major concerns

about their toxicity and bioaccumulation limit their use and encourages their
replacement [1, 2, 5].

In the last decades ionic liquids (ILs) have emerged as new engineering solvents.
The application of these compounds has aroused in many different subjects,
including catalysis, electrochemistry, extraction and separation processes, pharma-
ceutical and biomedical applications [19-25]. This massive use of ILs is supported
by their unique thermophysical properties and limitlessness combinations between
anions and cations [19, 26, 27]. Their title of “green solvents” is corroborated by an
almost negligible vapour pressure at room temperature and reduced flammability
[19, 26]. Additionally, the increased research about the cytotoxicity and environ-
mental toxicity of these compounds reinforces that their possible harmful behav-
iour is dependent on the cation-anion tested combination [28]. Due to their
complexity and variety, ILs have been categorized in several families according
either to their properties or to their applications [29].

This chapter is focused on the use of a less explored ILs family, the fluorinated
ionic liquids (FILs), defined as ILs with fluorine tags equal or longer than four
carbon atoms [30-33]. The fluorinated tags can create one nanosegregated domain
distinct from polar and apolar (hydrogenated) [32, 33]. FILs combine the excep-
tional 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 toxicity
intrinsic to many highly fluorinated compounds, some novel FILs have been
designed with completely water miscibility [34, 35] and negligible toxicity,

[30, 36, 37] furthering its use in more green engineering processes and biomedical
applications. In spite of these outstanding properties, scarce information is available
in literature and research is mainly focused on their synthesis and characterization,
[38] electrochemical properties, [39] gas solubilities [40] and application as
reaction media [38, 41].

This chapter covers the main assets of these 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 comprise the
analysis of a series of works. It is evidenced the progress of FILs either in biomedical
applications, or in engineering separation processes.

2. 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 mate-
rials to the potential applications. FILs have enhanced properties due to the
nanosegregated structuring into three different domains, one polar and two apolar
(hydrogenated and fluorinated), making them an alternative solvent with new
improved mechanisms of solubilization of different compounds (see Figure 1)
[31-33]. The manipulation of the nanosegregation behaviour and intra- and inter-
molecular interactions of FILs allows the control of thermal and thermophysical
properties, toxicity, solubility capacity or hydrophobicity of FILs.

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
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Figure 1.

Formation of three nanosegregated domains of [C,C,Im][CF;SO;], [C,C,Im][C,F;SO;] and [CsC,Im]
[C,F,SO,] FILs. The red and blue sticks represent negative and positive chavges, indicating the segregated polar
network in the three ILs. The green space-filled aveas vepresent the fluorinated domains. The grey space-filled
areas indicate the hydrogenated moieties segregated. Adapted from [42].

of FILs, such as melting point, thermal stability, density, viscosity, refractive index,
ionic conductivity and surface tension [30, 33, 42-50] are discussed along with the
FILs self-aggregation behaviour in aqueous solutions [34, 35, 50-52]. A close sight
on the biocompatibility of FILs by examining their toxicological and biodegradabil-
ity properties is also included for discussion [30, 36, 37].

2.1 Thermophysical properties
2.1.1 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
temperature. These properties are determinant to define the liquid range of appli-
cation, allowing a wisely choice of a fluid to a specific task. Several works include
the thermal characterization of the FILs depicted in Table 1 [30, 33, 42-47, 50]. 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 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 [33, 46].

The different structural features of FILs can impact the melting and decomposi-
tion temperatures, and much work has been done to find trends to design FILs with
tuned thermal properties [30, 42, 45, 47, 50]. The melting and decomposition
temperatures of several FILs can be found in the Table 2. In the case of [C,,C;Im]
[C4F9SO3] FILs family, it was found that the increment of the cationic hydroge-
nated chain increases the melting temperature and decreases the decomposition
temperature [42, 47]. The increase of the anionic fluorinated chain also rises the
melting point. However, the thermal stability is maintained constant at a consider-
able high temperature [42, 47]. Moreover, FILs based on [C,F5, , 1SO3] ™ anions
have a much higher thermal stability than ILs conjugated with [C,F,, , 1CO,] ™
anions [42, 45, 50]. The type of cation and its functionalization also has a great



Ionic Liquids - Thermophysical Properties and Applications

Cations structure

——
—W/\\} L~
~
CaHont1 [CaCilm]* OH/\/ ~ [N111zc0m]*

n=2,4,6,8,10 and 12

(2-Hydroxyethyl) trimethylammonium
1-Alkyl-3-methylimidazolium

L %

N
\/\OH [Cz¢omy)Calm]* CoHpnt [CaCapyr]*
1-(2-Hydroxyethyl)-3-methylimidazolium n=2and 4

1-Alkyl-1-methylpyrrolidinium

=z
/@‘ﬁ _\—\N+/\/\
~ [C2C1py]* NN

1-Ethyl-3-methylpyridinium \_\— [Na444]*

Tetrabutylammonium
Anions structure F-gases
O
oL/ F7F R-32
/y \C F Difluoromethane
O 2 6 FaniSO0s]-
n=1,4and 8
Perfluoroalkyl sulfonate
0] F
_JJ\ F
0 CuFonet [CuF2n+1C02]- E F
n=4and8 F R-125
Perfluoroalkyl carboxylate Pentafluoroethane
O O
CoFaniin S// \\S/CnFZnH F E
goNTR j\/F
o 0 [N(CnF20+1802)2]", F R-134a

n=1and 4

1,1,1,2-Tetrafluoroethane
Bis(perfluoroalkylsulfonyl)imide

Perfluorinated acids

F FF F F FF F

F. » F 0
F 4> ~ou
F F FO [C4F9SO3H] F

F F F  OH (¢ o]

n-Perfluoropentanoic acid

Nonafluoro-1-butanesulfonic acid

Table 1.
Structure and nomenclature of the ions constituting the FILs and of the F-gases studied for absorption in FILs
and in deep eutectic solvents, prepared with the illustrated perfluorinated acids.

influence in both thermal properties, and a carefully analysis must be performed
when choosing a FIL for a specific ending [30, 33, 42, 45, 46, 50].

The FILs based on long fluorinated chains (e. g. [N(C4F5SO,),] ) 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 or below room temperature [44].
This does not only increase the liquid range of FILs, but also expands the tuneability
of neat FILs.
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Tm Tonset P n 4
K K g-cm > m-Pas’ mN-m !
[ChCiIm][C4FS0s]

n=2 293 [42] 627 [42] 1.547 [42] 163.0 [42] 25.14 [43]*
n=4 286 [47] 638 [47] 1.460 [47] 307.3 [47] 22.83 [43]*
n=6 297 [30] 627 [30] 1.392 [30] 401.7 [30] 21.36 [43]*
n=38 308 [30] 621 [30] 1.338 [30] 374.6 [30] 20.57 [43]*
n=10 307 [47] 627 [47] 1.310 [47] 597.1 [47] 22.05 [43]*
n=12 311 [42]* 617 [42]* 1.247 [42]* 280.9 [42]* 23.42 [43]*

[C4F9SO3] ™~
[C,Cipyl” 278 [30] 629 [30] 1.515 [30] 201.8 [30] 26.35 [45]
[Nygaal 327 [30] 587 [30] 1.234 [30] 15319 [30] 22.77 [45]**
[C4Cipyr]” 364 [46] 632 [46]
[N111200m)] " 436 [45] 609 [45]
[CacomyCaIm]* 251 [50] 559 [50] 1.620 [50] 831.6 [50]

[C4F9CO,] ™
[C,CyIm]* 278 [42] 392 [42] 1.487 [42] 107.5 [42]
[CsCyIm]” 297 [42] 399 [42] 1.292 [42] 307.9 [42]
[CacomyCaIm]* 295 [50] 433 [50] 1.541 [50] 712.8 [50]
[C,Cipyl” 275 [45] 392 [45] 1.454 [45] 147.1 [45] 26.83 [45]

[CgF17805]~
[Nagaal® 255 [30] 385 [30] 1.317 [30] 6690 [30] 21.98 [45]
[C,CyIm]* 368 [42] 616 [42]

[N(C4F9S0,),]~

[C,Cipyr]” 428 [45] 619 [45]
[C4Cipyr]” 371 [45] 639 [45]
[N1112¢0m)]* 303 [45]* 622 [45]* 1.674 [45]* 947.1 [45]* 25.04 [45]*

Experimental data obtained * at 313.15 K and ** at 333.15 K.

Table 2.

Thermophysical and thermodynamic properties of fluorinated ionic liquids at 298.15 K and atmospheric
pressuve: melting temperature, T,,; decomposition temperature, Ty, density, p; viscosity, n; and surface

tension, v.

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

Density, transport, free volume, and surface tension properties have high rele-
vance in the biomedical field as well as in the separation and extraction processes
for industrial proposes [30, 53]. The structural features of FILs can determine their
density, [30, 42, 45, 47, 50] as can be seen in Table 2. While the increment of the
fluorinated chains increases FILs density, [30, 42, 45] the opposite behaviour is
found for the increment of hydrogenated side chain [30, 42, 45, 47]. The
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carboxylate anions show a lower density comparing with the sulfonate anions

[30, 45, 50]. The functionalization of imidazolium cation with a hydroxyl group has
shown an increment on density [50]. The cation nature widely affects the density,
and each family must be analysed case by case to infer on the applicability of each
FIL [30, 42, 45].

The characterization of FILs viscosity, and consequently of their fluidity, was
studied in several works, [30, 42, 45, 47, 50] and some of the results can be found in
Table 2. The results indicate that FILs with longer aliphatic and fluorinated chains
increase the viscosity [30, 42, 45, 47]. The FILs composed by [C,F,, , 1SO3]  anions
also present high viscosity comparing with the [C,F,, , 1CO;] anions [30, 42, 45].
The nature of the FIL cation affects tremendously the viscosity. In the case of
bulkier cations, a lower fluidity is found [30, 42, 45]. The addition of a hydroxyl
group in imidazolium cations increases the cohesive forces resulting in more viscous
fluids [50].

The ionic conductivity has great importance, especially when correlating the
molar conductivity with the fluidity obtaining the ionicity of FILs [30, 42]. The
ionicity is evaluated by the Walden plot where FILs are classified depending on the
distance to an ideal electrolyte [54]. From the ionicity can result information on the
formation of aggregates between ions due to low mobility [54]. The analysis of
the results shows that the increment of the cationic aliphatic and of the anionic
fluorinated chains decrease the ionicity, diverging from the ideal behaviour
(30, 42, 45, 47].

The free volume has a high relevance to FILs suitability as enhanced solvents of
gases or other compounds with low molecular weight [55]. The relation between
refractive index and density allows the calculation of molar free volume effects,
evaluating the available space for dissolution of gases [30, 42, 45, 47, 50]. There-
fore, the increase of both hydrogenated and fluorinated chain and bulkier cations
rise the molar free volume values [30, 42, 45, 47, 50].

The surface tension of FILs is the property that most differs from the conven-
tional ILs, in which the cation’s nature has a predominant influence on this property
[43, 45, 56]. The values of surface tension for some FILs can be found in Table 2.
The surface tension of [C,C;Im][C4FoSO3] family showed the lowest values existing
in the overall ILs literature [43]. The increment of the hydrogenated chain
decreases the surface tension up to the lowest value, found for the [CgC;Im]
[C4F5SOs]. The further increase of FILs aliphatic chain resulted in higher values of
surface tension, revealing a global behaviour marked by a bowl-shaped trend [43].
The addition of a fluorinated domain in FILs induces a competition with the ali-
phatic domain to protrude the interface, which dramatically changes the values of
surface tension [43]. As long as the hydrogenated chain increases to [CgC;Im]", a
rearrangement in the organization between the non-polar domains happens,
allowing both to protrude through the top layer. After [CgC;Im]", the aliphatic
chain is much larger than the fluorinated chain, and occupies more space at the
interface, increasing the values of surface tension [43]. In the case of quaternary
ammonium-based FILs it was shown that they have lower values of surface tension
comparing with pyridinium cation. In FILs based on ammonium, the increment of
the fluorinated chain deeply decreases the surface tension [45].

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 reproduces the FILs properties of
the neat FILs and of the mixtures with gases and aqueous solutions [47-50].
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2.2 Aggregation and surfactant behaviour

The behaviour of FILs in aqueous solutions is enhanced in comparison with the
PFCs and conventional ILs [34, 35, 50-52]. The selection of nontoxic FILs based on
imidazolium, pyridinium (with short aliphatic chains) and cholinium cations con-
jugated with the [C4FoSO3] ™ anion were used to study the self-aggregation behav-
iour. These compounds are completely miscible in water at all range of
concentrations studied in the conductivity profile [34]. The same behaviour was
later found for imidazolium-FILs functionalised with a hydroxyl group [50] and
some examples are represented in Figure 2a. The Liquid + Liquid equilibria of
binary systems FIL + water was also analysed to study the solubility of water
[35, 52]. The increment of the aliphatic chain in [C,C;Im][C4FoSO3] family
increases the solubility of water in the FIL-rich phase [35, 52].

The water-rich region was selected to determine the critical aggregation con-
centrations (CACs) of several FILs [34, 35, 50, 52]. [C,C;Im][C4F9SO3] showed
three different transitions related to the formation of distinct aggregates. These
aggregates were evaluated and associated to different self-assembled structures
[34]. These stable self-assembled structures can be the greatest contribution to the
full miscibility of FILs in water. Figure 2b represents the values of the first CAC, so-
called critical micelle concentration (CMC) of FILs [34, 35, 50, 52] and conventional
surfactants [57-59]. 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,C;Im]
[C4F9SO3] family decreases the CMC value, promoting the formation of more,
bulkier and better packed structures [35, 52]. The longer fluorinated chains also
decrease the CMC values. However, the growth of both nonpolar chains hinders the
solubility in water [34, 35, 52]. The pyridinium and tetrabutylammonium cations
show slightly lower CMC values comparing with imidazolium, cholinium or
pyrrolidinium cations [19, 20, 22].

The FILs behaviour in water was also inferred in the FIL-rich phase by investi-
gating the hydrogen-bonding ability and polarizability through Kamlet-Taft
parameters [51]. 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 aggre-
gation of water in a bulky polar network. The water aggregates expand and drive to
the proximity of the polar nanosegregated domains of the FILs due to the higher
repulsion of the fluorinated counterparts [51].
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Figure 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 [57-59] and of the FILs
(coloured bars) [34, 35, 50, 52].
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2.3 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 biocom-
patible and greener FILs. The design of these new compounds aims to surpass the
persistency, bioaccumulation, and toxicity drawbacks of PFCs [1, 2, 5, 6].

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 immortal-
ized human keratinocyte cell line (HaCaT), representing the risks associated to
different routes of biomedical administration [30, 37]. Cytotoxicity screenings,
with 4 h [30] and 24 h [37] exposure, were performed in these cell lines. For short-
chain based-FILs, such as [C,C;Im][C4F9SO5] and [C,C1py][C4F9SO5], the overall
reduced toxicity can be justified by their high hydrophilicity and surfactant perfor-
mance [30, 34, 35, 37, 52]. In HaCaT cells, higher ECs, values were obtained for
both FILs mentioned before and these results can be associated to the intrinsic
properties of this cell line [37]. A higher biocompatibility was attained with the
cholinium cation conjugated with the [C4F9SO3]~ anion, due to the non-aromaticity
and symmetry of this cation, which is also an essential nutrient for cell growth
[25, 37, 60]. A similar behaviour was reported for several cholinium alkanoates
[61, 62]. The non-aromatic and symmetric [N4444] " as well as the alicyclic
pyrrolidinium cations, conjugated with the [C4FSO3] ™ anion, maintain the cellular
viability in Caco-2, HepG2 and EA.hy926 cells [30, 37]. The elongation of the
imidazolium hydrogenated alkyl chain length from [C,C;Im]" up to [C1,CqIm]”
prompts the decrease of the cellular viability in the Caco-2 cell line, as depicted in
Figure 3a [37]. This effect on cellular viability can be due to the presence of
delocalized charges or due to the increment of lipophilicity which enhance the
disruption of the cell wall [37, 63]. A more pronounced decay on the cellular
viability is observed with the increment of the anionic fluorinated side chain length
[30, 37]. This effect was noticed for the variation of [C4F9SO3] ™ to [CgF17SO3] ™ or
[N(C4F9SO,),] anions, combined with imidazolium, cholinium and ammonium-
based cations [30, 37]. The fluorinated elongation on carboxylate-based anions also
engenders a significant reduction of the cellular viability in different cell lines [62].
The increment of the fluorinated domain also enhances the FILs lipophilicity and
the charges delocalization, which is traduced in a higher permeation of the cell
membranes [37, 64]. Inside the cell compartment, free fluoride ions are formed by
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(a) Cellular viability for imidazolium-based FILs with the increment of hydrogenated and fluovinated alkyl
side chain length; (b) Effect of the hydrogenated and fluorinated alkyl side chain length on the 1-octanol/water
partition coefficient (P,.,) of imidazolium based FILs. Adapted from [37].
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hydrolytic cleavage, which can interfere with the cellular mechanisms leading to
cell death [37, 64].

The increment of the lipophilicity as result of the elongation of both hydroge-
nated and fluorinated alkyl side chain was confirmed through the 1-Octanol/water
partition coefficients (P,,,) of different FILs [37]. As depicted in Figure 3b, the P,,,,
increases with the increment of the hydrogenated side chain length from [C,C;Im]*
to [CgCqIm]* [37]. This increment is associated to 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 [37, 65]. This elongation also decreases the polarity and the acidity of
these compounds, and consequently their interaction with water media [37, 65].
The increment on the anion core from [C4FSO3] ™ to [CgF17S03] has a more
pronounced effect in the partition properties, as illustrated in Figure 3b [37]. These
results were associated to an enhanced solubility in lipophilic solvents endorsed by
the fluorinated moiety [37, 66]. Finally, the partition properties of both [C,C;Im]
[C4F9SO3] and [C,Cipy][C4F9SO5] are quite similar due to the highly acidic
methylene groups in the constitutive rings [65]. Nevertheless, the partition proper-
ties of the studied FILs indicate that they not accumulate or concentrate in the
environment [37].

An environmental hazard assessment is also essential in the context of sustain-
ability and green chemistry. An ecotoxicological screening to evaluate the impact of
FILs in aquatic environment was performed in marine bacterium Vibrio fischeri,
crustacean Daphnia magna, and in Lemna minor plant [36]. This screening was
made in aquatic species owing to the selected FILs unique water miscibility [34, 35].
Briefly, all tested FILs present a reduced ecotoxicity for the mentioned species [36].
The ECsq values indicate that FILs based on the imidazolium cation conjugated with
[C4F9SO3] anion are more toxic than FILs based on other cations conjugated with
the same anion [36]. The [C4F9CO,]  anion is also less toxic than the sulfonate
equivalent, except for the hydroxylated based imidazolium cations in Daphnia
magna and Lemna minor [36]. Even so, the [C4F9SO3] ~ based anion are less toxic
than the bis(trifluoromethylsulfonyl)imide ([N(CF5SO,),] ) anion for both Vibrio

fischeri and Daphnia magna [36, 60]. Furthermore, both cholinium and hydroxyl-
ated imidazolium cations are the least toxic in the three aquatic species [61]. The
functionalization of the imidazolium cation decreases the lipophilicity of these
compounds, and consequently decreases their overall toxicity [36]. Finally, it must
be stated that based on Daphnia magna and Lemna minor ECs, values and accord-
ingly to the “Globally Harmonized System of Classification and Labelling of
Chemicals”, these FILs do not need to be categorized in terms of acute aquatic
hazard [36]. It must be noticed that both cytotoxicity and ecotoxicity results are
highly dependent on the target organisms and exposure times, [36, 37, 62] then
different species and long-term effects of these compounds must be accessed prior
to a large-scale application.

The microbial degradation of some FILs showed that short chain-based
imidazolium FILs are highly resistant to biodegradation, even with the incorpora-
tion of hydroxyl groups. A certain biodegradability occurred in the short chained
pyridinium-based FIL, associated to the oxidation of the alkyl side chain [36, 67,
68]. However, some variability is associated to the biodegradation of these cation
that must be associated to the differences in microbial compositions involved in the
degradation process [67, 68]. The higher degrees of biodegradation obtained with
the cholinium-based FILs is only related to the cation core degradation that retains
75% of the oxidizable carbon [36]. To overcome the highly resistance associated to
these compounds, removal or degradation alternative routes must be studied.
According to these published results a proper combination between cations and
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short chained fluorinated anions may result in biocompatible FILs with potential to
be biodegradable by alternative routes. These biocompatible FILs can support the
fields of FILs as task-specific materials in a broad range of fields, from biomedical to
reaction media in industrial processes.

3. Applications of fluorinated ionic liquids
3.1 Biomedical applications
3.1.1 Artificial gas carriers

The need of new products to replace the blood transfusions appeared in the
beginning of the 21™ century as a consequence of cross-infections derived from the
human immunodeficiency virus (HIV) [4, 69]. The lack of safety and trust allied
with the severe shortages and increased demand of blood supplies have contributed
to the search of an ideal artificial gas carrier (AGC) [4, 69]. 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 [4]. 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 on this prospect [34, 35, 49, 50, 70, 71]. The results
show the possibility to design FILs with complete water miscibility, which solves
one of the greatest handicaps [34, 35, 50]. 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 [70]. The high surfactant behaviour
of FILs is also a huge advantage because it enables the stabilization of AGC emul-
sions, which can be favourable to reduce the usage of excipients and to enhance the
solubilization of the respiratory gases [34, 35, 50]. The reduced cytotoxicity and
ecotoxicity determined for FILs with the characteristics above mentioned strengths
the possible use of these compounds in the biomedical field [30, 36, 37]. The
greatest aspect that spurs the use of FILs as potential substitutes of 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 [49, 71].
However, the formulation of an emulsion with high efficacy and the implementa-
tion of tests on the physiological safety and other health studies must be carried out
before applying FILs.

3.1.2 Drug delivery systems

Although there are several studies dealing with ILs for the solubilisation and
stabilization of proteins, [23, 72] dissolution of low soluble active pharmaceutical
ingredients (APIs), [23, 24] and development of drug formulations and delivery
systems, [23-25, 73] the application of FILs in this field of pharmaceutical develop-
ment is quite unexplored. Our research group initiated a pioneering research line to
use FILs as drug delivery systems (DDSs) [74-76]. These novel biocompatible
carriers can overcome the problems associated to proteins administration (e.g.
sensibility to environmental conditions, short-half lives in blood stream, structural
conformation and hydrophobic/hydrophilic nature that hamper the iz vivo deliv-
ery) [77, 78] and their traditional delivery platforms (low stability, uncontrolled
release, and low encapsulation efficiency) [79]. FIL-based DDSs have been shown
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the potential to increase the safety and effectiveness of the therapeutic biomole-
cules, reducing the dosage needed and enabling a time and site-specific release
[74-76].

The application of FILs as DDSs and stabilizing agents was firstly evaluated for
two different model proteins, lysozyme, and bovine serum albumin (BSA) [74, 75].
Lysozyme is a protein with antiviral, antitumor and immunological properties, [80]
whereas BSA is involved in organism homeostasis and in the transport of several
components essential for several vertebrates’ body functioning [81]. For these
applications, FILs based on imidazolium, pyridinium and cholinium cations, conju-
gated with [C4F9SO5]  and [C4F9CO;]  anions were selected due to biocompatibil-
ity and improved surfactant behaviour [30, 31, 34-37]. The tested FILs
concentrations cover values above and below their CMCs values (Figure 2b)

[34, 52]. Concentrations above CMC were chosen due to their ability for self-
assembling in micellar structures that can be used to protect, encapsulate, and
deliver the therapeutic proteins [34, 52]. The stability of both proteins in the
presence of FILs was determined based on the variations observed in the melting
temperature of the biomolecules [74, 75]. The stability of lysozyme is not signifi-
cantly affected by the incorporation of FILs, and only a slight decrease was achieved
with [C,Cypy] [C4F9CO,] with a minor reduction of 2% in the melting temperature
of the protein [74]. However, for BSA the melting temperature increases for all
tested FILs concentrations, suggesting a stabilization of the protein [75]. These
distinct results indicate a specific interaction between FILs and each tested protein
[74, 75]. The differences among 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 struc-
tural modifications in the presence of cholinium and [C,C;Im][C4FsSO3] FILs,
respectively [74]. For BSA, a slight increment on molar ellipticity and a helical
content, followed by a p 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 [N1115¢0m)] [C4F9SO3] [75, 82]. 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 [74]. 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 [74, 75].

The aggregation behaviour of different FILs was analysed in the protein
medium. No significant variations were achieved in the FILs self-aggregation pro-
cess in aqueous solutions [34, 74, 75]. To prove the encapsulation of lysozyme in the
aggregates of FILs, the self-assembled structures were studied through dynamic
light scattering (DLS) [74]. As illustrated in Figure 4a, an encapsulation of the
protein at a concentration approximately twice the FILs CMC (1.2% v/v) is
expected based on the disappearance of the intensity peak of lysozyme (- 4 nm)
[74]. This encapsulation is driven by the fluorinated surfactant core of the FILs
since the lysozyme characteristic peak remains present for the non-surfactant ILs
[74]. This encapsulation was indorsed spectrophotometrically with the concentra-
tion of lysozyme in solution being reduced with the addition of 1.2% v/v [C,C;Im]
[C4F9SOs] [74]. Moreover, the FIL-protein aggregates became more stable after
24 h and a maximum stabilization was verified after 96 h [74]. The lysozyme
encapsulation in [C,C;Im][C4FsSO3] was also evidenced, illustrated in Figure 4b
and c [74]. Figure 4b depicts the solution of lysozyme with 1.2% v/v of [C,C;Im]
[C4F9SO3] analysed by transmission electron microscopy (TEM), where an external
darker counter surrounding the aggregates of FILs is associated to the heavier
elements present in the anion, in contrast to the lighter grey shades of the lysozyme
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Figure 4.

(a) DLS spectra of lysogyme in buffered medium upon the addition of [C,C,Im][C,F,SO;] at several
concentrations; (b) TEM image of [C,C,Im][C,F,SO;] 1.2% v/v with lysogyme; (c) SEM image of [C,C,Im]
[C,FsSO;] 1.2% v/v with lysogyme. Adapted from [74].

[74]. Moreover, the micellar sizes obtained by TEM are similar to the hydration
diameters measured by DLS. A qualitative analysis through scanning electron
microscopy (SEM), Figure 4c, reveals an external surface of the solution containing
lysozyme with 1.2% v/v of [C,C4Im][C4F9SO3] similar to the FILs blank solution
depicted in [74].

The interaction and the encapsulation between [C,C;Im][C4F9SO3] and BSA
was proved through isothermal titration calorimetry (ITC) [75]. BSA interacts with
the [C,C4Im][C4F9SO3] monomers causing conformational changes, as well as
hydrogen bonding and hydrophobic interactions [75]. The aggregation of [C,C;Im]
[C4F5SO5] 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 [75]. 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 [75].

After the first proof of concept dealing with the encapsulation of lysozyme
inside the FIL aggregates, the optimal incubation temperature of the protein during
24 h was determined at 4 °C without a significant loss of protein activity [76]. The
encapsulation efficiencies of lysozyme in both [C,C;Im][C4F5SO3] and [C,Cypy]
[C4F5SO5] 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 [76]. This
lysozyme remains encapsulated up to 12 h post-incubation at 4 °C, without signifi-
cant losses of biological activity [76]. This longer retention of the biomolecule inside
the FILs aggregates can be caused by the high stability of the fluorinated counter-
part of the IL, as well as by the interaction between FIL and protein [76]. Further-
more, the biomolecule release was accomplished after the application of several
external stimuli [76]. With the increment of temperature up to 37 °C, simulating the
average body temperature, lysozyme is completely released from the aggregated
structures after 6 h [76]. This complete release was also achieved after the exposure
to an ultrasound bath with a frequency of 80 kHz during 1 h [76]. 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,C;Im][C4F5SO3] and [C,C1py] [C4FsSO5]
based DDS, respectively, suggesting that under a pathological condition the protein
can be released at some relevant extent after 1 h post administration [76]. The
biological activity of the released protein remains above 50% for all the tested
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scenarios, except for the release after 12 h at 37 °C [76]. Then, biocompatible FILs
can be designed to encapsulate different therapeutic proteins with good levels

off encapsulation efficiencies promoting a site specific and thermo responsive
release under different external stimuli. The differences among 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 the design
of the DDS.

3.2 Separation of fluorinated greenhouse gases using FILs

Currently, there is a great interest in the development of technologies to reduce
the emissions of greenhouse gases (GHGs) into the atmosphere. F-gases, including
hydrofluorocarbons (HFCs), PFCs, and sulphur hexafluoride (SF¢), are major
contributors to GWP with long atmospheric lifetime. The most predominant
F-gases used in refrigeration include 1,1,1,2-tetrafluoroethane (R-134a) and
difluoromethane (R-32), alone or in blends with other F-gases, such as
pentafluoroethane (R-125). In order to accomplish the international goals to reduce
the emissions of GHGs, new refrigerants with lower GWP are being investigated
and great research efforts are being made aiming to develop technologies to selec-
tive separate value-added F-gases from depleted refrigerants. These technologies
lead to a reduction of gas emissions and promote the use of recycled F-gases.
However, the separation of F-gases faces a major challenge, particularly in the cases
of gas blends with an azeotropic or near-azeotropic behaviour. R-410A is widely
used in the refrigeration sector but has a high GWP. Therefore, this refrigerant is
one of the focus of the EU HFC phase-down [83]. This blend is a near-azeotropic
system of R-32 and R-125 and therefore the separation of its individual components
is hampered [83]. Consequently, there is a growing interest in the search for new
efficient, low-energy, and sustainable separation processes.

The solubilization of F-gases in FILs is a poorly explored area. Most work
has been done with imidazolium-based ILs composed of the [N(CF3S0,),] ",
tetrafluoroborate ([BF4] ) or hexafluorophosphate ([PF¢] ) anions for the solubi-
lization of different HFCs [84-87]. Gas solubility in ILs is an interplay of different
phenomena with: (i) the enthalpic contribution of the intermolecular interactions
between gas molecules and the absorbent and; (ii) the entropic contribution of the
accommodation of gas molecules in the cavities of the absorbent. A positive corre-
lation is found between the degree of fluorination of the ILs and the solubilization of
HFCs [87, 88]. Additionally, the fluorination of the cation was shown to play a
major role in the solubilization of PFCs [89] and HFCs [90] in 1-alkyl-3-methylimi-
dazolium based ILs. The structures and the fluorination degree of the gases also
strongly affect their solubilization into ILs. Solubilities of a variety of F-gases in
[C,C4Im] [N(CF35S0;),] have been evaluated experimentally, and by modeling with
soft-SAFT equation. These studies demonstrated the importance of the establish-
ment of hydrogen bonds between the gas molecules and the absorbent. Both entro-
pic effects, resulting from higher chain length/volume, and enthalpic effects,
resulting from higher dipole moment, are suggested to increase gas solubility [91].

FILs present particular properties that distinguish them from mere fluoro-
containing ILs, such as the ones with the [N(CF3S0;),] ", [BF4] ", and [PF¢]
anions. Their ability to form three nanosegregated domains with different behav-
iours and the existence of countless cation/anion combinations increase the range of
possible interactions (van der Waals, coulombic, and hydrogen bonding), making
them ideal three-in-one solvent for the separation of F-gases [33].

When evaluating the absorption capacities of traditional ILs and of FILs for the
selective capture of R-32 (Table 1), a positive relation between the fluorination
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degree of the anion and the solubilization of this gas was reported [91]. This
behaviour is similar to what is observed when the size of the hydrogenated alkyl
chain in the cation of fluoro-containing imidazolium-based ILs increases, [86, 88,
92, 93] and can be explained by the entropic contribution of the accommodation of
gas molecules in the cavities of absorbents with higher molar volume. Moreover,
when the absorption of R-125 and R-134a in the abovementioned ILs was studied, a
higher solubility capacity of FILs in comparison to mere fluoro-containing ILs was
observed [83]. This demonstrates the relevance of the FILs nanosegregated domains
for gas solubility, either by increasing the free volume for the accommodation of gas
molecules or by increasing the number of possible gas-absorbent interactions.
Lower solubilities have been obtained in mere fluoro-containing and in FILs to R-
125 in comparison to R-134a. This has been explained by the decrease in the number
of interactions with the absorbent as a consequence of the reduced number of
hydrogen atoms in R-125, [89] or by a decrease in the flexibility of R-125, as
consequence of a higher number of fluorine atoms [91]. By playing with the differ-
ent factors involved in the solubilization of F-gases in ILs, namely the constitution
of the cations and anions of the IL, temperature, pressure and others, it is possible to
develop processes where the solubilization of one gas is favored in relation to other
gas, or gases, present in the same mixture [91]. In this way, while the separation of
the binary mixtures R-134a + R-125 and R-32 + R-125 was demonstrated to be
improved using fluoro-containing ILs, lacking an alkyl fluorinated chain, the
separation of the mixture R-134a + R-32 might be improved by utilizing FILs.

The increased solubility of F-gases in FILs supports the use of these absorbent as
an alternative to conventional ILs with longer hydrogenated chains, which present
higher toxicity [83]. Other study focused on evaluating the viability and costs of
an absorption technology in near-industrial conditions for the capture of R-32 and
R-134a (with HFC recoveries above 90%) from a dilute gas stream, using FILs or
mere fluoro-containing ILs as absorbents. In this study a COSMO-based/Aspen
Plus methodology was applied to evaluate the influence of ILs structure, HFC
partial pressure, operating temperature, and FIL/IL mass flow on the recovery of
HFCs [94].

The development of separation processes based on ILs may face some obstacles
due to the unfavorable properties of some of these compounds, such as the toxicity
of those with long fluorinated alkyl side chains, poor biodegradability, high viscos-
ity, high-cost production, and high melting temperature. As aforementioned, the
solubility of F-gases is favored when the number of fluorine atoms in ILs is
increased, but this is also associated with higher melting temperature and to a
decrease in the range of temperatures in which FILs can be operated at the liquid
state. In this sense, deep eutectic solvents (DESs) are emerging as a versatile alter-
native to ILs, with low vapour pressure, nonflammability, high tuneability, and
improved properties for application at process level. DESs are systems in which the
charge delocalization occurring through hydrogen bonding between a hydrogen
bond acceptor (HBA) and a hydrogen bond donor (HBD) is responsible for
decreasing the melting point of the mixture relatively to the individual components.
Experimental studies regarding the solubility of refrigerants in DESs are scarce [95-
98]. The solubility of R-134a in DES prepared by combining the IL [C,C;Im][CI] as
hydrogen-bond acceptor (HBA) and 4-carbon perfluoroalkyl acids as hydrogen-
bond donors (HBDs), was studied using both experimental solubility data and a
theoretical model based on the soft-SAFT equation of state [89]. Additionally, the
solubilization of F-gases was studied in DESs prepared by mixing high melting
temperature FILs with perfluoropentanoic acid or nonafluoro-1-butanesulfonic acid
(Table 1) [99]. The selected FILs were composed of different cations (cholinium,
imidazolium, or a tetrabutylammonium cation) and anions with 4-carbon or
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8-carbon perfluoroalkyl chains (Table 1). The melting temperatures of the
prepared eutectic mixtures were significantly lower than the one of the neat FILs,
which allowed to take advantage of the properties of FILs for the selective
separation of F-gases, in a wider liquid range for F-gases solubilization [99].

4. Conclusions

In this chapter, 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 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
comprimising their surfactant behaviour was demonstrated which ultimate the
applicability of FILs as enhanced materials comparing with PFCs and conventional
fluorinated ILs.

The applicability of biocompatible FILs for biomedical applications was demon-
strated by their great power to solubilize respiratory gases, supporting their use as
artificial gas carriers. Additionally, the interaction and the encapsulation of differ-
ent proteins in FIL aggregates, without comprimising the biological features of the
biomolecules, also represents an advance in the application of FILs to pharmaceuti-
cal development. Finally, FILs exhibit great ability to be used individually, or in the
development of materials to be further applied on the separation and recovery of
F-gases, essentially due to their great free volume and gas-FIL enhanced interac-
tions. To conclude, the discussion offered by this chapter highlights the identifica-
tion 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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