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Summary

This Thesis is mainly focused on phase behaviourmacro and nano domains and
thermodynamic properties of mixtures containingddiquids and water, fluorinated or organic soltgen
A broad list of commercially available ionic liq@idor specific and functionalised, synthesised and
characterised by the author of the Thesis is ireduih this study. The used ionic liquids contaitieel
following cations: 1-alkyl-3-methylimidazolium [@im]*, 1-alkyl-3-methylpyridinium [Gmpyr]’, 1-
alkyl-1-methylpyrrolidinium [GmpyrtT, 1-alkyl-1-methylpiperidinium [@mpip]’, and
tetraalkylphosphonium [€,C,C,P]" and some of the anions: chloride’,@r, hexafluorophosphate
[PFs]’, bis{(trifluoromethyl)sulfonyl}amide [NT]], alkylsulfonate [GSO;], trifluoromethanesulfonate
[OT{]", dicyanamide [dcahnd acetate [Ac]

In the first Chapter we studied aqueous solutiafs ionic liquids of the 1-alkyl-3-
methylimidazolium chloride family, [@nim]Cl, with n ranging from 8 to 14. Evidence for self-
aggregation of [@nim]* cations into micellar aggregates has been found.

In the Chapter 2 we investigated both the infageaf the alkyl side chain length and the type of
ring in the cation (head) on the surface activifylealkyl-3-methylpyridinium ionic liquids. It was
observed that these ionic liquids could be usedy@enchers for some fluorescence probes. As a
consequence, a simple and convenient method telséar early evidence of aggregate formation was
established.

A comprehensive study on the synthesis and chaisation, including melting point,
decomposition temperature, density and viscositg &snction of temperature, of a range of 1-alkyl-3

methylimidazolium alkylsulfonates [@im][C,,SO;] is given in Chapter 3.

We have also investigated thermotropic and lyatrgpoperties for the same family of the ionic
liquids [GmIm][C,.SO;] with greater amphiphilic character in either aitlp the cation and anion. In
Chapter 4 we reported on the surfactant propediehis family and demonstrated how new materials
having exceptional performance characteristics lsandeveloped by applying an ionic liquid design

strategy.

In Chapter 5 the solid - liquid and liquid-liqusthase diagrams of mixtures of several ionic
liquids with benzene, or totally or partially fluinated benzene were presented. Systems with camgrue
melting temperature or simple eutectic point buthvdifferent crystalline phases were obtained. dsw
found that the behaviour is controlled by tempe®atf annealing during crystallization and by solve

selection.

The potential of fluorinated solvents for biphasétalysis is recognized, yet not well explored.
In Chapters 6 and 7 we investigated the mutualbddiy of several mixtures of alternative solvents:
commonly used ionic liquids (imidazolium, pyridini phosphonium and ammonium ionic liquids) plus

partially fluorinated alcohols, or fluorinated afies plus alkanes or fluorinated alcohols.



GENERAL INTRODUCTION

“To LYPA MIKTA HOAIOTO TGV owuaTtev”, Aristotle (384322 B.C.)

Solvents are used in many different aspects ofm@tey. in synthesis,
extraction, purification, dilution, separation, @teng and many others. Most chemical
reactions take place in solution where the reastamé molecularly dispersed in a
solvent. In a chemical process the solvent is Wg@aded to the reactant to facilitate
reaction and later removed by distillation, sin¢eyt are mainly highly volatile.
Unfortunately, the high volatility of organic sos (desirable from processing point of
view) linked with their loss by leak and spillagechme one of the main environmental
issues today because many traditional organic stdvbave detrimental effect on
human health and on the environment. The use g€ lguantities of volatile organic
solvents as liquid media for chemical reactions erttactions, with worldwide cost
estimated at € 6,000,000,000 per year is a majorceso for today’'s chemical
processing industrilt is the reason why many approaches have beee maatder to
minimize the use of traditional organic solvents replacing them with alternative
solvents which include water, fluorous solventsiicoliquids and supercritical fluids.
Toxic and carcinogenic solvents (GObenzene), ozone depleters (chlorofluorocarbons,
bromofluorocarbons), chlorinated solvents, and atmn hydrocarbons (xylene,
mesitylene) were partially already removed from.u§kygenated solvents are more
acceptable because they undergo degradation irthiconment more quickly than
hydrocarbon and halogenated solvents. In this Ehsi main accent will be put on the

application of ionic liquids as solvents.
Solvent properties

From the macroscopic point of view, a solvent atinuum characterized by
its boiling point, vapour pressure, density, indgxrefraction, relative permittivity,
thermal conductivity, surface tension, etc. Frore tihicroscopic point of view, a
solvent is a discontinuum which consists of indid mutually interacting solvent
molecules, characterized by molecular propertiesh sas dipole moment, electronic
polarizability, hydrogen-bond donor (HBD) and hygembond acceptor (HBA)
capability, electron-pair donor (EPD) and electpair acceptor (EPA) capability, etc.



On dissolution of solutes, solvents break the alykittice of solid reactants, they
dissolve liquid or gaseous reactants, and they haawggnificant influence on the
reaction rate and equilibriuth.

The solvent effects originate from the non-spedifitermolecular interactions
(ion-dipole, dipole-dipole, dipole-induced dipolestantaneous dipole-induced dipole
forces) and specific interactions (HBD-HBA, EPD-EPAand solvatophobic
interactions) between solute and solvefthese interactions will also be reflected in
solvent polarity. The quantitative determinationsoivent polarity is difficult, since
pure electrostatic approach, based on the dipotanent or relative permittivity, can
not correlate complex solvent effects. Solvent pigl@an be measured by means of the
solvent-sensitive processes which reflect all pgmsssolute/solvent interactions, for
example, the UV/Vis absorption of solvatochromiesfy*

Density and boiling temperture are as well impartproperties of solvent.
Usually, a high difference in densities betweensplain a process is required for an
efficient phase separation. Boiling temperatures @etermined by the strength of
dispersive forces, permanent dipole moment, H-bandind electrostatic interactions.

The selection of an appropriate solvent or solverture is fundamental for not
only chemical but also for physical processes sashrecrystallization, extraction

processes, chromatographic separations, and plaaséetr catalytic reactions.
Alternative solvent strategy

Although a huge variety of available solvents aoée to meet the requirements
in respect to the suitable liquid temperature rafggecertain reaction, the effect of
solvent on the reaction rate and equilibrium, saiveolatility and cost, problems
related to solvent losses in the reaction, semarair purification steps, their recovery
and reuse still remain. Therefore, the developnoémsblvent-free processes as well as
the application of environmentally benign solverssch as water and perfluorinated
solvents (as used in biphasic systems), supeadlriticgids and ambient temperature
ionic liquids, has become a major issue. Water @@¢d are non-toxic solvents present
in the environment in a huge amount, and genetlafly do not require recovery. G
a gas at ambient conditions and is easily removerh fa process without energy-
consuming distillation. Perfluorinated solvents t&nused in biphasic systems because

of their low polarity. Reactants and catalyst asaally captured in fluorous phase with



fluorinated ligands, while products remain in higlpelarity non-fluorous phase and
they can be removed from reaction mixture by singilgse-separation. There are also
many examples of similar use of ionic liquids imphmsic systems. Water is the most
desirable solvent and can be used in the best asmse single solvent in a chemical

reaction or in combination with other organic arditous solvents and ionic liquids.
Multiphasic solvent systems

The main goals of multiphasic systems are to enedalysts recovery, efficient
product separation and to reduce the use of toaditisolvents by their replacement by
alterative ones.

Depending on the number of phases in a multipbgstem this can be termed as
biphasic or triphasic which are the most commonwelieer, the number of phases can
be even higher.

The phases present in a multiphasic system mustebg different in their
nature, so that they are mutually immiscible. Usydlvo phases, one with the catalyst
and the other with the substrate, are mixed to fannemulsion in order to allow a good
contact between the starting materials and thdysataVhen the reaction is finished,
two phases separate, leaving the catalyst in orasephand product in the other.
However, usually some degree of mutual phase conédion is present.

In some cases systems consisting of two immis@hbéeses at room temperature
can form a single homogenous phase just by thegmahpe increase, thus maximising
the contact area catalyst-substrate. The phaseasepaof product and catalyst can be
achieved by cooling.

There are also some ideal cases of biphasic meseshen the product of the
reaction is not soluble with the solvent which @im$ starting material and catalyst.
Combination of different types and number of sotgeran result in multiphase systems
(Figure 1.). Some possible solvent combinationsevievestigated by the author of this
thesis.

Some of the most important advantages of biphasicess are: (i) the use of
traditional solvents is reduced; (ii) enables reokeatalyst; and (iii) avoids expensive
distillation of product required for homogeneousabgsed reaction, since the product

extraction can be done by separation.
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Figure 1. Possible solvent combinations which result inhbgic system formation.
Solid arrows connect the systems investigatedignTthesis.

The key disadvantage of multiphase methods idatiethat solvents are almost
always partially miscible which results in loss céitalyst as well as in product
contamination. Catalysts are expansive and ofteic.tblence, efforts must be done to
modify the catalyst usually by different types @fahds which will make the catalyst

strongly immobilised in one phase and immiscibléhm other product phase
Fluorinated solvents

The most used fluorinated solvents are n-perfloctane, n-perfluorohexane,
perfluorodecalin, perfluoromethyl cyclohexane, perfotributyl amine, etc.
Usually they are synthesised by electrochemicastsulion.
Their most important properties are: (i) high dengl.7-1.9 g cn); (ii) very low
polarity and consequently low solubility in polaohgents like water, alcohols, and
ketones; (iii) they are not hydrogen-bond donorBfiand they are very bad hydrogen
bond acceptors (HBA) It means that only very weahk der Walls forces are present
between their molecules. Thus, they are relativelatile; (iv) chemically inert (this
characteristic together with high oxygen solubiiityfluorinated solvents make them
good candidates for blood substitution); (v) nanfmable, and presenting low toxicity.

Contrary to halofluorocarbons, perfluorinated coomds are not ozone
depleters, but degradation of perfluorinated compsucaused by their high chemical
stability is very difficult and slow. The other didvantage of perfluorinated compounds
is their high cost. Therefore, the application i 8mited to the production of only

very expensive chemicals or processes where tlo@eegcof the catalyst is crucial.



Perfluorinated compounds have low miscibility whigdrocarbonsand many
organic solvents because of their very low polafityis property plays the main role in
biphasic catalysed reactidhand liquid-liquid extractions. In some cases, byageful
selection of the organic and the fluorinated sdlseéhis possible to have a system of
two compounds immiscible at room temperature, lmhmetely miscible at higher
temperature> ' In such case reactions can be carried out indhlenous phase.

For biphasic catalysed reactions it is essemiahbdify the catalyst making it
strongly immobilised in the fluorous phase. Thisdisne by attaching a fluorinated
group (usually a perfluoroalkyl chain) which givesfficient solubility in the
fluorinated solvent. It is also necessary to inelugh organic group between the
fluorinated domain and the active centre in orderptevent drawing electrons by
fluorine atoms. Such structure prevents product contamination emables efficient
catalyst recycling. With a good selection of thedified catalyst and both a fluorinated
and an organic solvent the product of reaction banobtained by simple phase
separation.

Although fluorous technology has started to degveio 1990s, it has been
already shown that numerous chemical reactions mrperformed in fluorinated
solvents. To mention only a few: polymerisatidn, hydroformylation> **
hydrogenatiort? oxidation’® hydroboration’* and Heck reaction.

Water

Most technological and biological processes oat@gueous media. Water is in
many ways an excellent and unique solvent. Thamls thigh polarity water is able to
dissolve many ionic compounds and compounds wittaleat bond. In the liquid phase
water shows diverse structures. It contains regwitk regular arrangements (with
holes or vacancies), chains, regions with randoracttres, and single unbound
molecules. The ability of water molecules to fomotH-bonds as a donor, and two as
an acceptor is reflected in its high melting andithg temperature, and high surface
tension and viscosity.

The high value of the Gordon parameter, which isi@asure of the solvent
cohesive energy (defined as/(V,*>) wherey is the surface tension, and,¥s molar
volume), makes water the best medium for aggregatib amphiphilic molecules.
Aggregation of hydrocarbon molecules is consequeniceghe hydrophobic effect.



Namely, there is an interaction between water épand induced dipoles present in
hydrocarbon molecules which overcomes a weak vai@als interaction between the
hydrocarbon molecules. In order to minimise disapbf H-bonds water itself forms
an arranged cage-like structure around the hydpocarchains and this leads to a
decrease of entropy. In order to reduce the nuroberater molecules with restricted
motion and unfavourable water re-structuring, hgdrbon molecules in aqueous
solution spontaneously aggregate and a phase sepavacurs. Amphiphilic molecules
present a similar behaviour. This explains the ek of surface tension of aqueous
solution and micelle formation upon adding ampHiphcompounds. Hydrocarbon
chains of the amphiphilic molecules are not soluinlewater and it causes their
concentration at the air-water interface, with byelrocarbon chains oriented towards
the vapour phase. Since the surface tension ofrwglkégher than that of hydrocarbons,
adding more amphiphilic molecules results in aaxeftension decrease. The surface
tension decreases up to a certain concentratiowrkias a critical micelle concentration
and above this concentration the surface tensiamgds only slightly. What actually
happens, is a compromise between the extremescofmplete phase separation and
molecular disperse solutidfiAs a result the amphiphilic molecules create aramase
in which the hydrocarbon chains sequester themsehsde the aggregate and polar
head groups orient themselves toward the aqueasefh

Thanks to its high polarity and density, and &pito form a H-bond network,
water can be used for biphasic catalysis in whiah ¢atalyst is immobilised in the
aqueous phaseWater is immiscible with fluorinated compoundsdhycarbons, many
ionic liquids, many organic solvents and supeaitCG.
Besides plenty of desirable characteristics watas Bome disadvantages which
constrain its application: (i) high heat capacityl &nthalpy of vaporization, and hence
distillation requires a lot of energy; (ii) low neibility with many organic compounds;
(i) many catalysts can be deactivated by reactuath water; and (iv) it is expensive

and inefficient to purify water after contamination

lonic liquids

The term ‘ionic liquid' refers to the liquid statematter exhibited by salts in an
ambient temperature regime. lonic liquids are tglbhycorganic salts, of which examples

containing 1,3-dialkylimidazolium cations have pably been the most extensively



studied:”™° The cations are usually bulky and with low symmaethich prevents the

charges to come together, thus reducing the mehtangts. Charge delocalisation over
many atoms also helps in weakening the attractetwéden ions lowering the melting
point. The first report on an ionic liquid (ethylemonium nitrate) was published in
1914%° An amazing increase in ionic liquids researchtstain the 1990s when it was
found that many combinations of the anions andonaticould form air- and water-

stable ionic liquids. Since then their potentialplagation in synthesis, catalysis,
biocatalysis, separation technology, electrochewistanalytical chemistry, and

nanotechnology have been investigated. For a lamg ftonic liquids have been

advertised as promising replacements for conveatiorganic solvents since they are
generally nonvolatile, nonflammable, and recyclabli®ore recently, research activity
has shown that the application of the ionic liquigees far beyond solvents
replacement. It is reported that they can be usedugafactants, additives, stabilizers,
lubricants, working fluids or as protective layers.

Some of beneficial properties of ionic liquids :afi¢ good solvent ability for a
wide range of organic and inorganic compoundsiligy can as well be designed to be
immiscible with water and a number of organic sotge thus providing alterative for
agueous and non-aqueous biphasic systems; (iii) VWawour pressure; (iv) the
combination of ionic liquids and supercritical ocamb dioxide gives gas-liquid
equilibrium where in the most cases carbon dioxa@e be dissolved readily in an ionic
liquids, but no ionic liquid dissolves in the canbdioxide. This offers an excellent
opportunity for extraction of organic compounds) {weir properties such as melting
points, viscosity, density, hydrophobicity etc.ndae designed by careful selection of
their ions” nature and structures.

Many physicochemical properties of ionic liquids/e been determined and can
be found in data basis, such as “IL Thermo” givegntliie U.S. National Institute of
Standards and Technology (http://iithermo.bouldst.gov/ILThermo/). On the other
hand, there is a huge number of potential anion @ttbn combinations, that it is
crucial to understand their structure at a moleclgael in order to predict their
behaviour and make a good selection of anion-cgi@nfor a desired application. Of
course, this is an extremely difficult task due th® complexity and interplay of

different molecular interactions.



The Structure of lonic Liquids

The most common cations are the l1-alkyl-3-methdanoilum, pyridinium,
pyrrolidinium, tetraalkylammonium and tetraalkylgponium.

Among the anions, in the past a lot of work hasnbperformed on [Bf and
[PFe]” but since it was found that in the presence oewtitey hydrolyse forming HF,
they are not recommended for use anymore. Commianige are the halides (which
are unfortunately very hygroscopic), the bis(toflamethanesulfonyl)amide [NI[f,
the trifluoromethane-sulfonate [OTfhlkylsulfates, alkanesulfonates and the tosylate

Some authors consider that between the imidazatatons and anions a three-
dimensional hydrogen bond network is formed. Thistill a controversial issue based
on different criteria used for characterizing hygkno bonds.

By small angle x-ray scattering it was found tHahger chain (g212)
imidazolium salts form liquid-crystalline phaseé&* Comprehensive simulation studies
have confirmed segregation and the existence ofopyilic domains formed by the
head groups of the cations and anions and nongdolagins formed by alkyl chaifs.

%6 Such segregation was found even for short chaiicitiquids G=42" 2% The
inhomogeneity on a mesoscopic scale should be tateraccount when the processes

of solvation, gas solubility and diffusion are cies.
Physicochemical Properties of ionic Liquids

The determination of the melting temperature ofigdiquids is difficult and
influenced by their complex structure and high egty. Some problems in the thermal
determination are supercooling and pronounced tadtity (Chapter 3), glass
formation, polymorphism (Chapter 6), and dependerafe reproducibility on
experimental factors like cooling / heating rat&s.increase in size and anisotropy of
the ions generally lowers the melting temperatufes.some homologous imidazolium
salts with [BR] or [PFR] anions it was reported that cations with shorylatihain
(C.<3) form crystalline phases with relatively high mgt points. lonic liquids with
intermediate lengths ££,<12) exhibit a broad liquid range and form glassesaoling
due to a reduction of the lattice energy owing isyuption of packing efficiencies. For
the longer alkyl chains imidazolium salts¥T@2) higher melting points and liquid

crystalline behaviour have been obserfed However, in the Chapter 3 of this Thesis



it is shown, that there are some exceptions togaigeral rule, like for example the 1-
alkyl-3-methylimidazolium alkylsulfonate ionic lieus.

lonic liquids have negligible vapour pressureaet fthat offers opportunity for
an alternative, environmentally “greener” solvemategy. Although ionic liquids have
high boiling points, it was shown that they candistilled using high vacuum and high
temperature around 400-506K3! Extrapolation of the vapour pressure curves to the
atmospheric pressure gives hypothetical boilingpeematures in the range 800- 1200 K.
Of course many ionic liquids have decomposition geratures at a much lower
temperature range of 500-600K as determined bynbgravimetric analysis. Actually,
in real conditions the decomposition of many iohguids starts at a much lower
temperature during longer exposure. On the othed hanalysis of the vapour-pressure
curve is important because it provides us with #mthalpy of vaporisation. The
enthalpy of vaporisation is an important paramétethermodynamic modelling of
equations of state, but as well it gives informatimn molecular interactions in the
liquid phase, since there is a correlation betwiaenmolar energy of vaporisation and
cohesive energy density. For this purposes asdirgltt calorimetric measurements of
enthalpies of vaporization have been performedafseries of commonly used 1-alkyl-
3-methylimidazolium bis(trifluoromethyl sulfonyljvides, [Gmim][NTf].*°

Viscosity is one of the most important charactmss of solvents for their
industrial application and, unfortunately, a disahage of ionic liquids whenever used
in the pure form. lonic liquids have viscositiesrfr 10 to 1000 times higher than
classical organic solvents. Because of their highosity many chemical reactions and
diffusion controlled processes are significantlgvgtr in ionic liquids than in organic
solvents. As well, the high viscosity has a negaiimpact on processes of mixing,
transport and handling. Contrary to simple liquidtere the temperature dependence of
the viscosity in a logarithmic scale versus theense of temperature gives a straight
line (Arrhenius plot), in the case of ionic liquidsdeviation from linearity is observed
(Chapter 3), a behaviour which classifies ioniaiifjinto group of “glass formers?
The viscosity of 1-alkyl-3methyl imidazolium ioniiciuids increases with the length of
the alkyl chain, because of the increased van dmal$\interaction (Chapter 3). It seems
as well that symmetry and bulkiness of anion hakeyainfluence on the viscosity.

lonic liquids are also of a great interest forcélechemical purposes because
they have a high electrical conductivity up to?1® cm' and wide electrochemical

windows that can reach values of more than 6 vbhey allow deposition of elements



and compounds, especially less-noble nanocrystathiaterials that otherwise cannot be
electrodeposited from aqueous or organic solutfons.

Polarity is the most important solvent characterigand reflects a complex
interplay of molecular interactions. The polarity @an ionic liquid determines its
solubility with other organic solvents, but it alsas an influence on chemical reactions
in solution. There are many methods for polarityed®mination which are based on
different criteria, and hence there are severaniglscales. Polarity can be expressed
by relative dielectric permittivity, UV/VIS and fauescence spectra of solvatochromic
dyes, IR and Raman spectra of dissolved moleculigsid-liquid distribution
coefficients, solvent effect on chemical reactimmmention only some of them. Based
on dielectric constant measurements imidazoliumcidiguids can be classified as
moderately polar solvents. However, anions witthidgpole moments like alkylsufates
have significantly higher dielectric constants.>®* The most important solvatochromic
method for polarity determination is based on thé& sf the low frequency band in the
Vis absorption spectrum of Reichardt’s zwitter-igotlye betaine-30. This shift defines
a normalized polarity parameterrE According to parameter & the polarity of
imidazolium based ionic liquids is higher than tleeipressed by relative dielectric

permittivity and is similar to polarity of methanaicetonitrile or DMSG® %’

There are numerous reports on the miscibility @fi¢ liquids in water and
organic solvents. Generally, for the partially niiée systems, it was found that water
or organic solvents can be dissolved in an iorgaitls, but ionic liquids can not be
dissolved in molecular solverd.Imidazolium ionic liquids with common anions
(INTf,]", CI, [BF4]", [OTf,]") are immiscible with non polar hydrocarbons, aadiplly
miscible with alcohols and benzet&! Hydrophobic ionic liquids with [N~ or
[PFg]", anions are also water immiscible. 1-alkyl-3- nyéthidazolium and 1-alkyl-3-
methylpyrdinium salts with the [Clanion are water miscible even for cations withglon
hydrocarbon chains (£12)** *° Significantly different phase behaviour in respect
the solubility in water, short or long chains alotsh and alkanes was found for

phosphonium based IL¥'
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Abstract

Self-aggregation behaviour of a number of ionicill$ has been investigated
using two techniques: interfacial tension, and riscence. The list of ionic liquids
includes: [Gmim]CI (1-alkyl-3-methylimidazolium chlorides) withlifferent linear
alkyl chain lengths n(=4-14, only even numbers), j@him][PF;] (1-decyl-3-
methylimidazolium  hexafluorophosphate), and 1f@im][NTf;] (1-decyl-3-
methylimidazolium bis{(trifluoromethyl)sulfonyl}andge (bistriflamide)). Two factors
were varied: the length of alkyl chain on the riagd the nature of the anion. Only
[C,mim]CI ionic liquids with n greater than 8 unambiguously form aggregates in
solution. The transitional ionic liquid, fBim]ClI is able to develop a monolayer at
the aqueous solution-air interface, but shows niiceable self-aggregation in the
bulk fluid. lonic liquids based on more hydrophohbitd large anions, namely [(F
and [NT%], do not form micellar aggregates in aqueous swisti The nature of this
self-aggregation is discussed in terms of the wmstdtic vs. hydrophobic

contributions.
Introduction

The innate amphiphilic nature of some catioagy [C,mim]® suggests the

possibility of interfacial and aggregation phenomém aqueous solutions, and their
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ultimate organisation into micelles displaying swthnt behaviout® lonic liquids
are very similar in structure to traditional iorgarfactants (most the latter are solid
salts). lonic liquids have low melting points, ubyia consequence of the presence of
bulky and asymmetric cations, compared to consigramaller size anions, while
ionic surfactants typically have higher meltingmsi—e.g, sodium dodecyl sulphate
(SDS), [GoH25SOy)Na, has a melting point close to 200 °C. Longeairthionic
liquids self-assemble to form thermotropic liquidystalline mesophase ionic
liquids;*®and lyotropic mesophases in concentrated aqueduoss of 1-decyl-3-
methylimidazolium bromidé.

With the possibility of fine-tuning of the ioniaquids’ hydrophobicity by
changing the alkyl chain length, the type of thadcécation), and/or the nature and
size of the counter-ion (anion), one can affecthbibie structure and the delicate
dynamics of these micellar aggregates. This cad teathe modification of their
major characteristics such as the critical micealtencentration, CMC, and the
aggregation number (micellar siz#)is interesting that even some short chain ionic
liquids, for examplel-butyl-3-methylimidazolium tafiuoroborate [Gmim][BF,4] can
form very small aggregates in aqueous solution.

On the other hand, the addition of ionic liquids d@queous solutions of
surfactants affects the CMC of the surfactant aifierothe possibility of their usage
as co-surfactants? *°

Furthermore, it was shown that solvatophobic irtgoas are present between
ionic liquids and the hydrocarbon portion of thefactant, thus leading to the
formation of surfactant micelles in ionic liquidshdh enhancing the solvation
characteristics of ionic liquids + surfactant syst&" *2

However, different previous studfeSreport contradictory conclusions and do
not confirm an obvious differentiation between #&lestatic and hydrophobic
contributions for the self-aggregation of,f@im]Cl family. Fortunately, the formation
of aggregates, particularly micelles, can be detkaising several instrumental
methods: equivalent conductivity, turbidity, sudatension, self-diffusion, magnetic
resonance and many othéfsHence, it is generally possible to obtain compeeat
results.

The aim of the current contribution is to offer anm systematic study and
establish the role of the alkyl chain length, corication and the nature of the anion,

on the aggregation behaviour of the compounds beigrio the [Gmim]X (X= CI’,
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[PF]” and [NTH]) families in aqueous solutions, as well as to idmte those
hydrophobic and electrostatic contributions for theilding up of the micellar

aggregates.
Experimental

Chemicals

The 1-alkyl-3-methylimidazolium chlorides, j@im]Cl (n=4-14, even numbers),
[Ciomim][PFe], and [Gomim][NTf,], were all synthesised and initially purified atU@QL
(The Queen’s University lonic Liquid LaboratorieBelfast) according to recipes found
elsewherd; '

'H and ®*C NMR analyses showed no major impurities in théraated, original
samples, except for the presence of adventitiousrw&arl-Fischer analysis). All samples
were then further thoroughly degassed and driedetoove any small traces of volatile
compounds by applying vacuum (0.1 Pa) at modemtgeratures (60-80 °C) for typically
72 h. Doubly-distilled deionised water was obtainffdm a Millipore Milli-Q water
purification system (Millipore, USA). [@nim][X] stock solutions were prepared in a
1.74x10° M pyrene aqueous solution and all work solutioresevprepared from the stock
solutions diluting with the same pyrene aqueoustgol. Pyrene (Fluka, Germany, 99%) was
recrystallised from benzene

Interfacial tension measurements

Interfacial tension (IFT) was measured using a D8&b@ape Analysis Tensiometer
Kruss DSA1 v 1.80 working in the pendant drop matla constant temperature of (23 + 1)
°C. IFT is derived from the fit of the pendant dqymofile, and care was taken to ensure that
the apparatus was calibrated with several solv@iksiown IFT in the range of interest. The
drops were left to equilibrate close to the ruptyp@nt and at least three consistent
measurements per solution were recorded.

Fluorescence spectroscopy

Steady-state fluorescence spectra of the pyrengioimg solutions were recorded
with a Cary Varian Eclipse Fluorescence Spectrometel collected from a 1 énguartz
cuvette at 25 °C. Excitation was set to a wavelermft337 nm and all emission spectra
measured were corrected for emission monochromagsponse and were background
subtracted using appropriate blanks. Intensitidg<if(I11) and third (13) vibronic bands in the
pyrene emission spectra located at 373 and 384easpectively, were measured and used to
determine the ratio 13/11, a well known “solventlarity scalé®. Band 11 corresponds to a
SO0 ¢ =0) — S1 ¢ = 0) transition and band I3 is a SO{1) — S1 ¢ = 0) transition.
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Results and Discussion

As 1l-alkyl-3-methylimidazolium chlorides, [@im]Cl, are completely
miscible with water at all compositions of inteteste first group of experiments
examined the behaviour of the aqueous solutionragrface for this series of
compoundsr( = 4-14, even numbers). The results of the IFTtHeraqueous solutions
as a function of the total concentration offfim]Cl are presented in Figure 1(a). It is
well known that a sharp decrease of the IFT folldwsy a plateau reveals the
aforementioned amphiphilic characteristic of théiazg which is the cause for the
possible micelle formatiol. The break point of each concentration-surfaceidens
curve determines the saturation of the outer mgeolaf the surface of the drop, and
the consequent onset of aggregation in the bulkk, GMC, when the dissolution
permits.

Figure 1(a) clearly shows that the plateau, whinchcate micelle formation,
are present only in the case of alkyl chains wittydrocarbon “tail” equal or greater
thann = 8. [Cmim]CI does not achieve any plateau, even in té bf tending to the
pure compound (higher concentration point). Forepand highly concentrated
solutions of [Gmim]Cl, it was not possible to determine IFT dudhe high viscosity
of the solutions. The longer hydrocarbon chain memnlor the higher concentrations
show the lower values of the IFT of the plateauaegnd higher compactness of
surface monolayer. The experimental values for lheak points in the IFT
measurement are presented in Table 1 (along witbr EMC results from different
techniques). An interesting comparison with the snead CMC values of [{nim]Br
family, recently reported by R. Vanyur et'l.is shown in Figure 2The slightly
lower values obtained for [@im]Br are expected since it is well known that the
binding of anionic counterions to cationic micellasreases in the order<€I<Br
<I".*® The binding of counterions influences not only &C value, but increases the
binding of counterions, decreases the head repubsm enables denser packing of
monomers in monolayers. This leads to lower valt@sthe plateau region at
concentrations greater than the CMC. In this regaednotice that Bowers et al.
reported the surface tension value of 35miin the plateau region for [@im]l,
which is much lower than the value achieved faniin]Cl (43 mNm®).2
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Figure 1 — Monitoring the self-aggregation of [i@im]CI using different techniques:
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Figure 2 CMC values for [@nim]CI| (m) as a function of the number of carbon
atoms. Data for [@nim]Br (z),*® [N1 1 1,]Cl (o), and ([HN ,JCI (+) are included for
comparison purposes.

In order to -corroborate the results mentioned abdiworescence
measurements that involve a pyrene solvatochromabepwere also used. Intensities
of first (I1) and third (I3) vibronic bands in thgyrene emission spectra were
measured and used to determine the ratio 13/I1.ratie 13/I1 is function of polarity
of the pyrene environment and it increases witlhrelesing solvent polarity (Figure 1b
insert). 13/I1 ratio as a function of the total faetant (in our case the ionic liquid)
concentration shows a specific sigmoidal type cumvhich increases due to the

formation of micelles with a well-defined hydrophobcore into which pyrene
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partitions preferentially’ Figure 1(b) shows the pyrene response for aqueous
[C,mim]CI solutions as a function of [@im]CI concentration. In agreement with the
surface tension measurements above, Figure 1(b)des evidence that in solutions
for n < 6 either no hydrophobic environment is formedtle volume of formed
aggregates is too small to “protect” pyrene from plolar environment. Although the
I3/11 ratio shows a typical increase indicating tlheesence of hydrophobic
environment for tails equal to or greater thanaeas, it is only certain that a plateau
is reached fon = 10, 12, and 14. Consequently, the intersectiantgmetween that
plateau and the descending part is used for the @EtE€rmination only for these
three [Gmim]" salts. The reason for the absence of a platehiglaér concentrations

in the case of [@nim]CI or [Cemim]Cl may be attributed to the progressive dense
packing of the individual cations. This produces steady increase in the
hydrophobicity sensed by pyrene that reflects thetinuous increase in the probe
response. However, these observations are speeylats tentative measurements
with the light scattering technique did not clarilyis point. Small angle neutron
scattering, applied for [glim]Cl solution by Bowerst al, did not clarify the size

and shape of the micelles as well.

IFT Fluor NMR
[Cgmim] CI 220 _ 200
[C1omim] CI 55 45 55
[C1omim] CI 15 7 13
[C14mim] CI 4 3 4

Table 1. Critical micelle concentration, CMC (mM) of [@im]Cl (n=8-14),
measured by Interfacial Tension (IFT), Fluorescer(€uor), and 'H NMR
spectroscopy.

The CMC values obtained by the IFT, fluorescenat’ehNMR* are given in
Table 1.

Figure 2 summarises the CMC values obtained with IFT methodology
plotted as a function of the number of carbons [fosmim]Cl, n = 8 -14. For
comparison purposes, data obtained for cationic fastants of the
alkyltrimethylammonium and alkylammonium chlorideanfilies, [N 11n]Cl,
[H3N,]CI, with similar hydrocarbon chain lengths are idesl! Published data for
[C,mim]Br family measured by conductivity are alsolirted’® As one can perceive,
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there is a good free energy correlation for all fl@gmim]Cl family and the results
show the same dependence for micellisation as etitumof n as observed for the
other two families. It is even possible to notibattthe CMC values for [thim]ClI
are located between those ofsNH]Cl and [N 11n]Cl. This probably reflects the
effect of solute polarity and consequent headsllsepn. Namely, [N1 1,]Cl is a very
stable ammonium salt and more polar than botmj@]ClI (where the positive charge

is delocalised) and [#N,]Cl (that can even dissociate to some extent).
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Figure 3 Counterion effect on [fgmim]X aggregation from IFT measurements: X =
(A) [NTf,], (o) [PR], (m) CI.

Figure 3 shows the effect of the anion of the idigjaid on the surface tension
of aqueous solutions of [gnim]X (where X is Cl, [NTfy]" or [PK]). The
concentrations of ionic liquid at which the surfdeasion starts to lower decrease as
the hydrophobicity and bulkiness of the anion iasee This is believed to result from
decreased electrostatic repulsion between headggrouthe monolayer due to both
the relatively strong binding of the hydrophobicunterions to the ionic liquids’
cations and the hydrophobicity of the anions théwese Generally this may lead to
lower CMC values, thus promoting micelle formatfrThis statement can be
confirmed if we compare our IFIS.concentration curve for [im]CIl and a similar
curve for [Gmim][BF4] measured by Bowerst al?>. The more hydrophobic [BF
anion is more strongly bound to the surface of itleseand consequently is more
efficient in decreasing the electrostatic repulsiag a result, [@mim][BF4] has the
CMC at (0.8+0.1) mol dit* concentration while [@nim]Cl does not reach a plateau
even at a concentration higher than 3 mol*dowever, in the cases of the [NJTf

and [PFK] anions (Figure 3), no micelle formation was detdcts the low solubility
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of the corresponding ionic liquids induced phas@asation before any bulk
aggregation occurred. Probably, a lack of hydrapogvents dissolving of the these

ILs in water and the system separates into twogshas

Conclusions

This contribution suggests general methodologias ¢an be used to find out
whether ionic liquids are capable of forming agateg in aqueous solutions. More
classes of ionic liquids can be checked for theiceftar behaviour using the
techniques described in this chapter.

Aqueous solutions of ionic liquids of the 1-alkyk®thylimidazolium
chloride family, [Gmim]CI, with n ranging from 8 to 14, when scrutinised using
interfacial tension, fluorescence, atid NMR techniqued, present evidence for the
self-aggregation of the [&im]" cations into micellar aggregates.

The exchange of the chloride anion for a more hgllobic and larger counter
ion such as [N or [PR] (besides surface tension diminution) brings tretesy to
a non-micellar state: system separates into twegsha

It seems that aggregation is an inherent charattef ionic liquids; they
aggregate in nedt;*bulk state, and in aqueotid **and non-aqueous solution. Their
ability to act as surfactants (longer alkyl chaim)hydrotropes (shorter alkyl chain)
can be combined with other unique highly advantageoharacteristic of these

materials.
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CHAPTER 2.

ON THE SELF-AGGREGATION AND
FLUORESCENCE QUENCHING APTITUDE
OF SURFACTANT IONIC LIQUIDS
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This Chapter is published as a full article:

Blesic M., Lopes A., Melo E., Petrovski Z., PleclikoN.V., Canongia
Lopes J.N., Seddon K.R., Rebelo L.P.N., “On thef-8ggregation and
Fluorescence Quenching Aptitude of Surfactant Idmngrids®, Journal of
Physical Chemistry B, 2008, 112, 8645.

Note: The synthesis and the characterisation of the ilbauiids used in the
study, and the experimental measurements were loptige author of this
Thesis

'H and**C NMR, the melting and decomposition temperatufeb®ionic

liquids used in this Chapter and the resultsalpinitio calculations are
given inAppendix 1.
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The aggregation behavior in aqueous solution of a number of ionic liquids was investigated at ambient con-
ditions by using three techniques: fluorescence, interfacial tension, and 'H NMR spectroscopy. For the first
time, the fluorescence quenching effect has been used for the determination of critical micelle concentrations.
This study focuses on the following ionic liquids: [C,mpy]CI (1-alkyl-3-methylpyridinium chlorides) with
different linear alkyl chain lengths (n =4, 10, 12, 14, 16, or 18), [C;,mpip]Br (1-dodecyl-1-methylpiperidinium
bromide), [C;»mpy]Br (1-dodecyl-3-methylpyridinium bromide), and [C,,mpyrr]Br (1-dodecyl-1-methylpyr-
rolidinium bromide). Both the influence of the alkyl side-chain length and the type of ring in the cation
(head) on the CMC were investigated. A comparison of the self-aggregation behavior of ionic liquids based
on l-alkyl-3-methylpyridinium and 1-alkyl-3-methylpyridinium cations is provided. It was observed that 1-alkyl-
3-methylpyridinium ionic liquids could be used as quenchers for some fluorescence probes (fluorophores).
As a consequence, a simple and convenient method to probe early evidence of aggregate formation was

established.

1. Introduction

Considering the growing number of reported investigations
in which the dual nature of ionic liquids' has been studied, it
seems that their roles in both surfactant science and its
applications are promising. Surveying the recent literature, three
possible directions for the development and applications of ionic
liquids can be identified:

In the first group of publications, the amphiphilic nature of
some cations, for example, [C,mim]", leading to aggregation
phenomena in aqueous solutions (and in some cases to org-
anization into micelles displaying surfactant behavior) was
analyzed.>”'* With the possibility of the fine-tuning of the ionic
liquids’ hydrophobicity by changing the alkyl chain length and/
or the nature and size of the counterion (anion), one can affect
both the structure and the delicate dynamics of these micellar
aggregates. Second, impressive solvation abilities toward the
dissolution of a series of different common surfactants,!s-16
amphiphilic polymers'” or ionic liquids'®!? in neat ionic liquids
have been demonstrated. Third, ionic liquids can be added as a
cosurfactant or hydrotrope to aqueous solutions of common
surfactants, thus affecting the surface activity and the critical
micelle concentration (CMC) of these solutions.3-¢

In our previous work,? we reported the role of the alkyl chain
length, the concentration, and the nature of the anion on the
aggregation behavior of the ionic compounds belonging to the
[C,mim]X (X = Cl, [PF¢] or [NTf,]) family. In the current
contribution, we also examine the influence of different cationic

* Corresponding authors. E-mail: luis.rebelo@itgb.unl.ptand alopes @itgb.unl.pt.

T Universidade Nova de Lisboa.

#The Queen’s University of Belfast.
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SCHEME 1: Cations of Ionic Liquids Discussed: (A)
1-Alkyl-3-methylpyridinium, [C,mpy]*; (B)
1-Methyl-1-dodecylpiperidinium, [C;;mpip]*; (C)
1-Methyl-1-dodecylpyrrolidinium, [Cizmpyrr]t; (D)
1-Alkyl-3-methylimidazolium, [C,mim]*

R Ciakag

6] B) © ()]

ring types on the aggregation behavior by using aqueous sol-
utions of [C2Y]Br (Y = mpyrr, mpy, or mpip).

Recently, a few studies on the fluorescence behavior of
imidazolium and pyrrolidinum ionic liquids were published.?
Here, we show a unique characteristic of some ionic liquids,
namely, in the case of the 1-alkyl-3-methylpyridinium family:
besides their ability to act as surfactants, they present also a
quencher aptitude for the most commonly used fluorescence
probes for micellar characterization (fluorophores). Probably,
this characteristic has its origin at the pyridinium ring (head),
for it is known that other pyridinium-containing cations can also
act as quenchers.

2. Experimental Section

Ionic Liquids. The I-alkyl-3-methylpyridinum chlorides,
[C,mpy]Cl (n = 4, 10, 12, 14, 16, or 18), 1-dodecyl-1-
methylpyrrolidinum bromide, 1-dodecyl-3-methylpyridinium
bromide, and 1-dodecyl-1-methylpiperidinium bromide
{[C1.Y]Br; Y = mpyrr, mpy, or mpip; see Scheme 1) were
synthesized by the reaction of one mole equivalent of the amine
3-methylpyridine, 1-methylpyrrolidine, or 1-methylpiperidine

UJ 2008 American Chemical Society
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with an excess of the appropriate haloalkane (1.3 mol equiva-
lents). This excess also allows for the reactants to be stirred
without additional solvent at 70 °C; the progress of reactions
was monitored by 'H NMR spectroscopy in CDCl;. Upon
completion of the reaction, there was no evidence for the
presence of unreacted amine. The ionic liquids were purified
with ethyl ethanoate. The volume of ethyl ethanoate used for
the recrystallization was approximately half that of the halide
salt. The ethyl ethanoate was decanted, followed by the addition
of fresh ethyl ethanoate, and this step was repeated five times.
The remaining ethyl ethanoate was removed in vacuo, and the
ionic liquids were dried in vacuo (0.1 Pa) to remove any small
traces of volatile compounds at moderate temperatures (60—80
°C) for typically 72 h. The detailed syntheses and spectroscopic
(NMR, MS) and thermophysical (DSC, TGA) characterization
will be reported elsewhere.?! All chemicals were purchased from
Sigma-Aldrich; the more volatile liquids were purified by
distillation under vacuum before use. For the NMR experiments,
d'-trichloromethane (D+0.03%, Euriso-top) was used: 'H- and
13C NMR analyses showed no major impurities in the ionic
liquids as prepared above by using a Bruker Avance spectrom-
eter DPX 300.

Chemicals for IFT, Fluorescence, and NMR Measure-
ments. Doubly distilled deionized water was obtained from a
Millipore Milli-Q water purification system (Millipore). Both
for the interfacial tension (IFT) and fluorescence measurements,
[C,mpy]Cl stock solutions were prepared in either 1.74 x 1076
M pyrene or slightly less than saturated anthracene aqueous
solution, and all studied solutions were prepared from the
stock solutions, diluting with the same pyrene or anthracene
aqueous solution. Pyrene (Fluka, Germany, 99%) was recrystal-
lized from benzene. Anthracene (Fluka, Germany, puriss, for
scintillation) and ethanenitrile (Merck, Germany, gradient grade)
were used without further purification. For the NMR experi-
ments, D>O (Cambridge Isotope Laboratory, Andover, MA, D,
99.9%) was used.

Details about the experimental techniques and instrumentation
for IFT, fluorescence, and '"H NMR spectroscopy are found in
the Supporting Information.

Ab Initio Calculations. The molecular geometry and charge
distribution of isolated 1,1-dimethylpyrrolidinium and 1,1-
dimethylpiperidinium cations were obtained by quantum chemi-
cal (ab initio) calculations. These were performed by using the
Gaussian 03 program?? at the HF/6-31G(d) level of theory for
geometry optimization and the MP2/cc-pVTZ-f level for single-
point energy and electronic density calculations, as is current
practice in the development of force-field parameters for ions
present in ionic liquids.?® The point-charge assignment was done
by using the CHelpG algorithm.

3. Results and Discussion

Self-Aggregation Assessment by Surface Tension. The sur-
face tension of aqueous solutions of 1-alkyl-3-methylpyridinium
chlorides, [C,mpy]Cl, (n = 10, 12, 14, 16, or 18) was measured,
see Figure 1a. The results of the IFT for the aqueous solutions as
a function of the total concentration of [C,mpy]Cl were used to
determine the CMC and to study adsorption parameters: the
efficiency of adsorption, pCy, (defined as the negative logarithm
to the base 10 of the concentration of amphiphilic molecules
required to reduce the surface tension of the pure solvent by 20
mN m™1), the effectiveness of the surface tension reduction, Iy,
(defined as [Tcyve = Yo — Yeme, Where y,, is surface tension of the
pure solvent (water) and ycmc the surface tension of the solution
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Figure 1. (a) Monitoring the self-aggregation of [C,mpy]Cl by using
IFT for different chain lengths: n = (x) 10, (0)12, (A)14, ()16, (O)18.
(b) CMC values for [C,mpy]C] (a) and [C,mim]Cl] (@) as a function
of n. (¢) Efficiency of absorption pCy () and minimum area per ionic
liquid molecule, a, (®) as a function of n [C,mpy]Cl.

TABLE 1: CMC (in mM) of [C,mpy]Cl (r = 10—18),
[C12Y]Br, (Y = mpyrr, mpy, mpip, and mim) Measured by
IFT, Fluorescence Quenching of Pyrene, Fluor, and 'TH NMR
Spectroscopy”

Tonic Liquid IFT fluor '"H NMR
[Ciompy]Cl 45 44

[Ciompy]Cl 13 13.5 12.5
[Csmpy]Cl 3.1 3.1 3.2
[Ciempy]Cl 0.8 0.77 0.9
[Cismpy]Cl 0.3 0.23 0.25
[Ciompy]Br 10

[Ciompip]Br 11

[Compyrr]Br 1.2

[Ci,mim]Br 9, 10, 12¢,9.8¢

“The experimental errors for all used techniques are =5%.
b Result obtained by using anthracene as a fluorophore. ¢ From ref 9.
CMCs obtained by using conductivity, volume, and fluorescence
measurements. ¢ From ref 7. CMC obtained by using conductivity
measurements.

at the CMC), and the minimum area per amphiphilic molecule at
the interface, a,.2*

Micellisation. If aggregation phenomena occur, then, as the
concentration of an ionic liquid increases, the surface tension
of the solution initially decreases and then becomes almost
constant. The CMC is determined as the intersection of two
linearly extrapolated lines. It is obvious that the decrease in the
CMC of aqueous solutions of [C,mpy]Cl is a consequence of
the growth of the alkyl chain. The experimental values for the
break points in the IFT measurement are presented in Table 1
(along with other CMC results from different techniques). Figure
1b summarizes the CMC values obtained with the IFT meth-
odology plotted as a function of the number of carbon atoms,
n, in the cationic side chain of [C,mpy]Cl, n = 10—18. For
comparison purposes, data obtained for the [C,mim]Cl family
with similar hydrocarbon chain lengths are depicted.> The
expected slightly higher hydrophobicity of the [C,mpy] cation
in comparison with the [C,mim] cation is probably the reason
for the lower CMC values of the former.

Adsorption. The lowering of the surface tension values, vy,
is a consequence of the increased concentration of the ionic
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TABLE 2: Efficiency of Adsorption, pC,, Effectiveness of
Surface Tension Reduction, Il¢yic, and Minimum Area per
Ionic Liquid Molecule at the Interface Air/Liquid, a, of
[C.mpy]Cl (n = 10—18)

ionic liquid pCa0 Teme,/ mN m™! a,/ nm?
[Ciompy]Cl 1.62 27.9 1.21
[Ci2mpy]Cl 2.22 27.9 1.08
[Crampy]Cl 2.82 28.0 0.92
[Csmpy]Cl 3.39 279 0.80
[Csmpy]Cl 3.87 27.8 0.76

liquid at the air—water surface. Because of the almost invariant
condition of the surface for concentrations greater than that of
the CMC, the chemical potential of the ionic liquid changes
only slightly.?> Although the adsorption efficiency, pCa,
increases with increasing alkyl chain length (Figure 1c), the
effectiveness of the surface tension reduction, ITcyc, varies only
slightly. They follow tendencies published for both [C,mim]CI'3
and classical cationic surfactants.?*

From surface tension data, by assuming for these low-
concentration regimes a monolayer structure at the surface, we
calculated the minimum area per ionic liquid molecule, a,, by
using the well-known Gibbs equation.?* Values for a,, pCao,
and Icpc are listed in Table 2. The dependence of the minimum
area per amphiphilic molecule versus the number of carbon
atoms in the alkyl chain, n (up to 16 carbon atoms), for
[C,mpy]Cl is linear and can be described by a, = 1.906 —
0.0695n (Figure 1c). A similar dependence for [C,mim]Cl was
recently reported, 3 and the corresponding equation is a, = 1.461
— 0.062n. A comparison of the equations for these two families
suggests a higher degree of packing of adsorbed [C,mim]Cl
molecules. A slightly lower surface tension in the plateau region
reported in our previous paper’ for [C,mim]Cl in comparison
with [C,mpy]Cl (Figure 1a) also leads to the same conclusion.

It is well-known that surface tension measurements are a very
sensitive test for the presence of impurities, usually being
unreacted surface active compounds (long chain chloroalkane
in the case of chloride-based ionic liquids that are usually used
in excess during the synthesis). The absence of a minimum?*
around the CMC confirms the high purity of the ionic liquids
used in this study.

CMC Determination by Changes in the Fluorescence of
Added Probes. A widely used method for the determination
of the aggregation of amphiphilic molecules (surfactants,
polymers, and so forth) is the comparison of the intensities of
the first, I1, and third, I3, vibronic bands of the pyrene emission
spectrum. The ratio I3/I1 is a function of the polarity of the
pyrene environment, and it increases with decreasing solvent
polarity.?6:27

Obviously, the method cannot be applied when the fluores-
cence of pyrene is quenched by the surfactant itself. This is
found to be the case for the 1-alkyl-3-methylpyridinium ionic
liquids, in analogy with other cases containing the same common
pyridinium ring (head).?® In fact, it was witnessed that the
fluorescence of both pyrene and anthracene in water vanished
(indistinguishable from the noise level) for all [C,mpy]Cl ionic
liquids used in this study, at concentrations for which aggrega-
tion is expected. Therefore, it seems that once in the aggregate,
the close contact between the fluorophore probe and the 1-alkyl-
3-methylpyridinium group results in an efficient static fluores-
cence quenching. In order to verify that the I-alkyl-3-
methylpyridinium group is able to quench the fluorescence of
these probes, Stern—Volmer quenching constants, Ksy, for the
steady-state fluorescence quenching were determined from the
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variation of fluorescence intensity in the absence (/) and
presence (/) of low concentrations, ¢, of 1-alkyl-3-methylpyri-
dinium in ethanenitrile. In order to quantify the quenching effect
of the monomer (preventing aggregation), we have chosen the
short chain [C4smpy]Cl homologue to perform the experiments,
and (for ¢ < 0.6 mM) a linear Stern—Volmer plot, (Ip /I) = 1
+ cKsy, was obtained (Figure 2a). From the slopes of the
Stern—Volmer plots, values of Ksy = (0.3 £ 0.04) and (0.07
+ 0.005) mM~! for pyrene and anthracene, respectively, were
obtained. For the quenching of an excited state, we have Kgy
= kqT0,23?° where 7 is the fluorescence lifetime of the excited
state and kq is the rate constant for bimolecular quenching. By
taking as reasonable approximations the published values of 7,
of pyrene and anthracene in polar aerated solvents, respectively
18.9 ns (19.0 ns without O,) and 4.2 ns (5.3 ns without O,),3°
we calculated the values of the bimolecular quenching constant
kq(pyrene) = (1.58 £ 0.23) x 10'° L mol~! s™! and kq(an-
thracene) = (1.67 & 0.12) x 10'° L mol™! s™!. This demon-
strates that within the experimental error, the quenching is
diffusion controlled (kg = 1.9 x 10'°© L mol™! s7!). The
quenching mechanism probably involves electron transfer, but
this is out of the scope of the current work.

The fact that the [C,mpy]Cl family may act as fluorescence
quenchers opens the possibility of determining CMCs by
detecting the surfactant concentration for which the quenching
deviates from the normal Stern—Volmer equation, that is, from
a slope comparable to that which occurs in homogeneous media.
The onset of micellization, defined as the CMC, can be
recognized as a pronounced break-point in the dependence of
Io/I versus the concentration of [C,mpy]Cl in aqueous solution.
Typical graphs of this type for [C,mpy]Cl (n = 12, 14, 16, or
18) in aqueous solution by using pyrene as a fluorescence probe
are shown in Figure 2b. The values of CMCs for all systems
are presented in Table 1. In order to apply this new method, it
is necessary that the CMC of certain compound—quencher
combinations is not greater than the concentration at which
complete quenching of fluorescence probes occurs. It means
that this method requires an appropriate match between the
fluorescence probe and the quencher. One should note here the
very good agreement between values determined by using
distinct methodologies. Having a good agreement between this
new method and two well-established methods for the onset of
aggregation, surface tension and 'H NMR (see next section), is
important. This avoids potentially fallacious interpretations
which are a common occurrence when novel methods are used
without the proof of concept.

Self-Aggregation Assessment by 'H NMR. 'H NMR res-
onances for the protons of [C,mpy]Cl undergo reasonable shifts
as a function of the [C,mpy]Cl concentration, namely, the pro-
tons of the ring and the protons of the terminal CH3 group.
Figure 3 shows the evolution of the chemical shifts (6, ppm) in
the '"H NMR spectra for the protons of the terminal CH; group
as a function of the reciprocal concentration (logarithmic scale)
of [C,mpy]CL

Once again, in agreement with the previous methodologies,
the chemical shift shows a distinctive decrease for all n > 12,
indicating the change in the environment for these molecules
as a function of their concentration, related to the self-aggre-
gation in small micellar-type aggregates.

Self-Aggregation for Other Types of Cationic Rings—As-
sessment by Surface Tension and Ab Initio Calculations. The
influence of the type of ring in the cation on the aggregation
behavior was also investigated. The underlying influence of this
effect is very complex because head groups have opposing
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Figure 2. (a) Stern—Volmer relation for [C4mpy]Cl in ethanenitrile solutions of anthracene (C) and pyrene (O). (b) Monitoring the self-aggregation
of [C,mpy]Cl in aqueous solution by using the fluorescence quenching technique for pyrene for different alkyl side-chain lengths of the ionic

liquid: n = ()12, (A)14, (O)16, and (O)18.
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Figure 3. Monitoring the self-aggregation of [C,mpy]ClI by using 'H
NMR spectroscopy. O is the observed chemical shift, and c is the ionic
liquid concentration. Results for protons of the terminal CH; group for
different chain lengths: n = ()12, (A)14, (O)16, and (O)18.

80é
o o
70 7 8 0o
) BO D&?‘%}
£
=> 60 o
£ ° B
l: 50 o a,
L 9%
40 Okxy
Door o X2 &
OCoo
30 T T T
0.01 0.1 1 10 100 1000
c/mM

Figure 4. - Monitoring the self-aggregation of [C;,Y]Br by using the
IFT technique: ($)[Campip]Br, (O)[Ciompy]Br, and (O)[Compyrr]Br.

tendencies to keep close to minimize hydrocarbon—water
contacts and to repel as a result of electrostatic repulsion,
hydration, and steric hindrance.?® Three ionic liquids with the
same anion and the same alkyl chain length but with different
types of hydrocarbon rings have been analyzed. Figure 4 shows
the surface tension curves for [C;,Y]Br, (Y = mpyrr, mpy, and
mpip). Surprisingly, two very similar curves with almost the
same CMC values were obtained for [Ci,mpy]Br and
[Ciompip]Br. Probably, in the case of [Ci,mpip]Br, two effects

compensate each other. On the one hand, the higher hydropho-
bicity of the [Cjompip]™ cation and stronger bound anion, Br~,
in comparison with the [Cjpmpy]™* cation, where the positive
charge is delocalized, would give a lower CMC. On the other
hand, because these two molecules have a different geometry
and volume, we can expect that the more space-demanding
[Ciompip]™ cation (we are comparing boat and/or chair struc-
tures of a cyclic six-membered ring with a planar aromatic
molecule) has a higher CMC because of steric hindrance. One
can also notice that the CMC value for [Ci,mpy]Br (10 mM) is
lower than that for [Ci,mpy]Cl (13 mM). The slightly lower
values obtained for [C,mpy]Br are expected because it is known
that the binding of anionic counterions to cationic micelles
increases in the order F~ < ClI~ < Br~ < 3!

It is even more difficult to explain the significantly lower
CMC and surface tension in the plateau region of the five-
membered heterocyclic ring of [Ci,mpyrr]Br in comparison with
the six-membered heterocyclic ring of [Cjompip]Br. Without
further studies, we are unable to speculate whether this is only
the effect of their different volume and geometry and consequent
head packing in the micelles or in the monolayers. However, a
complementary interpretation can be developed if one compares
the geometry and internal charge distribution of the two isolated
cations.

The necessary data were calculated ab initio (cf. Table S1 of
the Supporting Information), and different conclusions can be
drawn from. First, the geometry (bond lengths and angles)
around the nitrogen atom are very similar in both cases
(N—C(methyl) and N—C(methylene) distances of 149 and 151
pm, respectively, and angles close to 109.5°). This can be seen
in Figure 5, where the most stable conformation of each cation
is represented. In fact, the chair conformation of the piperidinium
cation can be thought as an envelope conformation (like that
of the pyrrolidinium cation) with an extra flap. Because that
extra flap occupies a position opposite to the nitrogen atom,
the influence of the former on the latter is very limited from a
geometrical perspective. Also, the charge distribution in the two
cations is quite different because of different hyper-conjugation
effects on the five- and six-membered rings (cf. Figure 5).
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Figure 5. Most stable conformers of 1,1-dimethylpyrrolidinium (envelope conformation, left) and 1,1-dimethylpiperidinium (chair conformation,
right). When a long alkyl chain is present, it will occupy an equatorial position relative to the pseudo-plane of the ring. The numbers in brackets
are the point charges (in % acu) attributed by the model to the nitrogen, methylene, and methyl groups.

Taken together, these conclusions mean that the headgroup
of the anion will interact with the two cations at a similar
position (the most positive charge is centered around the
geometrically similar nitrogen atoms) but with different mag-
nitude. In fact, the larger charge density on the nitrogen of the
piperidinium cation will lead to weaker interactions because this
atom (surrounded by four carbon atoms) cannot be approached
by the anion. On the other hand, the pyrolidinium cation has
greater charge densities in the 2,6-methylene groups (taken as
the sum of the charge of the ortho carbon atom plus its two
hydrogen atoms) where most of the interactions with the anion
will take place. This fact can compensate for the lower charge
density of its nitrogen atom and lead to an effectively higher
counteranion binding, and consequently, to a lower CMC, as
experimentally measured. These observations have to be
examined in deeper detail by using other classes of ionic liquids
and other methods.

4. Conclusions

We propose a novel methodology that can be used to find
out whether ionic liquids are capable of forming aggregates in
aqueous solutions. This technique is based on the fluorescence
quenching effect that specific ionic liquids provoke in common
fluorophores. This procedure was successfully tested against two
well-established methodologies. Additional classes of ionic
liquids can now be checked for their micellar behavior by using
this new technique.

Quenching of fluorescence has found wide utility in bio-
chemical research.” The current new result, connected to aggre-
gation phenomena in ionic-liquids-containing systems, may find
application in other fields too.

It was found that pyridinium ionic liquids are more biode-
gradable than imidazolium ionic liquids and biodegradation rates
increase with longer alkyl chain length.3? The ability of pyri-
dinium ionic liquids to act as a quencher for some fluorophores
can be used as a very sensitive method for following their
degradation rates or generally concentration change. This
method can be used in broad concentration range and in the
presence of many other species in solution, because quenching
requires specific contact pyridinium nucleus—fluorophore.

Besides the length of the alkyl chain and the nature of the
anion, both the structure of the headgroup and the point-charge
density distribution are parameters which play important roles
in the geometry and packing of micelles, in particular by
controlling the magnitude of the steric repulsions between the
head groups. However, the issue of the influence of the head-
group on the aggregation behavior deserves further investi-
gations.
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CHAPTER 3.

1-ALKYL-3-METHYLIMIDAZOLIUM
ALKYLSULFONATE IONIC LIQUIDS:
SYNTHESISAND PHYSICOCHEMICAL
PROPERTIES
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This Chapter will be submitted as a full article:

Blesic M., Swadzba-Kwasny., Belhocinel., Gunaratn&l., Seddon K.R.,
PaduaA.A.H., Costa Gomebl.F., Lopes J.N.C., Rebelo L.P.N.,“1-Alkyl-
3-methylimidazolium alkanesulfonate ionic liquidssynthesis and
physicochemical properties”.

Note: The experimental part - synthesis and charactemsaf the ionic
liquids used in this study- was done by the auttidhis Thesis.

'H NMR, *C NMR and mass spectroscopy results of the iogigds are
given inAppendix 2.
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Introduction

lonic liquids are now undisputedly considered assjble alternatives to volatile
organic compounds. They can replace more convaitimedia to perform chemical
reactions, to support homogeneous or heterogereatalytic processes or to carry out
extractions and separations. Moreover, the iomgaidis myriad and its consequent
diversity permit us to create tailored liquids wlostudy contributes to increase
fundamental knowledge about their molecular charasttcs, and to establish molecular
engineering strategies for particular processes.

In this work, a family of ionic liquids based orkahesulfonate anions, {E0;],
and 1-alkyl-3-methylimidazolium cations, Ji@m]*, was synthesized for the first time,
where the size of the alkyl side chain can simelarsly be varied in the cation or in
the anion. This represents a departure from th@lusay of conceiving the relation
between structure and the properties along a faafilipnic liquids. Traditionally, an
ionic liquid family is established by using oneédtk anion or cation and varying the
nature of the counter-ion in a systematic way -efample by increasing the alkyl side-

chain length on a homologous series or the dedrealstitution. Herein, the family of
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ionic liquids was designed by altering the naturéath the cation and the anion in a
systematic way — creating a bi-dimensional homalsgeeries of ionic liquids (see
Figure 1).

(a)

[C,mim]"

[PFeI

cr
C, C, C; C, Cs Cs C; Cy Co C,

C, C, C; C, Cs Cs C; G Cq C,

Figure 1. Schematic representation showing different famibésonic liquids. In (a)
different members of the 1-alkyl-3-methylimidazaelitfamily are shown with different
anions, defining traditional homologous seriesfédént rows represented by the solid
lines) that can be correlated whenever two iomjuaitis have a common cation (dashed
lines). In (b) different members of the 1-alkyl-2thylimidazolium, [Gmim]’,
alkanesulfonate, [SQg]’, ionic liquid family are shown. This family is afe&terised by

a matrix-like arrangement of its members (solickdin The filled dots represent ionic
liquids actually synthesized and characterizethépresent study.

We wish to judge if it coulé priori be anticipated that the study of the current
family yields recognizable patterns as far as theaetation between structure and
properties of the different ionic liquids is coneed; and, if so, whether this can be
rationalized in a useful way — both from the apgtiien and fundamental points of view.
For instance, the properties of the 1-alkyl-3-mbthiglazolium alkanesufonate family
should follow a trend compatible with the assummptibat ionic liquids are nano-
structured medfe, a fact now largely supported by different expenital
information*® In other words, the existence of polar and nompdbmains in the ionic
liquids, the latter formed by the aggregation ad #ikyl chains of both the cation and
the anion, should influence the way the propertiasy along the family. Another
interesting aspect is to check how these alkarnmsaté-based salts differ, in terms of
their physicochemical properties, from the relaaicanesulfate family. The latter have
been suggested as particularly environmentallyndiie ionic liquids' *° and, more
recently as potential candidates to be used irctimstruction of a liquid-mirror lunar
telescop&-

A series of 1-alkyl-3-methylimidazolium alkanesuiéde [Gmim] [C SO;] ionic

liquids were prepared with = 1-6, 8, 10, and = 1-4, 6. In order to characterize this
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family of ionic liquids, their melting point and demposition temperatures were
determined. Their physicochemical properties wése measured — namely, the density
and the viscosity as a function of temperaturevipled the samples are liquid at about

room temperature and large enough quantities aikaale.

Experimental

Materials

The eighteen ionic liquids used in this study wsyathesized following the
procedure described bellow. These includemi][C:SOGs], n = 1-6, 8 or 10;
[ComIM][C.SGs], n = 2-6; [GMIM][C3SGs], n= 2 or 3; [GMIM][C4SCs], n = 2 or 3;
and [Gmim][CeSG;] (see Figure 1).

1-Methylimidazole £99%), dichloromethane, ethyl ehanoate, ethyl metbalfonate
(=298%), ethanesulfonyl chloride=49%), 1-propanesulfonyl chloride>48%), 1-
butanesulfonyl chloride>08%), 1-propanolx99.8%), 1-butanolx99.8%), 1-hexanol
(299.5%), 1l-octanolx99%), 1-decanolx99%), sodium hexanesulfonate (98%), and
trimethylamine ¥99%) were purchased from Aldrich. Methyl methaniesate,
CH3SGO3CH3, (99%) was purchased from Acros Organics. All fywalues listed above

are given as a mole fraction.

General procedure 1

The different ionic liquids were prepared as follow

a) The desired alkyl-1-ol (#,,,;OH; n = 2... 10) (1.1 mol eq.) and triethylamine (1.1 raql)
dissolved in dichloromethane (430 Ymvere placed in a round-bottomed flask and stingmrously.
The mixture was cooled in an ice-bath, and alkftswyll chloride (GHx.1SOCI, k = 1-4, or 6) (1mol
eq.) dissolved in dichloromethane (100%was added dropwise to maintain the reaction teatpee
below 0°C. The reaction mixture was then stirredseveral hours at room temperature (monitored by
'H-NMR). Filtration of triethylammonium chloride andemoval of dichloromethane yielded the
corresponding alkyl alkanesulfonate estergHg:OSOCHa.1) Which were obtained as colourless
liquids after purification by fractional vacuum tligtion.

b) The freshly distilled alkyl alkanesulfonate est¢GH,n.1SO;CiHak+1) (1.1 mol eqg.)and 1-
methylimidazole (1 mol eq.) were placed in a robttomed flask and dissolved in ethyl ethanoat® (15
cnt). The reaction mixture was stirred under reflux $everal hours. Upon completion of the reaction,
the crude products (ionic liquid layer) were wasttedmes with ethyl ethanoate and the remaining
solvent removed under reduced pressure to yield therresponding ionic liquids
[CrH2n1miM][CyH2:1 SOy
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'H and®*C NMR analyses showed no major impurities in theaated, original
samples, except for the presence of residual watketected independently by Karl-
Fischer analysis). All NMR spectra were recordedoamtm temperature on a Bruker
Avance spectrometer DPX 300, using deuteriatedrofdon as solvent. They are given
together with mass spectroscopy results in Appe@di&ll samples were then further
thoroughly degassed and dried to remove any smaales$ of volatile compounds by
applying vacuumda. 0.1 Pa) at moderate temperatures (60—80 °C) fpacaly 24 h.

Melting point measurements

The melting points of the synthesized ionic liquidgere measured by
differential scanning calorimetry, using a ModutheSC 2920 from TA Instruments.
Cooling was accomplished by using a refrigeratealieg system capable of controlling
the temperature down to 220 K. Dry nitrogen gaghwi flow rate of approximately
20 mL min* was purged through the DSC cell.

Different experimental procedures were followedatepng on the ionic liquids.
Because some samples could remain liquid well tbeltbeir melting points as
metastable, supercooled melts, the procedure usedetsure melting points and/or
crystallization temperatures was different from plmto sample. For 1-alkyl-3-
methylimidazolium alkanesufonate that are solicbatm temperature a standard heating
and cooling ramp of 5 Kmihwas used for determination of their melting paiter
those that are liquids or metastable liquids atréemperature much lower cooling and
heating rates were used, namely from 0.2 up to InKnBoth the onset and the peak
melting temperatures were measured and, for eadb liguid, the enthalpy of fusion
was determined by integration of the experimentdthflow curves as functions of
temperature.

In some cases (Pim][C.SG;], [Comim][C3SG;], [Comim][C,SG;], and
[Cemim][C1SG;] ionic liquids) it was impossible to detect theagbk transitions
(crystallisation and melting) using the DSC celheTmelting points of those samples
were then determined visually in a glass vial bgwslheating (the temperature
considered was that of the disappearance of thergstal). In this case, the uncertainty
of the melting point temperatures3(K in most cases) is much greater than that of
measurements in the DSC cell.

Thermogravimetric Analysis

Decomposition temperature measurements were pegtbim a Thermogravic

Analizer, TGA Q50. The temperature calibration loé instrument was carried out by
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analyzing high purity magnetic standard for its i€uemperature. The measurements
were done in platinum pans with a heating rate @&Kmin® in air atmosphere. The
onset of weight loss in each thermogram was usedetermine the corresponding
decomposition temperature.

Density Measurements

Density was measured with an Anton Paar vibratudge tdensimeter, model
DMA 5000, operating at atmospheric pressure anbdimvthe temperature range (293 to
333) K. The internal calibration of the instrumemas confirmed by measuring the
densities of atmospheric air and bi-distilled wasgrcording to the recommendations of
the manufacturer. The DMA 5000 cell is embedded metallic block, the temperature
of which is controlled by several Peltier units.is'larrangement allows a temperature
stability better than 2 mK. Under these operateanditions, we found that the
repeatability of the density measurements was bitem 0.05 kgrii and the expanded
uncertainty was estimated as ranging from +0.3 kg2 kgm® for low-viscosity and
high-viscosity samples, respectivElyAll reported density data were corrected for the
effect of viscosity on density determinations watkiibrating tube densimeter, according
to the empirical equationp ¢ praw) / praw = (0.5 - 0.45+¢/mPa s}?)10*, wherep andp;aw
are the corrected and measured (raw) densitiepectgely, andn is the sample
viscosity*? Herein, the correction can be as high as 1.7 K§far samples with
viscosities greater than 1700 mPa s.

All'ionic liquids used in the density determinatonere degassed under vacuum
and moderate temperature conditions for periodgdothan 24 hours and maintained in
sealed vials before being injected in the densimeséng non-lubricated disposable
syringes. Nine out of the eighteen synthesizedcidiguids were available in large
enough quantities as liquids near room temperatanglitions to perform the density
measurements. The studied samples weremi@][C:SG;], [Comim][C.SOy,
[Comim][C4SG;], [Csmim][C1SGy], [Csmim][C2SG;], [Camim][C4SOy],
[Camim][C1SG;], [Cemim][C1SO;], and [Gmim][C1SCs].

Viscosity Measurements

The viscosity was determined using a rheometerpRIegrics Scientific SR200,
that allows measurements from (293 to 393) K atoapheric pressure, and in a wide
viscosity range (from 1 to 3000 mPa s) dependinghengeometry used. A Couette
geometry (concentric cylinders) was chosen for shisly. Temperature was maintained

constant to within 0.01 K by means of a recirculgtbath and was measured with the
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same accuracy using a PRT calibrated against andappo reference temperature
standard from Hart Scientific (model 5612, accuraty0.018°C at 0°C). To decrease
the water contamination of the sample during the@sueements, the rheometer was
placed inside a glove-box in an isolating atmosplodrpurified and dried air. In order
to improve the accuracy of the viscosity measurémene rheometer was calibrated, as
a function of temperature, with high viscosity stard oils N100 from Cannon
Instruments Company (280 mPa s at 293 K).

Viscosity measurements were performed in stepsppfaximately 10 K from
293 K up to 360 K in all the ionic liquid samples which a sufficient amount
(approximately 13 mL) was available. Similar measuents done before in the same
equipment® permitted a statistical analysis of the result tias indicated a precision
in the viscosities of 0.2% and an overall uncettailower than 1%. The same precision
cannot be claimed in the present measurementsadtokserved that the ionic liquid
samples were highly hygroscopic and, even whethallappropriate precautions were
taken, water uptake by the samples could nevedtidle detected. The effect of this
water uptake was evaluated by measuring the vigcosithe ionic liquid samples at
regular time intervals. By the analysis of the ealwbtained, which implied a decrease
of the viscosity by less than 10% after 10 hoursvidcosity measurements at
temperatures from 295 to 360 K, the overall unaaifaof the present measurements
can be estimated as being always better than 5%.

Eight out of the eighteen synthesized ionic liquidere available in large
enough quantities as liquids near room temperatonelitions to perform the viscosity
measurements. The studied samples weremi@][CiSG;], [Comim][C.SOy,
[Comim][C4SG;], [Csmim][C1SGy], [Csmim][C2SG;], [Csmim][C4SOy],
[C4mim][C.SG;], and [Goemim][C1SG;].

Results and Discussion

The melting points measured for the ionic liqusttsdied are reported in Table
1. No clear pattern was found in the variation led tmelting point temperatures. The
majority of the ionic liquids studied have meltitegnperatures above ambient, except in
the cases of [€nim][C3SG;], [Comim][CsSO;] and [GMim][C,SG;] that have melting
points below 20°C. Three other ionic liquids —-f@m][C1SG;], [Comim][C,SO;] and
[Csmim][C4sSO;] — have melting points close to 30°C and all otHerlkyl-3-
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methylimidazolium alkanesulfonate ionic liquids mal higher temperatures with a
maximum of 91°C for [@mim][C;SG;].

This somehow irregular behaviour of the meltingnpdemperatures with the
structure of the ionic liquid can also be foundother families of ionic liquids where
the size of the alkyl chain varies in the anion. idt the case of 1-ethyl-3-
methylimidazolium alkanesulfate ionic liquids [C,mim][C,SQy], where the melting
point temperature varies in a non-monotonous wagmfr<-65 °C for
[Comim][C2S0Oy]*°, 23-25°C for [C,mim][C4SQy], 7°C for [Gmim][CeSO4], up to 79°C
for [C,mim][CsSOy]*. These observations contrast with the regular,ratadively easy
to explain, variation of the melting point temperat of 1-alkyl-3-methylimidazolium
tetrafluoroborate ionic liquids with the size oktalkyl chain in the catiol?. A non-
monotonous dependence of melting temperature o silte-chain length is expected
to be related to different crystal structures addgty the salts. As such, this property
should give more information about the stability tbe solid phase than about the
structure of the liquid.

The enthalpies of fusion were determined by intiignaof the experimental
curves and are also reported in Table 1. The high&lue was found for
[C10mim][C:SO;3] with approximately 38 kdmd]| the majority of the samples studied
having enthalpies of fusion between 14 and 22 k3mol

Decomposition temperatures (onset of weight logheénthermogravimetric run)
are reported in Table 2. The ionic liquids studme shown good thermal stability,
with decomposition temperatures ranging from 3380 °C. For comparison, the
decomposition temperature of 1-ethyl-3-methylimmlamm ethanesulfate ionic liquids
(ECOENG 212) is also given in the table. The sigaiftly lower decomposition
temperature of 1-ethyl-3-methylimidazolium etharfa¢e (230°C) in comparison to 1-
ethyl-3- methylimidazolium ethanesulfonate (3€3 confirms that [SQy] anions are
not stable at very high temperature and in thegores of traces of impurities (water,
amines) they can undergo hydrolysis. The lack bfidging oxygen atom between the
alkyl and (-SQ) moieties makes 1-alkyl-3-methylimidazolium alkankate ionic

liquids resistant to hydrolysis at high temperature
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C.SOs C,S0s C4S0s C.SO, CSO;
[Cnmim] MP AgsH MP AyH MP A H MP Ay H MP AyH
[CkSO4] tonset! C kImol* | tonse/’C  kImolt | tonse"C  kImolt | tonse’C  kImol* | tonse/’C  kImol*
€l C t ulC t ulC € oulC € ulC
Cimim 90.8 17.5
91.0
C,mim 225 950 | 2o 40° 2 141l 404
30.6 19.1
24.6
Comim 352 g5 | 71 140 113 | ¥ 208
398 19.0 32.0 47.2
478
Camim 676 500 | 932 196 14.1
737 573 53.0
Cemim 699 519 | 912 161
76.7 54.4
Comim ar 613 169
65.7
Cgmim 34.6 33.9
38.4
Comim | °® 384
57.4

2visually determined

Table 1. Values of the melting points, MP, and of the emles of fusionAssH, for the

1-alkyl-3-methylimidazolium alkanesufonate ioniguids, [Gmim][CSG;].

[Cmim][C,SO3] T4/°C
[C.mim] [C.SOy] 380
[C,mim] [C,SOy] 352
[Cemim] [C,SOY] 337
[C1omim] [C:SO4] 335
[C,mim] [C,SOy] 342
[C,mim] [C4SOy] 340
[Csmim] [C4SOy] 349
[Cmim][C,so) 0 230
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Table 2. Values of the decomposition temperaturek, for the 1-alkyl-3-
methylimidazolium alkanesulfonate ionic liquids, pM][C<SO;] and one
alkanesulfate for comparison.

The viscosity-corrected density results are regubih Table 3, along with the

corresponding molar volumé&/, data for each studied ionic liquid. The tempetu
dependence of the density data is fitted by a fnlipkear regression, and the fitting
parameters are also shown in Table 3. The devstibetween the fitted and
experimentaV,, data are smaller than 0.005 % — comparable togibeatability of the
measurements — which means that @=If(T) function more complex than a simple
straight line is not warranted in this case (athancase of ionic liquids in genef&ty.
The advantage of using a linear regression tonifjp)l values is that the thermal
expansion coefficientyy, for each ionic liquid will be a constant at agjivpressure and
it will be easy to obtain from the slope of the resggion line: if Ing) = mT + b then
din(o)/dT = - ar = m. Figure 2 shows the valuesaffor the eight ionic liquids where
density data were measured at different tempeataach ionic liquid can be identified
by the slopes reported in Table 3). The plot shtivas$ although the scatter of the
values is much larger than that of fhelata (the former quantity is a derived property of
the latter), there is a correlation between thal totimber of carbon atoms in the alkyl

side chain and the value of.

TIK p/gcm? Vy, / cm®mol™ oV, / cm®mol™
[Comim][C,SO4]

In (p/ g cm®) = 0.3754 — 0.5370-TO1/K

293.15 1.24347 165.879 -0.005

298.15 1.24020 166.317 0.003

313.15 1.23027 167.658 0.006

333.15 1.21706 169.478 -0.003
[Comim][C2SO4]

In (p/ g cm®) = 0.3439 — 0.5315. T01/K

293.15 1.20691 182.526 0.002

298.15 1.20366 183.019 -0.006

313.15 1.19419 184.470 0.008

333.15 1.18149 186.453 0.003
[Comim][C4SO4

In (p/ g cmi®) = 0.2982 — 0.5524-T0T/K

293.15 1.14601 216.705 -0.002

298.15 1.14287 217.301 0.002

313.15 1.13343 219.110 0.001

333.15 1.12097 221.545 -0.001
[Csmim][C,SO4]
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In (p/ g cmi®) = 0.3462 — 0.5408-T0T/K

313.15 1.19351 184.576 0
333.15 1.18067 186.583 0
[Csmim][C2SO4]
In (p/ g cm®) = 0.3178 — 0.5373-10T/K
293.15 1.17383 199.619 -0.001
298.15 1.17071 200.152 0.003
313.15 1.16128 201.778 -0.003
333.15 1.14889 203.954 0.001
[Camim][C4SO4]
In (p/ g cm®) = 0.2779 — 0.5547-T0T/K
293.15 1.12215 233.813 -0.009
298.15 1.11912 234.446 0.007
313.15 1.10984 236.407 0.005
333.15 1.09756 239.052 -0.003
[Csmim][C2SO4]
(no fit)
333.15 1.12170 221.401 -
[Cemim][C1SO4]
In (p/ g cm®) = 0.2791 — 0.5613-1T0T/K
293.15 1.12137 233.976 -0.006
298.15 1.11828 234.622 0.006
313.15 1.10889 236.610 0.002
333.15 1.09649 239.285 -0.002
[Cemim][C,SO4]
In (p/ g cmi®) = 0.2489 — 0.5707-TOT/K
293.15 1.08499 267.678 0.005
298.15 1.08184 268.458 -0.010
313.15 1.07268 270.749 0.007
333.15 1.06047 273.866 -0.002

Table 3. Experimental values of the densify, and molar volumeYy, of 1l-alkyl-3-

methylimidazolium alkanesufonate ionic liquids, Mi@m][CSQ;], at temperatures
between (293.15 and 333.15) K. T8, values represent the difference betwdgn
values and molar volume data calculated usingittiegf equations in parentheses.
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Figure 2. Thermal expansion coefficientr, as a function of the total number of carbon
atoms,n + k, in the alkyl side chains of [@im][CSG;] ionic liquids, calculated from
the density data obtained at atmospheric pressure.

The molar volume results show a striking, consisteand along the series of 1-
alkyl-3-methylimidazolium alkanesulfonate ionicuigs: as the number of methylene (-
CHy-) groups present in the alkyl chains of the catiod/or the anion is increased, the
corresponding molar volume values become equaligetaper (-CH-) group (17
cm’mol™). To the best of our knowledge, it is shown herfeinthe first time that this
change is irrespective of the (-gMHaddition taking place in the cation or the anidhe
added methylene groups will necessarily occupy seriea space — but the trend’s
regularity is quite remarkable. An extra mole ofthyéene groups in the alkyl chains of
a given ionic liquid of the family under study walways increase its molar volume by
the same amount, 17.06 tmol* at 298.15 K, irrespective of the ionic liquid ifse
Moreover, this value compares favourably with a vyges, multi-averaged
determination of an increase of 1£9.3 cnimol™ per (-CH-) at 298.15 K" 18

Figure 3 depicts such behaviour, with the expentaemolar volume points (in
black) superimposed in a regular grid (white pqgitusilt taking into account only the
number of methylene groups in the alkyl chainsta tation (x-axis) and the total
number of methylene groups of the ionic liquid (setary y-axis). As stated above, the
nature of the family of ionic liquids studied inighwork, where the size of the alkyl
chains can be varied both in the anion and in #tie implies that it can be ordered not
in a simple “row” but in a “matrix”. This fact islearly denoted in Figure 3 by the
above-mentioned regular grid of white points. Thservation that all experimentally

determined molar volumes fit that grid, with deiwats always smaller than 0.2 %,
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constitutes a proof of the additive character @f molar volume within this particular
family of ionic liquids.

291.3 10
273.8 DD 9
256.4 o SN e SNe 8
— 2389 | SRS SN o 7
Q X
S
e 221.5 ¢S 6 T
LQ <
< 2041 g @ O 5
186.6 [ 4
169.2 3
151.8 2

Figure 3. Molar volume of 1-alkyl-3-methylimidazolium alkandfnate,
[Crmim][CSQ;], ionic liquids at 333.15 K®) as a function of the number of carbon
atoms in the alkyl chain of the cation (x-axis).and the total number of carbon atoms
in the alkyl chains of both ions (secondary y-ax{g)+ k). The white dots represent
other members of the 1-alkyl-3-methylimidazoliunmkaalesulfonate family whose
density was not measured experimentally but caestienated using the molar volume
additive character within the family. The gray Bepresent series of ionic liquids with
thessamle number of carbon atoms in the anion, awd & slope, at 333.15 K, of 17.45
cm’mol™.

The idea of estimating the density along a fanafyionic liquids using the
additive character oY, via the sum of effective ion volumes was first gmweed by
Rebelo et al® and further refined by other autht¥é' who devised empirical group
contribution methods (see Table 4). The preserd danfirm the general validity of
those methods and extend their scope: i) alkar@msaté-based ionic liquids were added
to the list of compounds whose density can be estich— at 298.15 K, the group,
[CoSOs]", contributes with 48.9 cfmol™ for those method$™ (to be compared with
[CoSOy” = 57.0 cnimol™ — taken as the difference between the molar volaie
[C,SO)] and the volume of two methylene grodfsj*where the contribution of the
anion [PR]” was postulated as 73.7 @mol™; and ii) most importantly, it was shown
that these methods work not only by varying redyltve structure of one of the ions

constituting the ionic liquid (along “row-like” faiies of ionic liquids) but also by
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simultaneously changing the structure of the twasidq“matrix-like” ionic liquid
families like in the 1-alkyl-3-methylimidazoliumlkanesulfonate series).

Rebeloet al? Ye and Shreev@ Jacquemiret al® This work
V., lcnmol?
[Comim]* 64.8 75.9 66.0% 66.0°
[CoSOy - - - 48.9
-CH»>- 17.2 16.9 17.1 17.06

#Scheme based on the hypothesis that ig][PFased ionic liquids the contribution of [PRo the molar
volume is 73.7 crimol ™.
®Scheme based on a contribution of JPEqual to 64.4 cfimol™.

Table 4. Effective molar volume of different constituent tsarof 1-alkyl-3-
methylimidazolium alkanesulfonate ionic liquids:temxsion of previously established
contribution schemes for the estimation of the metdume of ionic liquids. The molar
volume of any ionic liquid [gnim][CSG;] is estimated by adding the molar volumes
of (n+k) (-CH,-) groups to the molar volumes ofg@im]" and [GSO;] . Values forT =
298.15 K.

The results obtained for the viscosity of the idmgcid samples are included in
Table 5. It is observed that the ionic liquid saespbased on the sulfonate anion are
quite viscous with values ranging from 17 nsHar [C:mim][C,SG;] at 356 K to 1055
mPas for [CGmim][C,SO;] at 296 K. These values are similar to the onesdofor
alkylsulfate based ionic liquids or for J@im][PFs] as can be observed in Figure 4.

The experimental viscosities were correlated wémperature using both an
Arrhenius-like law:

n=n,exd-E,/RT) (1)
and a Vogel-Fulcher-Tamman (VFT) equation:

n=AT®exfB/(T-T,)) (2
where 77, iS the viscosity at infinite temperature aig is the viscosity activation
energy, two characteristic parameters adjusted fgperimental data as a function of
temperature. A, B andoTin equation (2) are three adjustable parameteaBleT6 lists
the parameters for the ionic liquids studied inghesent case together with the standard
relative deviations of the fits.

The viscosity of alkanesulfonate based ionic liguilecreases very rapidly with
increasing temperature. For example, fogni@n][C,SQO;], one of the more viscous
ionic liquids studied in this work, the viscositgateases one order of magnitude when
the temperature changes from 296 K to 330 K. Thakabior is also found for
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[C10mim][C1SQy], a solid at room temperature, for which the v@godecreases four
times when increasing the temperature from 326 B5% K.

T/K nlmPas Dev/ %

[Comim] [C1S04]

295.06 184.73 +0.14
302.57 113.87 +0.00
312.07 68.24 -0.08
321.51 45.45 -0.09
330.97 31.53 -0.08
345.13 20.25 +0.00
359.22 14.07 +0.12

[Comim] [C2S0O4]

296.11 233.61 +0.11
302.61 153.51 +0.01
312.08 91.71 - 0.06
321.58 58.53 -0.08
331.02 40.36 - 0.06
345.17 25.14 +0.01
357.08 17.65 +0.09

[Comim] [C4SO4]

296.37 531.41 +0.15
302.53 328.18 +0.02
312.00 175.52 -0.08
321.44 103.50 -0.11
330.93 66.57 -0.09
345.05 37.95 -0.01
359.25 23.88 +0.14

[Csmim] [C1S04]

302.55 236.95 +0.11
312.01 129.09 -0.02
321.52 77.49 - 0.07
331.00 50.17 -0.08
345.14 29.31 -0.02
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359.25 18.92 +0.09

[Csmim] [C2SO4]

295.29 566.08 +0.13
302.51 329.97 +0.01
312.02 179.24 - 0.06
321.45 105.48 -0.10
330.89 67.01 -0.08
345.06 37.95 +0.00
359.22 23.48 +0.13

[Csmim] [C4SO4]

295.92 1054.72 +0.20
302.52 562.62 -0.02
312.00 293.88 -0.08
321.44 166.49 -0.10
330.95 99.94 -0.09
345.14 53.03 -0.01
359.25 31.72 +0.15

[Camim] [C2SO4]

326.32 100.89 +0.02
335.79 64.49 -0.02
345.27 44.50 -0.01
354.66 31.58 +0.01

[Ciomim] [C1S04]

326.17 248.52 +0.01
335.68 149.88 +0.00
345.12 91.05 -0.03
354.56 62.01 +0.02

Table 5. Experimental values of the viscosity of,[@im][C1SG;], [Comim][C,SCs),
[Comim][C4SOy], [Camim][C1SCy], [Csmim][C.SCOy], [Camim][C4SOy],
[Camim][C,SGs] and [Gomim][C,SO;] at temperatures between (295 and 360) K. The
deviations are relative to the fit of the data gsequation (1).

In the family of alkylimidazolium alkanesulfonatenic liquids it is observed
that the viscosity of the ionic liquids increases, expected, when the alkyl chain

increases, both/either in the cation and/or ingh®mn. This effect can be observed in
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Figure 5 where the increase in viscosity is represk at 323 K, as a function of the
number of carbon atoms in the alkyl chains bothhi& cation and in the anion that
compose the ionic liquid. The viscosity increaséemthe number of carbon atoms in
the alkyl chain of the cation increases fromrf@n]* to [C;mim]". This increase of the
viscosity, although smaller than in the presenecasd also been observed by Tokuda
et al? for the viscosity of 1-alkyl-3-methylimidazoliumidtrifluoromethyl)sulfonyl
imide ionic liquids. Herein, an increase of thecaisity by 25 to 50 mPas is observed
with the increase of one extra carbon atom in tlkgl &ide-chain of the 1-alkyl-3-

methylimidazolium cation.

Arrhenius-type equation (1) VFT equation (2)

N110° —Ea a A/10° B /K To /K a

mPas  /kJmol* mPa s K”?
[Comim] [C1SO;] 97.92 35.12 0.11 19.68 555.0 207.0 0.01
[Comim] [C,SO;] 62.54 37.00 0.08 11.71 711.5 195.2 0.01
[Comim] [C4SO3] 9.859 43.52 0.12 11.82 728.8 203.7 0.01
[Csmim] [C;S04] 25.69 40.08 0.09 6.119 837.9 193.8 0.02
[Csmim] [C,S04] 8.869 43.81 0.10 7.613 849.7 193.8 0.03
[Csmim] [C4S0O4] 2.554 48.37 0.13 8.506 812.2 204.4 0.05
[C4mim] [C,S0O4] 50.72 39.30 0.02 7.543 843.7 198.6 0.01
[C1omim] [C1S04] 6.227 47.44 0.02 9.847 844.5 209.6 0.04

Table 6. Correlation parameters of the Arrhenius-like equat{l) and of the VFT

equation (2) with the deviations of theditfor the viscosity of studied ionic liquids as a
function of temperature, determined from experirabmalues between 295 and 360 K.

_ iz[(”iexp"7i°a'°)/f7fa'°]2 :

n-v

g

r

where n is the number of experimental points amdthe number of adjustable

parameters.
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Figure 4. Experimental viscosities as a function of tempemtu O),
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Figure 5. Variation of the viscosity at 323 K with the numbsrcarbon atoms in the
alkyl chains in the catiom, and in the aniork, forming the ionic liquid.

Left plot: Variation of viscosity with the number of carbatoms in the alkyl chain of
the sulfonate aniork, M, [Comim][CSG;] ; @, [Camim][CSO;]; «, [Camim][CySO;].
Right plot: Variation of viscosity with the number of carbatoms in the alkyl side-
chain of the 1-alkyl-3-methylimidazolium catiom. A, [Cimim][C;SG]; V,
[Cimim][C,SOy] ; €, [Cymim][C3SOy).
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The size of the alkyl side chain in the alkaneswdte anion also influences the
viscosity of the ionic liquids studied in this workhe viscosity increases by
13+ 1 mPas or by 22 0.5 mPager extra carbon atom in the alkyl chain of the anion
for [Comim] based ionic liquids and p@im] based ionic liquids, respectively. This
behavior confirms that, although the high-electbst interactions between ions
determine the characteristic physico-chemical ptiogseof ionic liquids, dispersive, van
der Waals-type forces also play an important rolé determine the way the viscosity
changes with the size of the alkyl-side chain. lrenmore, this study confirms that the
formation of non-polar molecular domains, dominatgd/an der Waals-type molecular
interactions, determine the variation of viscositya family of ionic liquids and is
observed when both/either the alkyl chain increasdake cation and/or in the anion.
However, their impact in equilibrium (e.g. molar lmme) versus transport (e.g.
viscosity) properties is contrasting. While (ideadiditive behaviour is observed for the

first, a much more complex response is found ferl#tter.
Conclusions

A new family of ionic liquids, 1-alkyl-3-methylirdazolium alkanesulfonates,
was synthesized and characterized for the first.titnpossible way to place this study
in perspective is to compare this family of ioniquids with the corresponding
alkanesulfates. Whereas the density and the vigcesow similar behaviour in both
families, the thermal stability of alkanesulfonatdsws a much better performance.
However, the low-temperature limit favours the aksulfates that by and large have
lower melting point temperatures. These differeramesstitute a relevant issue as far as
the liquid state temperature range is concerned.

The systematic determination of selected thermauhya properties along these
exclusive families of ionic liquids — where theesiaf the alkyl side chain of both ions
can be varied simultaneously to yield a “matrix” pdire ionic liquids — exposed
different trends that can be interpreted taking iatcount the complex structure of
ionic liquids, namely the existence of polar andch4polar nano-domains. A more
complete analysis of the structural features o$ehi@milies of ionic liquids is one of

the future objectives of the current line of resbarThis includes, for example, the
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study of non-isotropic phases in systems with lorajkyl side chains or the relation
between structure and transport properties likeogsy or diffusion coefficients.

We anticipate that the introduction of alkanesudfi@-based ionic liquids — or
other families with similar “matrix-like” structuracharacteristics — will promote the
systematic study of the complex relation betweenrnt&no-structured molecular nature
and the unigue macroscopic thermodynamic propesfiemic liquids.
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CHAPTER 4.

ANION AND CATION EFFECTSON THE
SELF-AGGREGATION OF
1-ALKYL-3-METHYLIMIDAZOLIUM
ALKYLSULFONATE,
[CrH2n+1MIM][CrH 2141S04],

IONIC LIQUID SURFACTANTS
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This Chapter was submitted as a full article:

Blesic M., Swadzba-Kwasmy., Holbrey J.D., Seddon K.R., Rebelo L.P.N.,
“ Anion and Cation Effects on the Self-Aggregation of
1-Alkyl-3-Methylimidazolium Alkylsulfonate, [GHon+1mMIM][CHom+1SOs),
lonic Liquid Surfactants Journal of Physical Chemistry, BOOS.

Note: This work is the result of the collaboration ofragroup with the
QUILL, Belfast, research group. The author of theedis has performed a
part of the experimental work and synthesised dradacterised some ionic
liquids used in this study.
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Abstract

The aggregation behaviour of seven 1-alkyl-3-methglazolium alkylsulfonate
salts ([GH2n+amim][CrH2m+1S0s]; N =8, 10 or 12m =1 andn = 4 or 8;m = 4 or 8) has
been investigated in aqueous solution under ambiemditions. Fluorescence
spectroscopy and interfacial tension measuremeave lbeen used to determine the
critical micelle concentrations (CMC), surface wty, and to compare the effects
alkyl-substitution patterns in both the cation adon on the surfactant properties of
these salts. With relatively small methylsulfonateéons 6 = 8, 10 and 12m = 1), the
salts behave as conventional single chain catisartactants and a typical reduction in
the CMC on increasing alkyl chain length) (n the cation is observed. Whereas, when
amphiphilic character is introduced into both théan and anionn(= 4 and 8m = 4 and
8), novel catanionic surfactants with lower CMCued than those of the corresponding
cationic analogues, and which exhibited an ungdtedd enhanced reduction of surface
tension, were obtained. In addition, the thermatrophase behaviour of

[CgH1smim][CgH18SO5] (N = m = 8) was investigated using variable temperatui@yX
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scattering, polarising optical microscopy and défgial scanning calorimetry and shows
formation of a smectic liquid crystalline phasehndt broad temperature range.

Keywords: ionic liquids; 1-alkyl-3-methylimidazolium; alkyl$ionate; aggregation;
micelle; liquid crystalline salts.

I ntroduction

The term 'ionic liquid' refers to the liquid statbmatter exhibited by salts. In the
ambient temperature regime, ionic liquids are tgbycorganic salts, of which examples
with 1,3-dialkylimidazolium cations probably havedm the most extensively studied.
Computationdl and direct experimental methddsave shown that ionic liquid systems
tend to exhibit bulk isotropy yet have relativetyosg local structure correlations, with
cations surrounded in a first coordination sphér@ndons andice versa

Structural modification of the individual ion compents of an ionic liquid by, for
example, increasing the length of alkyl-substitaent 1-alkyl-3-methylimidazolium
cations can lead to increases in the macroscopictstal anisotropy of the liquid with
microbiphasic separation of hydrocarbon and chadmuains emergingn extremis
with decyl- or longer substituents, liquid crystad phases can be formed, the
thermotropic mesomorphism of 1-alkyl-3-methylimiddum® and quaternary
phosphonium salts have been widely studied. Evidence from mée dynamics
simulation§ and small angle X-ray diffractidrsuggests that domain separation occurs
even in ionic liquids with relatively short butylexyl, and octyl substituents, although the
life-times of particular domain structures may ektively small. It has also been recently
reported that 1,3-dimethylimidazolium dodecylsulite exhibits a thermotropic liquid
crystalline smectic A phase and that the phasevialracan be tuned by modification of
the substitution patterns on the imidazolium cation

The considerable interest in ionic liquid crystasa consequence of the wide
spectrum of potential applications: in sol-gel sgs#is of macro and mesoporous silicas,
hydrothermal synthesis gfalumina, preparation of gold and silver nanophkasicor as

stabilisers for suspension polymerisation.

59



It has been anticipated that ionic liquid materiaay have a significant potential
impact on the field of surfactants.Three possible directions for development and
application, namely using ionic liquids as solvemsisrfactants, or as salt additives have
been discussed. lonic liquids can be added as rtactants or hydrotropes to agueous
solutions of common surfactarifs*? They can be used directly as media for dissolution
of many different common ionic and nonionic surdats'® amphiphilic polymer¥' or
ionic liquids™ Moreover due to the obviousstructural similarities to conventional
cationic surfactantsmany ionic liquids exhibit surfactant-like behawioand same
aggregation phenomena in aqueous soldfidhChanges in the aggregation behaviour of
a range of 1-alkyl-3-methylimidazolium halide, hexafluorophtsppe and
bis{(trifluoromethyl)sulfonyl}imide salts in agueswsolutions as a function of alkyl chain
length, concentration and the nature of the anaretbeen reported by our gréfiptand
others'® The aggregation behaviour of aqueous solutions doflecyl-substituted
pyrrolidinium, pyridinium and piperidinium bromidgalts has also been examined and
compared as a function of head group tifpe.

1-Alkyl-3-methylimidazolium alkylsulfonate salt&igure 1) are useful examples
of ionic liquid forming salts in which it is simpl® systematically vary the structure of
both the cations and the anions by changing thgthefp andm) of the two alkyl chains.
By investigating the properties of the materialthw this two dimensional array of salts,
it is possible to explore whether systematic charigethe cation and anion structures of
ionic liquids produce serial (cummulative) or sygistic variations in structure/property
relationships. The physical properties of a rande lealkyl-3-methylimidazolium
alkylsulfonates with alkyl groups containing sixless carbon atoms in either the cation
or anion and with a total of less than eleven caratoms in the two alkyl chains have
been investigated recently.

Here, we report the results of investigations ititte thermal and surfactant
properties of seven 1-alkyl-3-methylimidazolium #ulfonate salts1-7 in Figure 1)
from two regions in the [H2n+1mim][CrH2m+1SOs] n+m matrix, withn = 8, 10 or 12m
=1 andn = 4 or 8;m = 4 or 8 in which the total number of carbon atamshe two

substituentsx (n+m), is eight or more. In addition, the thermotropiesomorphism of
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the catanionic 1-octyl-3-methylimidazolium octyl&gulate 7, n =m= 8) salt in the neat
anhydrous state has been investigated.

The salts investigated have amphiphilic characteither or both the cation and
anion, and the results presented below demonstoatenew materials having exceptional
performance characteristics comparable to thosmtaionic® and gemin® surfactants

can be developed by applying an ionic liquid desityategy to molecular engineering.

Compound n m 3(m#n
)

1 8 1 9
[ ~NANN~CrHnet | (€, Ho4-504) 2 10 1 11
\—/ 3 12 1 13
4 4 4 38
5 4 8 12
6 8 4 12
7 8 8 16

Figure 1. General structure of 1l-alkyl-3-methylimidazoliurtkydsulfonate ionic liquids
([ChH2n+1MimM][CH2m+1SGs]). Z(m+n) is the sum of the number of carbon atoms in the
two alkyl-substituents.

Experimental

Materials. 1-Methylimidazole %99%), dichloromethane, ethyl ethanoate,
1-butanesulfonyl chloride=@8%), 1-octanesulfonyl chloride (98 %), 1-butare99.8%),
1-octanol £99%), 1-decanol99%), 1-dodecanot=09%), and trimethylamine=09%)
were purchased from Aldrich. Methyl methanesulfer(@%) was purchased from Acros
Organics. 1-Methylimidazole was distilled prior ese, all other reagents and solvents
were used as received. Double-distilled deionisatemwwas obtained from a Millipore
Milli-Q water purification system (Millipore, USA)Pyrene (Fluka, Germany, 99%) was
recrystallised from benzene.

'H and'*C NMR spectra were recorded at room temperatur@ Bruker Avance
spectrometer DPX 300, using CREls solvent.
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SynthesisThe seven ionic liquids used in this study (Figliyevere synthesised
following the general procedure described below.
Alkyl alkylsulfonates (GH2,+10SGQ,CrHom+1). A solution of triethylamine (1.1 mol) and
the desired alcohol (E2+1OH; n = 4, 8, 10, 12) (1.1 mol.) in dichloromethane (430
cm’®) was cooled in an ice-bath. The respective alligsyl chloride (GHam+1SOCl, m

=1, 4, 8; 1 mol eq,) dissolved in dichlorometh&b@0 cnf) was added dropwise to the

cooled, rapidly stirred reaction mixture while ntaining the temperature at 0 °C. The
reaction mixture was then stirred for several haireoom temperature, filtered, and the
solvent removed under reduced pressure. The @ltnats purified by fractional vacuum

distillation to yield alkyl alkylsulfonate esters &ransparent, colourless or slightly yellow
liquids, exception for dodecylmethanesulfonate Wwhi@s obtained as a colourless solid.
All products were characterised By NMR spectroscopy.

1-Alkyl-3-methylimidazolium alkylsulfonates ([Ezn1mim][CrHom:1SGs]) A solution of

freshly distilled alkyl alkylsulfonate esters (€Gn+1SOsCnHam+1) (1.1 mol eq.)and
1-methylimidazole (1 mol eq.) in ethyl ethanoatBQtn?) was heated under reflux with
stirring overnight. The crude product formed asas# layer and was removed, washed
six times with ethyl ethanoate and any remainingesad was removed under reduced
pressure to give the corresponding ionic liquidgH&+1mim][CmH2m+1S05] (Figure 1
and Table 1).
All the salts1-7 (see Figure 1) were characterised by mass speetrp@nd by*H and
3C NMR spectroscopy (see Appendix 3) and showed mpuiities other than the
presence of residual water (detected independbwntiKarl-Fischer analysis). All samples
were then thoroughly degassed and dried under wac(@a. 0.1 Pa) at moderate
temperatures (60—-80 °C) for typically 24 h befase.u

Differential Scanning Calorimetry (DSCPhase transition temperatures were
measured using a TA Instruments DSC 2920 in moedl®&SC mode. Cooling was
accomplished by using a refrigerated cooling systeapable of controlling the
temperature down to 220 K. Dry dinitrogen gas, aitlow rate of approximately 20 ém
min®, was purged through the DSC cell. Transition tewmpees were determined from
the onset points by initially heating the samplenfrroom temperature at a rate of

10 °C min' to beyond the clearing point, followed by cooliaiga rate of 5 °C mihto
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below the crystallisation temperature. The coolegting cycle was repeated three times.
The transition temperatures and enthalpies ofrtresitions obtained from the second and
subsequent cycles were reproducible.

Polarising Optical Microscopy (POMMicroscope observations were made using
an Olympus BX50 microscope equipped with a LinkamM6@0 hot stage and TP92
temperature controller. Neat samples were examimgde form of fine crystals placed
between thin round glass plates. Contact expersneetween the salts and water were
performed using the Lawrence penetration experifiidnyt placing a few crystals of the
salt between two glass slides and introducing dlsingp of water into contact with the
surfactant through capillary action.

X-ray Diffraction (XRD).X-ray diffraction data were collected using a Séas
D5000 powder diffractometer equipped with a sedfedr heating stage with CuxK
X-rays (. = 1.542 A). Data were recorded from between 220fdin steps of 0.05° over
the temperature range 25 to 120 °C.

Interfacial Tension (IFT)For both IFT and fluorescence measurements, agueou
stock solutions o1-7 were prepared using water containing 1x740° M pyrene, and all
studied solutions were prepared from the stocktsols, by diluting with the same
pyrene aqueous solution. Interfacial tension waasumeed using a Drop Shape Analysis
Tensiometer (Contact Angle System OCA, Carl Stutt} working in the pendant drop
mode at a constant temperature of 23+2 °C. IFTeisveld from the fit of the pendant
drop profile, and care was taken to ensure thagfiparatus was calibrated with several
solvents of known IFT in the range of interest. Tieps were left to equilibrate close to
the rupture point and at least three consistensareaents per solution were recorded.

Fluorescence Spectrosco@yrene was used as a fluorescent probe to ascertai
the onset of the aggregation of the ionic liquitdsvater. Steady-state fluorescence spectra
of the pyrene-containing solutions in 1 cm quartwettes were recorded at room
temperature with a Cary Varian Eclipse FluoresceBpectrometer collected at a 90°
angle.Excitation was set to a wavelength of 337 mmensities of first (I11) and third (I3)
vibronic bands in the pyrene emission spectra émtaaround 373 and 384 nm,
respectively, were measured and used to deteriménieatio 13/11.
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Results and Discussion

The thermal and solution behaviour of sevepH&1imiM][CH2m2SOs] salts
(1-7) have been investigated. The salts comprised &t& & series of three salts3)
with methylsulfonater = 1) anions and different length alkyl chains loa tation 1§ = 8,
10, and 12 respectively), and a matrix of four ssaltith intermediate length
alkyl-substituents on both cation and anibifin = m = 4), the cross ternts(n = 4,m = 8)
and6 (n = 8,m=4), and7 (n =m = 8). Thermophysical data for two of the saltend2,
have been previously reportdd,whereas the remaindeB-{) are new and were
synthesised and characterised here for the firs. ti

All the salts are readily soluble in water at rodemperature, and produced
surface active solutions. The CMC of the salts iatew were determined at room
temperature using interfacial surface tension &matéscence spectroscopy.

Thermal BehaviourThe thermal behaviour of the salts was investihatsing

modulated DSC, first order endothermic transiticmmperatures, enthalpies, and
assignments from the onset temperatures of thengeaycle from the second and
subsequent cycles are given in Table 1. On theirgpalycles, all the salts showed
thermal hysteresis and supercooling for the ligwictrystal transition, and (for) the
liquid crystalline phase to crystal transition, lwthe temperature depressed by 15 °C on
average. The same phenomena were observed in #e afathe crystal-crystal
transformations.

The salts1-6, melted directly to form ionic liquids at <100 {€nforming to the
description of an ionic liqui. 4 (n = m = 4) also showed a reversible crystal-crystal
phase transition at 24 °C before melting at 607¢1 = m = 8) exhibits a crystal-crystal
transition at 70 °C and then melts to a smectigidiccrystal phase at 79 °C, clearing to
the isotopic liquid at 115 °C. Confirmation thaetDSC transitions were respectively
crystal-crystal, melting to liquids, and melting #oliquid crystal phase was made by
comparison of the transitions measured by DSC witiservations from polarising
hot-stage optical microscopy, and #gralso by small angle X-ray diffraction to elucidat

the nature of the mesophase formed.
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CMC/mM pCo  Iewe Transitiorf TPC  AH/kJI mol™

/mNm?
Compound n m IFT Fluor
1 8 1 220 - 1.0 29.0 C-iso 40.3 39.3
2 10 1 60 65 15 28.5 Siso 53.6 40.5
3 12 1 14 19 2.1 28.5 Giso 64.9 47.5
4 4 4 - - 0.4 CHC2 24.0 10.5
C2—iso 60.1 18.3
5 4 8 135 130 1.6 40.0 G»iso 56.3 29.1
6 8 4 140 155 1.6 28.5 G>iso 54.1 32.3
7 8 8 12 17 2.9 43.7 G2C2 68.4 22.5
C2—-S, 78.9 28.2
Sa—is0 1149 2.7

a pC,, defined as the negative logarithm to the base fléhe concentration of amphiphilic

molecules required to reduce the surface tensitheopure solvent by 20 mN'm
Effectiveness of the surface tension reductifigyc, (defined aslicyc = Yo-Yeme, Wherey, is
surface tension of the pure solvent (water), @ the surface tension of the solution at @GMC.
¢ C is crystal form, C1 and C2 designate lower apgeu crystal phases when a crystal-crystal
transition is observed Ss smectic liquid crystalline phase aisd designates the isotropic liquid state.

Table 1. Physical data collected for the Jn+1mim][CrH2m+1S0O5] salts 1-7; Critical

Micelle Concentration (CMC, mM) measured by inteidh tension, IFT, and

fluorescence emission of pyrenéluor; Absorption efficiency, pCyo, Effectiveness of
surface tension reductiofilcyc (MN i), transition temperature8Q) measured from
the onset to the peak by DSC and transition engtialpmol).

On heating a crystalline sample®from ambient temperature on the hot-stage of
the polarising optical microscope, a crystal-crystnsition was observed consistent with
the DSC data, followed by melting of the solid inkte enantiotropic liquid crystalline
phase, which cleared to the isotropic liquid at 2€5 Cooling from the isotropic liquid
yielded the phase sequenc&so—Sy,—C2—Cl. The mesophase forms a dark
homeotropic texture under crossed polarisers (sggeAdix 3), both on heating and
cooling from the isotropic liquid, characteristid the smectic A bilayer structure
commonly found for neat amphiphilic salts, espégidr the imidazolium-type ionic
liquid crystals®
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X-ray diffraction data was collected faf, initially in the crystalline state at
ambient temperature, then after heating to thedigtate at 120 °C, and then in 10 °C
steps, while cooling to 40 °C and equilibrating 26rmin. at each temperature. The phase
transitionsiso—»S, and 3—C2 were observed, with a significant degree of sxquding
for each transition such that ts®— S, transition occurred between 110-100 °C, and the
Sp—C2 transition between 60-50 °C compared to the esponding transition
temperatures in the heating cycle of 115 °C andC’3espectively. Typical X-ray
diffraction patterns for each phase region are shiowrigure 2.
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Figure 2. Development of the smectic{Sand two consecutive solid crystalline (C2 and
C1) phases for (n = m = 8) on cooling from the molten isotropisd) state, followed by
XRD.

The initial crystal form (C1) has a highly ordereger structure, with a strong
small angle diffraction peak <100> af2 3.42°, corresponding to a layer spacing of
25.81A. A second set of intense peaks in the widgearegion ata. 13.12, 16.36, and
19.64° show a high degree of structure in the diherdimensions.

In the isotropic region{ shows a small residual peak in the small angleneat
6.5° and a characteristic broad diffraction banatregl around 22° (~4 A) consistent with
fully mobile liquid alkyl chains. The S mesophase region is characterised by the
presence of a sharp peak in the low angle regi®r-(2-5) and a broad band centred at
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22°, consistent with fully mobile alkyl chains. Tlehange in the layer spacing),(
determined from the position of the most intensakpm the low angle region, as a
function of temperature through the different phesgons is shown in Figure 3. In the
Sa phased decreases from 21.75 A at 100 °C to 23.11 A at@0corresponding to an
interlayer contraction of 0.034 A¥Kconsistent with decreasing mobility of the alkyl
chains as the temperature is reduced. Unusuabylayer spacing in the mesophase is
larger than the sum of the lengths of the two apiples, and suggests formation of
double-bilayer structure. This may be a resulhefhigh density packing of the surfactant
head-groups (calculated from the surface tensite tialow).

Further cooling leads to crystallisation from tBe to the crystalline C2 phase,
this transition being characterised by a discomtirsuincrease id (from ca. 23.11 A at
60 °C in the & phase to 25.96 A at 50 °C in the C2 crystallinageh see Figure 3) and
the appearance of well defined diffraction peakthamwide angle region that support the
formation of a crystalline phase. In contrast t® thesophase region, tbespacing in the
crystalline phases shows a typical contractionantieg (0.015 A K.
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Figure 3. Change in the layer spacind) (of 7 in the liquid crystalline (§ o) and two
crystalline phase (CD, C2,n0) regions as a function of temperature, determfrad the
position of the peak at lowest value @ig the XRD data.

The C2-C1 transition was not observed directly when samplere cooledn situ on
the diffractometer hot stage. This is, in part, dnean absence of active cooling in the

diffractometer which limits the effective minimuranhperature that could be achieved in
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a cooling cycle taca. 40 °C. In order to demonstrate that the-821 transformation is
enantiotropic, a sample @fwas heated externally until molten, then allowedaol to
room temperature and was then left to stand at r@onperature overnight. The powder
diffraction pattern subsequently measured was sterdi with that collected on the initial

crystalline sample prepared.

Self-aggregation of [@Hn1miM][CrHom+1SG;] salts in aqueous solutionContact

experiment$? introducing a droplet of water into contact witte fGmim][CsSO;] salt
over the temperature range 25-80 °C, revealedghtsdwelling of both crystalline solid
and super-cooled mesophase domains on addition atérwrapidly followed by
dissolution to form a fluid homogeneous solution the contacting aqueous phase
penetrated the salt. Thusshowed no tendency to form lyotropic mesophasespite the
formation of a neat, anhydrous smectic (lamellagymotropic mesophase.

Self-aggregation of the salts in water over th&eloconcentration regimes was
studied by surface tension and fluorescence sm&dpy with pyrene as a probe
molecule.

The air-water interfacial tension of aqueous sohg of the saltsl-7 was
measured as a function of concentration. Surfadggtegation in solution leads to a
decrease in the surface tension with increasingertnation, followed by a change to
almost constant surface tension as the CMC is eshdbata for the salt4;-3, 6 and?7,
are shown in Figures 4(a) and (b). The surfaceiderdata were used to determine the
CMC, from the intersection of a linear extrapolataf the two differing regions. The two
adsorption parameters: efficiency of adsorptidbzop(defined as the negative logarithm
to the base 10 of the concentration of amphiphiticlecules required to reduce the
surface tension of the pure solvent by 20 mN) and effectiveness of the surface tension
reduction, ITcue, (defined aslicmc = vo-yeme, Wherey, is surface tension of the pure
solvent (water), an@cuc the surface tension of the solution at the CMCiewsalculated
from the dat&:

Fluorescence spectroscopy, using pyrene as a ukateprobe, was used to
investigate the polarity of the probe domains ia slolutions as a function of surfactant
concentrations. By comparing the intensities offtret, 11, and third, 13, vibronic bands
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of the pyrene emission spectrum, changes to tta éwironment of the probe molecule,
and hence the bulk solution, can be monitored. iRtensity ratio 13/11 varies as a
function of the polarity of the pyrene environmantd increases with decreasing solvent
polarity. Figures 4(c) and (d) show the pyrene responselfl8 the aqueous solutions
of the salts1-3, 6 and7, as a function of concentration. The CMC is deteadifrom the

intersection points between that plateau and treceatwling part of the fluorescence

profile.
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Figure 4. Determination of CMC by surface tension (a) angd énd fluorescence (c) and
(d) for the alkylsulfonate salt&:(n=8,m=1; A),2(n=10m=1;¢),3(n=12,m=1;
e),6(n=8,m=4;-), and7 (N =m= 8; M), and for comparison [gH,:mim]CI (o).**

Experimental CMC values are presented in Table ltulzed from both interfacial
tension and fluorescence experiments. The data fremtwo approaches are in good
agreement.

The decrease in the CMC of aqueous solutions 168 containing a
methylsulfonate anion is a consequence of the &se@ alkyl chain in the cation and
follows the empirical rule that the CMC decreasgs bactor of two for each GHyroup
added to the alkyl chain of a single chain ionidaetant, Figure 4(a). The dependencies,
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and CMC values, found here fdr3 are almost identical to those reported for the
corresponding 1-alkyl-3-methylimidazolium chloridgystems in watert This fact
indicates that chloride and methylsulfonate aniaresequally efficient in decreasing the
electrostatic repulsion between head groups ansecpuently have very similar values of
adsorption efficiency and effectiveness of theaeftension reduction.

Solutions of the short alkyl chain ionic liqu#d (n = m = 4) showed reduced
surface tensions with increasing concentrationooid liquid in solution. However, at
concentrations up to 2 M in solution no aggregabehaviour was observed (data are not
shown).

The influence of increasing alkyl chain lengtrtlie anion in aqueous solution on
the CMC is shown comparing the 1-octyl-3-methyliggdlium salts,1, 5 and 7, in
Figure 4(b). A non-linear dependence is found. Eé@mparison purposes, the surface
tension of the aqueous solution &f(n = 4, m = 8) as a function of concentration is
measured as well and showed almost identical agtioeg behaviour to the
corresponding cross-terin(n = 8,m = 4).

Figure 4(a) and (b) clearly illustrates that (itrieasing the alkyl chain length in
the cation is the most efficient way to decreaseGOMlues, and (ii) increasing the alkyl
chain length in the anion (along with long alkybahin the cation) leads to lower CMCs
and more significantly to higher effectivenessurface tension reduction.

In common with the previously reported fluores@encstudies on
1-octyl-3-methylimidazolium chloride water;* the 13/I1 ratios for solutions of 1 show
the typical increase with increasing surfactantcemtration in solution indicating the
formation of hydrophobic domains, however, a platsanot reached. This may be due to
the progressive dense packing of monomers in etedgaggregates without the
formation a well defined micellar structure. Fbo(n = m = 8), the plateau region of the
I3/11 ratio is significantly higher than that ofetlsingle chain surfactants-8) and implies
the formation of micellar aggregates with a différstructure, probably cylindrical or
lamellar rather than spherical.

Surface Adsorption of Surfactanthe lowering of the surface tensioy, is a

consequence of the increased concentration of cdarfaat the air-water surface. At
concentrations greater than that of the CMC, theerfiacial composition and
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consequentially the chemical potential changes sligintly > Values for the efficiency of
adsorption at the surface(g) and effectiveness of surface tension reducti@gut)
calculated in each case from the change in, andlibsvalues of, surface tension as a
function of surfactant concentrations are listed Tiable 1. The saltsl-3 (with
methylsulfonate anions) show an increaseGgopvith increasing alkyl chain length, with
only a small variation in the final value &fcyc between the salts. This tendency was
previously described for classical cationic sudats*

In contrast, it was observed that bo®ygand//cyc increase with the sum of the
cation and anions alkyl-substituent carbon atoms5,f6 and7. So that, on increasing the
alkyl-chain in the cation and the anion in unissubstantial surface tension reductions
are observed, see for example, Figure 4(b).

It should be noted that each molecule of catanisaorfactant yields two surface
active monomers on dissolution. This is the reasbg for the same concentration of
surfactant much lower value of surface tensiontagber absorption efficiency(powere
obtained for7 in comparison td.

Icve, the effectiveness parametéiis important for surface activity and reflects
the detergency, foaming, emulsification, and wegtpnoperties of surfactants. In the case
of single chain ionic surfactants, repulsion betwpelar head groups provides a limit to
dense packing of amphiphiles at the interface.dmtrast, the surface tension reduction
was dramatically increased for those surfactantsatoing both amphiphilic cations and
anions. Since both the cations and anions incompdnadrophobic alkyl chains, they both
take part in the surface monolayer formation. Teeatectrostatic attraction between the
positively and negatively charged amphiphile heaolupgs, helped by van der Waals
attractions between hydrophobic alkyl chains, enbardense packing of monomers in
the monolayer and consequently leads to lowerimtase tension in the plateau region.
The magnitude of the reduction reflects the efficieof packing at the interface. From
the surface tension data, by assuming that foretHew concentration regimes the
interfacial structure at the surface is a monolaglee minimum area per ionic liquid
molecule,a, can be calculated using the well known Gibbs gona* A very low value
of 0.7 nnf per ionic pair was calculated for solutions %fdemonstrating that, at the

interface, the amphiphiles are extremely close-pdck
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Closer packing increases the coherency of thefadial film and this results,
usually, in superior emulsifying and foaming prdjeey. Additionally, for these catanionic
surfactants, since they contain both cationic antbréac amphiphiles, they will be
adsorbed at both negatively and positively surfasemsilar to zwitterionic surfactants.
Much lower values of the surface tension were obthiin the plateau region fat
compared with that for 1,3-didodecylimidazolium fmide ?* which illustrates dominance
of the electrostatic effect over the combinatiomydrophobic and van der Waals effects.

Gemini surfactant§’ containing two, or more, hydrophilic head groupsatently
connected, have been shown to have superior pregeot traditional cationic or anionic
surfactants with significantly reduced surface i@ms at low concentrations. Gemini
surfactants have many applications, for examplesalsibilisers of water-insoluble
materials and as agents for removal of pollutantenfwater’! 7 displays a high
effectiveness parameter for reduction of surfacsite, and has a CMC which is lower
than those reported for comparable gemini surfastaith same length of alkyl chaif$.
Consequently there is a potential to prepare nevacants with lower CMCs and even
greater efficiencies.

Low CMC values are also associated with low itiota of biological systems
since less material is required to achieve an edgiy performance. In addition, the
aquatic toxicity of surfactants (and ionic liquidsas been shown to decrease with
decreasing alkyl-chain length, so new surfactanth @s7 with octyl substituents may
prove to have significantly lower environmental mep than single-chain cationic

surfactants with equivalent activity containing dod or tetradecyl substituents.
Conclusions

The surfactant properties of 1-alkyl-3-methylinedaum alkylsulfate ionic liquid
surfactants have been investigated. In genemlloth melting points and high solubility
in water combine to give materials with excellentfactant characteristics. The ionic
liquids with methylsulfonate anionl{3, n=28, 10, and 12) behave as conventional

cationic surfactants, showing CMC values comparabth those of the corresponding

72



imidazolium halide salts and having equivalent acef activity, reducing water-air
interfacial tension from 72.5 to a minimumazf 44 mN nt'.

In contrast, when amphiphilic character is impduteo both the cation and anion,
a synergistic packing effect appears to lead to ftnenation of novel catanionic
surfactants with both lower CMC values than antitéol and enhanced surface activity.
The large effect on the surface tension is intéggrén terms of a cooperative effect with
both cations and anions forming the interfaciaétay

These two features: low melting points and highewaolubility from the ionic
liquid design methodology, and a synergistic sudiatceffect where combining these two
relatively poor surface active amphiphiles (octyingimidazolium and octylsulfonate),
provides great opportunities develop new, moletulsimple yet functionally complex,
modern high performance ionic surfactants that coout perform gemini and
zwitterionic surfactants. In comparison to convendil single-alkyl chain ionic
surfactants, corresponding gemini type surfactamtglouble chain ionic liquids, the
presence of amphiphilic structure in both ions shewnificantly higher effectiveness of
the surface tension reduction. An additional irdeng feature in systems such as these is
that the alkyl-chains on the individual ions ardatigely small which may improve

biodegradability and lower the overall environméatad toxicological impact
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CHAPTER 5.

PHASE EQUILIBRIA INTONIC LIQUID
PLUSAROMATIC COMPOUND BINARY
SYSTEMS
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This Chapter will be submitted as a full article:

Blesic M., Lopes J.N.C., Rebelo L.P.N., “Phase Hgua in lonic Liquid
Plus Aromatic Compound Binary Systems”.

Note: All experimental part was done by the author of Trhesis.
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Abstract

Binary mixtures of ionic liquids with benzene ds iderivatives exhibit
unusual phase diagrams characterized by a regibeuad-liquid immiscibility totally
skewed towards benzene-rich compositions. This mdhat in some cases it is
possible to dissolve up to 80% mole fraction ofzese in a given ionic liquid but
effectively no ionic liquid in pure benzene. Inghwork we have extended previous
studies on the subject by determining the soliditigand liquid-liquid phase
diagrams of mixtures containing an ionic liquid pkufluorinated benzene (1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)ing@dplus hexafluorobenzene or
1,3,5-trifluorobenzene), and mixtures containinfigtie- or pyrrolidinium-based ionic
liquids plus benzene (1-ethyl-3-methylimidazoliunriflate or N-ethyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonylpide plus benzene).

Introduction

Binary mixtures of ionic liquids with benzene (@imilar aromatic
compounds) exhibit unusual properties, namely tlgiguid immiscibility windows
totally skewed towards aromatic-rich compositions,, aromatic compounds are
remarkably soluble in ionic liquids (in some cagpgo 80% mole fraction of benzene
can de dissolved in a given ionic liquid) but effeely no ionic liquid can be
dissolved in a pure aromatic compodrfdThis fact has found different types of
application, from improved separation techniquesr(etic-aliphatic partition using
ionic liquids’, solute extraction in biphasic aromatic-ionic lijsystem$ to new
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reaction or catalytic schemes involving ionic lidusolvents (polymerization
hydrogenatior?, Friedel—Crafts alkylatiof).

From a more fundamental, molecular-oriented petspe these systems were
analyzed by Holbrey et al., Lynden-Bell et al., deetlefs et af'® who discussed
the possibility of liquid clathrate formation inni liquid-aromatic systems. They
were able to isolate and characterize by X-ray ratitfion a 2:1 (ionic
liquid)-(benzene) inclusion crystal, and elucidateg neutron diffraction and
molecular dynamics studies the structure of theidigmixtures. More recently,
Lachwa et al'* *? also made contributions to this field by showirawhthe fluid-
phase behavior (liquid-liquid immiscibility windovepuld be fine-tuned by the nature
of the ionic liquid or the molecular component

In this work we have extended the scope of sontbestudies mentioned in
the previous paragraph by determining the soliditigand liquid-liquid phase
diagrams of benzene plus ionic liquid mixtures, ehtne nature of the ionic liquid
and of the molecular solvent were changed in d@drdie and systematic way in order
to elucidate from a molecular point of view the wear behaviour of this type of
systems. Taking as the starting point the 1-ethyleé2hylimidazolium
bis(trifluoromethanesulfonyl)imide ionic liquid @uenzene system (@IM][NTf,]

+ CgHe),™* we have decided to study two mixtures of that dofiguid with
hexafluorobenzene or 1,3,5-trifluorobenzene Jfin][NTf] + CgFs and
[Comim][NTf,] + CgHsF3). In this case the objective was to check the cefte
changing the aromatic character and charge disimibwf the benzene-derivative in
the phase behaviour of the mixtures. This particséa of results was complemented
by the determination of the phase diagram of thetesy [Gmim][NTf,] plus cyclo-
hexane, ([@mim][NTf;] + c-GsHi2), where the aromatic nature of the molecular
component of the system is completely absent. Wass followed by a system where
the 1-ethyl-3-methylimidazolium cation of the iorniguid was substituted by the N-
ethyl-N-methylpyrrolidinium cation ([€C; pyrr][NTf,] + CsHg). Here the objective
was to check the influence of replacing a catiomt@oming an aromatic ring
(imidazolium) by a non-aromatic cation (pyrrolidim). Finally, the
bis(trifluoromethanesulfonyl)imide anion was exchad by the smaller
trifluoromethanesulfonatanion, leading to the ([im][OTf] + C¢He) system. In

this case shifts in the phase diagram of the systenid reflect the influence of the
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benzene-anion interactions (including the loss lekibility of the anion when
changing from [NT4]™ to [OTf]").

Experimental

Materials 1-Ethyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)imide
[Comim][NTT,] was purchased fror8olvent Innovation with 99% purity %. Bthyl-
3-methylimidazolium trifluoromethanesulfonate,[Comim][OTf], and 1-ethyl-3-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide, [C.Cipyrr][NTf,], were
purchased fromlolitec, both with 99% purity. Vacuum (0.1 Pa) ambderate
temperature (70 °C) conditions were always appleeall ionic liquid samples for
several days prior to their use, in order to redtlegr water and other volatile
substances content. The fluorinated molecular stdydnexafluorobenzene and 1,3,5-
trifluorobenzene, were purchased from Apollo wie®®purity and were used without
further purification. Benzene and cyclohexane (i&lhly 99.5%) were dried with 3A
molecular sieves prior to the measurements.

Liquid - Liquid equilibrium (LLE) measuremenll cloud-point determinations on
the temperature-composition phase diagrams conmelap® to liquid-liquid equilibria
at a nominal pressure of 0.1 MPa were performeagusidynamic method with visual
detection of the solution turbidity. For this pusgo Pyrex glass view cells with
magnetic stirring were used. Samples were gravioadiy prepared directly inside
the cells using an analytical high precision bata(0.01 mg). The cells were then
immersed in a thermostatic bath. Providing contirsugtirring, we cooled off or
heated the solutions usually in two or three coui$es runs with the two last runs
being carried out very slowly (the rate of temparatchange near the cloud point was
no more than 5 k). Starting from the homogeneous region, the teatpee at
which the first sign of turbidity appeared upon laogp was taken as the temperature
of the liquid-liquid phase transition.

Solid - Liquid equilibrium (SLE) measurementBhe solid-liquid equilibrium
temperatures at 0.1 MPa nominal pressure were rdieied using the following
method: the mixtures of the ionic liquid plus theletular component were placed in
a Pyrex glass cell. The cell was then inserted tileamostatic water or ethanol bath
and cooled by adding ice or liquid nitrogen, resipety. After solidification, the

samples were heated very slowly (less thant? Kear the equilibrium temperature)
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with continuous stirring inside the cell during tnal process. The temperature at
which the last crystal disappeared was taken agettmperature of the solid-liquid
equilibrium.

Both the crystal-disappearance temperatures andltiud-point temperatures
were measured using a four-wire platinum resistategmometer coupled to a
Yokogawa 756Inultimeter. The thermometer was calibrated agdrgt accuracy
mercury thermometers (0.01 K precision). The ovaratertainty of the transition
temperature measurements, resulting from the visbakervation of the turbidity
(LLE) or the disappearance of the last crystalsE)Sis obviously greater than the

instrumental error and is estimated to be + 1 K.

Results and Discussion

L+L

1 phase (1L) L+L 1 phase (1L)

»%

T/K
N
N
IS

S+S §+8
240 ! . . . 240 .
0 0.2 04 . 06 0.8 1 0 0.2 0.4 0.6 0.8 1
CoFs - [C.miml[NTE]  CoFgHs X [Comim]INTE]
290 ; 290 | .
L+L I
280 ¢—= o oo 280
270 | S+L 270
___________________________________ L+S?
260 | 260 | \
250 | 250 L \/
S+S
240 . . . : 240 . L
0 0.2 04 , 06 0.8 1 0 0.2 0.4 0.6 0.8 1
CsHi [Comim]INTE]  all + CgHg X [C,mim][NTF,]

Figure 1. (T-X) phase diagrams of systems containing][NTf,] mixed with (a)
CsFe, (b) 1F,3F,5F-GH3F3, or (c) c-GH1». Figure (d) overlaps the different diagrams
(keeping the same color convention used in Fig(ads c) along with the schematic
representation, in grey, of the phase diagram emj@][NTf,] + CsHe™. In Figures
la and 1b the grey lines represent the precipitatb different polymorphs of
[Comim][NTTf] during the cooling of the mixtures.
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[Comim][Ntf,] [Comim][Otf] [Compyrr][Ntf,]

XiL | TIK XiL | TIK XiL | TIK XiL | TIK xw | TIK

C6H3F3 C6H3F3 C@Fe C6H6 C6H6
0.838 0.963 0963 2642 0.627 250.8 0916 262.2 4606 3225
0.838 0.944 0963 2720 0590 25%7 0.835 260.6 3005 306.1
0.787 0.9000 0944 25855 0.5%3 2598 0.796 2%9.2 72004 294.6
0.011 0.9000 0900 2563 0.502 26%.7 0.724 2605 2404 286.3
0.015 0.8060 0.900 269[7 0.437 2715 0.000 280.2 4502 280.0
0.044 0.778 0.806 2674 0.406 2746 0.026 280.2 9301 281.3
0.081 0.754 0778 256[7 0.367 2771 0.095 280.0 4001 281.4
0.132 0443 0754 2572 0314 2789 0155 280.1 6208 3525
0.192 0.749 0443 280/ 0.842 2540 0.271 279.8 7507 3423
0.256 0.695 0.749 252 0.798 2593 0.377 2795 427 3375
0.934 0.674 069% 2635 0.749 2653 0919 2619 7506 327.7
0.880 0.658 0.674 2551 0.715 2639 0.860 260.5 8805 315.6
0.838 0.7200 0658 253/ 0.689 2491 0.767 2%8.9 9204 299.4
0.838 0.677] 0720 250/ 0.721 250.1 0.977 264.2 0104 283.0
0.794 0.639 0677 2517 0.747 2511 0.818 2%9.5 3503 274.0
0.743 0.6160 0639 2560 0.645 2471 0755 2%9.6 9802 274.0
0.743 0.567] 0616 2584 0.591 256.4 0.684 262.1 8103 2785
0.667 0.5260 0567 262/ 0.534 2613 0.653 262.6 5103 274.7
0.597 0.504 0526 2652 0.986 2609 0.624 261.7 3003 273.4
0.978 260.3 0504 266[7 0.965 260.0 0595 262.8 0403 272.8
0.962 260.3 0.333 26955 0986 259|9 0.547 266.1 8402 275.1
0.969 260.9 CeFs 0.981 | 260.6 0.936 262[7 2627 276.9
0.969 2724 0034 279)8 0955 258|9 0.776 2583 4802 279.1
0.947 258.3 0.067 2797 0918 256|9 0.651 262.7 3302 279.6
0.947 263.60 0.113 2797 0.881 255|5 0.629 2614 2502 330.8
0.915 2574 0151 2797 0.81B 2532 0.709 261.2 2202 280.1
0.867 260.60 0.197 279[7 0.777 251.8 0.620 261.6 6601 281.4
0.867 269.4 0.24% 2798 0.746 2655 0.637 262.0 1600 281.2
0.843 2544 0282 2792 0.720 2495 0.644 2623 7100 281.4
0.843 268.60 0.307 2789 c-CgHyp 0.612] 0.612 262.( 280.9
0.812 254.0 0.357 2782 0.883 280.0 0.543  266.8
0.812 2595 0.37% 276/0 0.852 2799 0512  269.6
0.812 259.20 0.364 276/ 0.794 2798 0486 272.2
0.913 2704 0353 277)6 0.739 2798 0432 2773
0.271 270.0 0336 2857 0.630 280.2 0.888  260.9
0.317 269.9 0632 2473 0982 266.0 0.786 25%8.4
0.355 269.60 0.497 26555 0.967 2751 0.671  262.3
0.391 269.5 0.436 27155 0.928 2799 0.653  262.2
0.441 269.0 0.379 276[L 0.489 280.2 0.624  261.7
0.468 268.20 0.297 2794 0.000 280.4 0.591  263.0
1.000 274.00 0.846 2552 0.095 280.4 0.569  265.0
1.000 260.8 0.786 2524 0.255 280.4 0.466  274.4
1.000 261.20 0.727 264/ 0.387 280.4 0.395 279.2
1.000 2744 0673 2484 0.346 2795

Table 1. Experimental

LLE and SLE data. The concentretiare given as mole
fraction of ionic liquid in different (ionic liquid solvent) systems.

The T-x phase diagrams of the systemsr{ft][NTf,] + CgFg), ([Comim][NTf,] +
1F,3F,5F-GH3F3), and ([Gmim][NTf,] + c-GHi,) are presented in Figure 1. The
data points presented in Figures la to 1c areqism in Table 1. For comparison
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and discussion purposes Figure 1d overlaps the mngsbrtant phase transition
boundaries for each system along with those of fireviously studiett
[Comim][NTf,] + CgHg System.

Some obvious conclusions can be taken directlyn ftbe analysis of Figure
1d: a) the solubility of the ionic liquid in any dfe molecular components is always
almost null (in all cases the L+L regions startt jasthe side of the pure molecular
solvent line (upper left side of the phase diagrdm)on the other end of the L+L
immiscibility window (vertical lines along the uppedge of Figure 1d) things differ a
lot, with the solubility of the aliphatic compouh@&ing much smaller (less than 10%
mole fraction of cyclohexane) than that of the ambmmcompounds. The latter exhibit
solubility mole fractions of 55, 66 and 78 % for,3F,5F-GH3F3, CsFs, and GHe,
respectively; c) benzene is the most soluble oftlenatic compounds in terms of the
molar fraction of the saturated mixture; d) the trogportant difference between the
phase diagram of the systems containing the flateoh benzene molecules and the
one corresponding to normal benzene is the absehany congruent melting
inclusion compound in the former systems, whichkasmehow “compensated” by the
observation of multiple polymorphic forms of J@im][NTf,] (not shown in Figure
1d but presented in Figures la and 1b). In othedsvall the aromatic molecules are
able to permeate the polar network of the ioniaitigland dissolve much more than
their aliphatic counterpart$jbut the fluorinated benzenes are not able to iotera
efficiently like benzene — at least in a well-definstereochemical way- in order to
form a inclusion crystal. This is probably due e ack or deficiency of hydrogen
atoms in the equatorial positions of the aromaitig,rthat are responsible for the
strong connections with the oxygen atoms of th@rampresent in the 1:1 inclusion
crystal of [GmIim][NTf]-CsHe.

In Figure 2 we show the phase diagram of the syg{€.,Cipyrr][NTf,] +
CsHe). The data are also presented in Table 1. Indise we replaced the aromatic
cation head group of the ionic liquid (the imidaaoi ring) by the saturated
pyrrolidinium ring. The liquid-liquid immiscibilityregion (the rectangles in the upper
left corner of Figures 2a and 2b) is almost ideitio that observed in the case of the
([Comim][NTf,] + CgHg) system. A lot of emphasis has been laid in previstudies
concerning ionic liquid plus aromatic systems om #xistence and nature of the
T-Ttinteractions between the aromatic rings of theoaati(that include in most cases

imidazolium or pyridinium rings) and the rings dfetaromatic molecules. In some
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cases the existence of those interactions was suggebe directly linked to the
performance of ionic liquid solvents as catalytgeiats for reactions involving the
aromatic moleculé.'* This is certainly true but this increased catalyttivity does
not necessarily translate into greater solubilita@matic molecules in ionic liquids
that have aromatic rings in their structure as cam@g to ionic liquids that do not
have those rings (the pyrrolidinium cation usedhi@ system under discussion is an
obvious example). In other words, whenever chemieaktions that involve the
aromatic molecules occur, the existence of aromratgs in the ionic liquid can play
an important part in the process, however thabfadbes not play a significant role in
the determination of liquid-liquid immiscibility ofromatic compounds in ionic

liquids.

390 390
L+L 1 phase (1L)

360 360 |

330 - 330

300 - 300

270 ¢ 270 F

240 L 1 L 1 240 1 L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Xy X [C1CopyrINTH,]
CeH c.C NTR]  CeH
6Ms [CiCopyrINTH,] 66 or [C,mim]INTF]

Figure 2. (T-X) phase diagrams of systems containingdi@yrr][NTf,] mixed with
CsHe. Figure (b) overlaps the diagram of Figure (ahwviite schematic representation
in grey of the phase diagram of J@im][NTf,] + CsHg™™

One can also argue that even if the L-L immisdipils unaffected by the absence of
aromatic rings in the cations, the same is notasieegards the formation of inclusion
compounds (as we have seen in the previousii@][NTf,] plus fluorinated benzene
systems, a change in the aromatic character ahtilecular component precludes the
formation of the inclusion compounds similar tef@m][NTf,]-CsHe). As a matter of
fact no inclusion compound was found in the cas@@iCi1pyrr][NTf,] + CsHg) but it

is dangerous to make the inference that this isexdby the absence of the aromatic
ring in the cation. The reason is simple: the mgltpoint of [GCipyrr][NTf;] is
much higher than that of fim][NTf;], which means that the crystalline forms of
the former ionic liquid are much more stable thhase of the latter and that the
driving forces towards the formation of inclusiorystals are not present in the case
of ([CoCypyrr][NTT;] + CgHe) either due to the lack of the aromatic ring ie tiations
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(and absence of stabilizing-Ttinteractions between benzene and the cations) er du

to the much more stable (pure){&Gpyrr][NTf,] crystals.

290 290
L+L 1 phase (1L)

275 + 275 |

260 260 -

245

245 L :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

CoHe [C.miml[OTf]  C.H, . L‘?i@’”ﬂﬂﬂ T

Figure 3. (T-X) phase diagrams of systems containingnjiin][OTf] mixed with
CsHe. Figure (b) overlaps the diagram of Figure (ahwiite schematic representation
in grey of the phase diagram ofJ@im][NTf,] + CsHg" ™

Figure 3 shows the phase diagram of the systeram{[@][OTf] + Ce¢Hs). The
experimentall-x data points used to build the phase diagram argibetnin Table 1.
In this case the “aromatic components” of the systeere left intact relative to the
([Comim][NTf,] + C¢Hg) system and only the more flexible, larger [NTfion was
replaced by the triflate anion, whose oxygen atams also capable of strong
interactions with the aromatic hydrogen atoms ohzZeme. This means that the
changes in the interaction patterns between thie avd molecular components of the
mixture are quite subtle relative to the “referén€ .,mim][NTf,] + CgHg) System
and that is somehow reflected in the phase diagigpicted in Figure 3a that exhibits
a 2:1 [Gmim][OTf]-CgHe inclusion crystal. When one compares the two siolu
crystals in Figure 3b two conclusions are obvidhgy do not occur with the same
stoichiometry and their stability is quite diffeteifhe issue related to stoichiometry

and stability of the inclusion crystals is undettlier investigation.
Conclusion

In this work we have determined the solid - lig@dd liquid-liquid phase
diagrams of several ionic liquids with benzene,tatally or partially fluorinated
benzene molecules. The phase diagrams exhibitreffekinds of solid-liquid
behaviour, ranging from the (usual) occurrence wketic points, the existence of

85



(not-so-usual) congruent melting points and theesponding formation of inclusion
crystals, or the observation of different ionic ulid crystalline phases
(polymorphism). The polymorphic outcome of the ¢tallization is obviously
determined by the solvent-influenced initial ag@tean or prenucleation self-
assembly of [@nim][NTf,] molecules in solution.

These different types of behaviour are controllgdhe annealing temperature during
crystallization or by the nature of the aromationpound, and cloud be interpreted at

a molecular level taking into account the structfrthe crystals.
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CHAPTER 6.

SOLUBILITY OF FLUORINATED
COMPOUNDSIN A RANGE OF IONIC
LIQUIDS. CLOUD-POINT TEMPERATURE
DEPENDENCE ON COMPOSITION AND
PRESSURE
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This Chapter was published as a full article:

Ferreira R., Blesic M., Trindade J., Marrucho lanGngia Lopes J.N.,
RebeloL.P.N., "Solubility of fluorinated compounds in ange of ionic
liquids. Cloud-point temperature dependence on @stipn and
pressure;’Green Chemistry, 2008, 10, 918.

Note: The author of the thesis performed the main plattie experimental
work and synthesized some ionic liquids used ig shuidy.
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In this work, we explore the mutual solubility of a number of mixtures of commonly used ionic
liquids (imidazolium, pyridinium, phosphonium and ammonium ionic liquids) with partially
fluorinated n-alcohols (C; to C,y) or perfluoroheptane. The corresponding 7—-x diagrams at
atmospheric pressure were measured through cloud-point temperature determinations. For some
selected systems under near-critical isopleth conditions, pressure effects were also studied. The
results are discussed in terms of (i) shifts in the immiscibility envelopes as the cation alkyl-chain
length is changed, (ii) the nature of the cation or the anion, (iii) the increasing length of the
fluorinated/alkylic moiety of the partially fluorinated alcohol, or (iv) comparisons with similar

systems involving normal alcohols.

1. Introduction

One of the key-issues concerning the current importance of
ionic liquids is the fact that they can simultaneously act as so-
phisticated solvation or reaction media while avoiding dramatic
impacts in the environment due to their general low volatility and
flammability combined with high thermal stability. Ionic liquids
are able to dissolve (at least partially) a wide range of polar
or nonpolar, organic or inorganic compounds,’ providing new
ways to carry out chemical reactions or industrial separations.?

It was recently reported in different molecular simulation
studies? that neat ionic liquids exhibit medium-range ordering, in
other words, there are persistent microscopic domains in the lig-
uid phase. Other simulation studies* on the microscopic dynam-
ics of ionic liquids have also pointed out their slow dynamics and
the persistence of local environments, typical of the glassy state.

The segregation in polar and nonpolar domains at a nano-
scale level in ionic liquids with alkyl side chains of intermediate
length (for instance in 3-alkyl-1-methylimidazolium-based ionic
liquids with alkyl groups larger than hexyl), has changed the way
in which solvation in these liquids is understood. Some solutes
dissolve preferentially in low electrical charge-density domains,
while others prefer the Coulomb environment of high electrical-
charge density regions, whereas some can even “be dissolved”
at the interface between these polar and non-polar territories.?
These facts account for the extraordinary versatility of ionic
liquids as solvents.

Fluorinated organic compounds also display many excep-
tional physico-chemical properties that have been used in many
commercial applications. Similar to ionic liquids, they are also
perceived as alternative substances towards the development of

“Instituto de Tecnologia Quimica e Biologica, UNL, 2780 901, Oeiras,
Portugal. E-mail: luis.rebelo@itqb.unl.pt

*CICECO, Universidade de Aveiro, 3810 193, Aveiro, Portugal
‘Centro de Quiimica Estrutural, IST, 1049 001, Lisboa, Portugal.
E-mail: jnlopes@jist.utl.pt

more environmentally friendly processes. Industrial production
of these compounds has increased significantly since the early
1980s and fluorinated organics are commonly used as refriger-
ants, surfactants, polymers, as components of pharmaceuticals,
fire retardants, lubricants, and insecticides.® In recent years the
possibility of their use as gas-carriers (including the possibility
of their use as synthetic blood substitutes),” and as solubility-
promoters in supercritical extraction media® has also been
explored. From a molecular point of view, the properties of
fluorinated organic compounds can be rationalized in terms of
the unique interactions they perform with different molecules:
fluorocarbons generally exhibit low-intensity interactions with
normal organic compounds’® or water, a fact related not only
to their “reversed” quadrupole moment (note that the carbon
backbone of a perfluorcarbon molecule carries a partially
positive charge, due to the high electronegativity of the fluorine
atom, unlike the situation in hydrocarbons or water) but also
due to their relatively rigid structure (that inhibits the existence
of different conformers and introduces entropic-driven factors
in mixtures with other substances).

Functionalized fluorocarbons were also studied in re-
cent years due to their amphiphilic behaviour and their possible
use as separation media or surfactant agents. Examples of
such compounds are the hydrofluorocarbon molecules, the
hydrocarbon-fluorocarbon diblock molecules'' and the fluori-
nated alcohols.”? The rationale behind the synthesis and use of
such molecules is the introduction of an interacting group in
the otherwise inert perfluorinated chain, that will promote the
“docking” of the fluorinated compound in the midst of other
molecules (with the possible self-organization of the former in
micelles or similar structures) or the formation of emulsions
between fluorinated and organic or aqueous domains.

Systems where both types of compound, ionic liquids and
fluorinated organic molecules, are inherently appealing as they
are perceived as relatively benign media, combining two “clean”
substances. This blend also poses very interesting challenges
both from the theoretical and the applied chemistry points of

918 | Green Chem., 2008, 10, 918-928
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view. As an example of the former aspect, one can hope to
gain some insight about the interactions between the fluorinated
molecules and the parts of the ionic liquid that are themselves
fluorinated (generally present in anions such as bistriflamide,
triflate or hexafluorophosphate). An example of the latter
issue can be, for instance, the possibility of using partially
fluorinated alcohols or diblock molecules to promote the
miscibility (through the formation of micro-emulsions) between
bistriflamide-based ionic liquids and aqueous solutions.

In this work, we explore the fluid phase diagrams of mixtures
of commonly used ionic liquids with partially fluorinated
alcohols. The systems are analyzed in terms of the two-phase
envelopes (immiscibility regions) of the corresponding 7—x
diagrams at atmospheric pressure, which in turn have been
determined by the measurement of cloud-point temperatures
as a function of the mixture compositions. Pressure effects
were also studied for some selected systems under near-critical
isopleth conditions. The results are discussed in terms of shifts
in those envelopes as the alkyl side chains of the cations get
longer, the nature of the cation or the anion is changed, the
length of the fluorinated moiety of the partially fluorinated
alcohol is increased, or by comparison with systems involving
normal alcohols (ethanol and propanol). We have also noticed
the essentially total immiscible behaviour of a range of ionic
liquids studied in this work with a linear perfluorinated alkane.

2. Experimental
Materials

Table 1 shows the compounds involved in the detailed
determination of the fluid phase behaviour of mixtures of
ionic liquids with fluorinated alcohols. In addition to the
compounds listed in Table 1, other ionic liquids and other
fluorinated alcohols were used in preliminary solubility tests
(see Table 2). The complete list, including name and/or
commercial name (abbreviated name; CAS number, source and
grade if available), is as follows: 1-ethyl-3-methylimidazolium
ethylsulfate, ECOENG™ 212 (C,mimEtSO,; 342573-75-5;
Solvent Innovation; >99%); trioctylmethylammonium chloride,
ALIQUAT™ 336 (Nys5,Cl; 63393-96-4; Aldrich; n/a); trihexyl-
(tetradecyl)phosphonium  chloride (Pgg4,4Cl;  258864-54-9;
Cytec; >96%); trihexyl(tetradecyl)phosphonium bis[(trifluoro-
methyl)sulfonyllimide (Pyes1sNTf>; 460092-03-9; QUILLT;
n/a); trihexyl(tetradecyl)-phosphonium trifluoromethanesul-
fonate  (PeecsOTf; CAS number; QUILLY; n/a);
trihexyl(tetradecyl)-phosphonium acetate (Pggq,44c; 460092-
04-0; QUILLTY; n/a); 1-ethyl-3-methylimidazolium bis-[(trifluo-
romethyl)sulfonyl]imide (C,mimNTf,; 174899-82-2; QUILLT;
n/a); 1-propyl-3-methylimidazolium  bis[(trifluoromethyl)-
sulfonyllimide (C;mimNTf,; 216299-72-8; QUILLY; n/a); 1-
pentyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
(CsmimNTf,; 280779-53-5; QUILLT; n/a); 1-octyl-3-methyl-
imidazolium bis[(trifluoromethyl)sulfonyllimide (CymimNTf ,;
178631-04-4; QUILLY; n/a); 1-decyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyllimide ~ (CumimNTf,; 433337-
23-6; QUILLYt; n/a); 1-dodecyl-3-methylimidazolium bis-

T Queen’s University lonic Liquids Laboratories.

[(trifluoromethyl)sulfonyl]imide (C,,mimNTf,; unknown CAS;
QUILLfY; n/a); acetyl-cholinium bis[(trifluoromethyl)sulfonyl]-
imide (AcChNTf,; unknown CAS; QUILLY; n/a); 1-hexyl-
3-methylimidazolium  chloride (CemimCl;  171058-17-6;
QUILL#*; n/a); 1-dodecyl-3-methylimidazolium chloride
(CymimCl; 114569-84-5; QUILLT; n/a); 1-butyl-3-methylimi-
dazolium hexafluoroborate (C,mimBF,; 174501-65-6; Solvent
Innovation GmbH; >99%); 1-butyl-3-methylimidazolium
hexafluorophosphate (C,mimPF; 174501-64-5; QUILL#; n/a);
1-octyl-3-methylimidazolium hexafluorophosphate (CymimPFs;
304680-36-2; QUILLT; n/a); 1-decyl-3-methylpyridinium bis-
[(trifluoromethyl)sulfonyllimide  (C,,MePyNTf,; unknown
CAS; QUILLY; n/a); 1-dodecyl-3-methylpyridinium bis[(tri-
fluoromethyl)sulfonyllimide (C,,MePyNTf,; unknown CAS;
QUILLY; n/a); 1-tetradecyl-3-methylpyridinium  bis[(tri-
fluoromethyl)sulfonyllimide (C,,MePyNTf,; unknown CAS;
QUILLY; n/a); 1-tetradecyl-3-methylpyridinium bromide
(CuMePyBr; unknown CAS; QUILLY; n/a); 1-butyl-3-
methylimidazolium thiocyanate (C,mimSCN; 344790-87-0;
Fluka; >95%) e 1-butyl-3-methylimidazolium methylsulfate
(CymimMeSO,; 401788-98-5; Fluka; >97%).

All ionic liquids used in solubility tests were used without
any further purification. Ionic liquids used in cloud-point
data measurements were previously dried and degassed under
vacuum conditions (1 to 10 Pa) at moderate temperatures (80—
100 °C) for periods longer than 24 hours.

The list of alcohols used is as follows: ethanol (64-17-5;
Pronalab; 99.8%); 1-propanol (71-23-8; Aldrich; 99.7%)
1H,1H,7H-perfluoroheptanol) (117-C,FOH; 335-99-9; Apollo
Scientific; 98%); 1H,1H,2H,2H-perfluorooctanol  (1122-
CsFOH; 647-42-7; ABCR; 98%); 1H,1H-perfluorooctanol
(11-CsFOH;  307-30-2; Apollo Scientific; 98%); 1H,1H-
perfluorononanol (11-CoFOH; 423-56-3; Apollo Scientific;
98%); 1H,1 H-perfluorodecanol (11-C,,FOH; 307-37-9; Apollo
Scientific; 98%); 1H,1H,2H,2H,3H,3H-perfluorononanol
(112233-C,FOH; 80806-68-4; Fluorochem; 98%) and
perfluoroheptane (C;F¢; 335-57-9; Apollo Scientific, 98%). All
fluorinated alcohols were used without further purification.

Preliminary solubility tests

Solubilty tests were performed by adding small amounts (ca.
100 puL) of IL and fluorinated compound into a glass (Pyrex)
conical vessel containing a magnetic stirrer. Any phase sepa-
ration (if present) was visually detected. Different composition
ranges were tested at temperatures from ca. —10 °C up to 70 °C.

Cloud-point measurements

All cloud-point determinations on the temperature—
composition phase diagrams of the ionic liquid plus fluorinated
alcohol systems at a nominal pressure of 0.1 MPa were
performed using a dynamic method with visual detection of
the solution turbidity. For this purpose, Pyrex glass view cells
with magnetic stirring were used. Samples were gravimetrically
prepared directly inside the cells using an analytical high
precision balance (£0.01 mg). The cells were then immersed
in a thermostatic bath. Providing continuous stirring, we
cooled off or heated the solutions usually in two or three
runs with the two last runs being carried out very slowly (the
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Table 1

Description of the ionic liquids and fluorinated alcohols used in the cloud-point determinations

Formal Name Structure Abbreviation
1-Alkyl-3-methylimidazolium H.C C.H CF3 N- CF3 CymimNTf,
bis(trifluoromethylsulfonyl)imide N \ AN " 2 ~s N\~ ComimNTf>
(alkyl = octyl, decyl and dodecyl) // \\ // \\ CymimNTf,
\ / o 0O O (6]
Acetylcholinium . AcChNTf,
bis(trifluoromethylsulfonyl)imide /\/O\H/ CFS\S e N g S /CF3
— VANWAN
’ (o} \0 O/ \O
(o)
Trihexyltetradecylphosphonium CeH43 Pooc1uNTS,
bis(trifluoromethylsulfonyl)imide CF3 _ N‘\ /CF3
~
+ S S
CeH13—P"=CgH13 //\\ //\\
| (o) O O (e}
Ci4H2o
1-Alkyl-3-methylpyridinium HsC CiyMePyNTf,
bis(trifluoromethylsulfonyl)imide CE N CF C,MePyNTf,
(alkyl = decyl, dodecyl and tetradecyl) e \S Pk CyMePyNTf,
N VAN
I AZAN
CnH2n+1
1-Octyl-3-methylimidazolium F CymimPF
hexafluorophosphate H3C CgH17 F | F
~ " /\N e ~ | _
\ "/ 7 l\ F
F
1-Butyl-3-methylimidazolium F C,mimBF,
tetrafluoroborate H3C /\ C4Hg |
\N\ N - F—B—F
F
1H,1H,2H 2 H-Perfluorooctanol (n = 2) F F F F F F H 1122-CsFOH
1H,1H,2H,2H ,3H,3H-Perfluorononanol } | ‘ ‘ | | | 112233-
BEEREEINIA
F F F F F F \ H /

rate of temperature change near the cloud point was no more
than 5 K h™"). Beginning in the homogeneous region, upon
cooling, the temperature at which the first sign of turbidity
appeared was taken as the temperature of the liquid-liquid
phase transition. Temperature was monitored using a four-wire
platinum resistance thermometer coupled to a Yokogawa 7561
multimeter. The thermometer was calibrated against high
accuracy mercury thermometers (0.01 K precision). The overall
accuracy in the determination of the cloud-point temperatures
is estimated to be £ 0.3 K.

Pressure effects on the cloud-point temperature were obtained
by a He—Ne laser light scattering technique. The apparatus and

the methodology used for the determination of phase transitions
have already been described in detail.’* Here, only a brief
description is provided. The cell (with an internal volume of
ca. 1.0 ecm® and an optical length of ca. 2.6 mm) is a thick-
walled Pyrex glass tube that is connected to a pressurization
line and separated from it by a mercury plug. The intensity
of the scattered light is captured at a very low angle (2° <
20 < 4°) in the outer portion of a bifurcated optical cable,
whereas transmitted light is captured in the inner portion of
this cable. The intensity of scattered light (/,.) and transmitted
light (1) are corrected for density fluctuations, reflections, and
multiple scattering effects. The cloud-point is the point on the
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Table 2 Description of other compounds, not listed in Table 1, which were used in preliminary solubility tests

Formal Name Structure Abbreviation

1-Ethyl-3-metylimidazolium ethylsulfate (0] C,mimEtSO,

(ECOENG™ 212) HC o N O PN |

0}
Trioctylmethylammonium chloride CgH47 Nsss:Cl
(ALIQUAT™ 336)
CgHi7—N*—CH;  CI
CgHi7
Trihexyl(tetradecyl)phosphonium CgH13 Pee614Cl
chloride
CeH13—FI’+—CeH13 Cl
Ci4H29
Trihexyl(tetradecyl)phosphonium CeH13 F o Pes1sOTS
trifluoromethanesulfonate | |
CeH13—P*=CgH13 F ﬁ—O'
Ci4H29 F 0
Trihexyl(tetradecyl)phosphonium acetate CeHqs o Pegeradc
CoHi3—P*—CgHy3
o
Ci4Ho
1-Alkyl-3-methylimidazolium CnHaney  CFs N~ CF3 C,mimNTf,
bis-[(trifluoromethyl)sulfonyl]imide ~ N /\ N ~ ~ s/ o~ s/ CymimNTf,

(alkyl = ethyl, propyl and pentyl)

\_/ o// \\o o// \\o CsmimNTf

1-Alkyl-3-methylimidazolium chloride
(alkyl = hexyl, dodecyl)

ChHan+1 CemimCl

=2

N cr

®
C\ AN 7 CymimCl
\/

HsC
Hj

hexafluorophosphate H,3C /\ /C4H9 F
Hs
HaC

1-Butyl-3-methylimidazolium F C,mimPF;
F
Y @ N ~ l_/
\ / F/ ]\ F
F
1-Tetradecyl-3-methylpyridinium C C,,MePyBr
bromide
Br
N
I
Ci4H2g
1-Butyl-3-methylimidazolium ~ /\ /C4H9 C,mimSCN

b4

thiocyanate N

\ / §——C=—=N
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Table2 (Contd.)

Formal Name Structure Abbreviation
1-Butyl-3-methylimidazolium CymimMeSO,
methylsulfate H;C C4Hy
~N N /\ N ~ \ _ | | o
Ethanol (n = 1) H H C,H;OH
Propanol (n = 2) C;H,OH
H H n=1or2
1H,1H,7H-dodecafluoroheptanol F / F\ H 117-C;FOH
F\F/ H
n=5
1-(Perfluoroheptyl)methanol (n = 6) F F H 11-C,FOH
1-(Perfluorooctyl)methanol (n = 7) 11-C,FOH
1-(Perfluorononanol)methanol (n = 8) . oH 11-C,,FOH
F \F/ H
n=6,7o0r8
Perfluoroheptane C,Fy

least-squares fits of (/..)~' against pressure (p) or temperature
(T') where the slope changes abruptly. Temperature accuracy is
typically £0.01 K in the range 240 K < 7 < 380 K. As for
pressure, accuracy is + 0.01 MPa in the range 0.1 MPa < p <
5 MPa. The cell can be operated in the isobaric or isothermal
mode. Whenever possible, isothermal runs are preferred over
isobaric ones. Pressure transmission (isothermal mode) is many
orders of magnitude faster than thermal equilibration (isobaric
mode). Also, the rate at which one is able to change pressure is
much greater than that for temperature. Nonetheless, many runs
had to be performed in the isobaric mode due to the common
low T—p slope presented by the binary mixtures being studied
here.

3. Results and discussion

The preliminary solubility tests are given in Table 3. These
results were used to select the systems that would be more
promising in terms of a richer fluid phase behaviour, i.e.,
systems exhibiting liquid-liquid partial immiscibility (LLE)
ending at an upper critical solution temperature, UCST, as

the temperature is increased. For systems presenting this type
of phase diagrams one can easily switch between one-phase
and two-phase situations either by composition or temperature
change. It is important to note that not all systems exhibiting
LLE behaviour were selected for the subsequent cloud-point
measurements (those that were selected are highlighted in grey
in Table 3). There were different types of reasons for the rejection
of some of the systems: some systems contained ionic liquids
with rather high melting points (an LLE line interrupted by a
solid-liquid equilibrium (SLE) line), which can cause problems
in terms of turbidity detection; others exhibited degradation
problems at temperatures near the UCST; efc. The solubility
tests were also used to select the “best” fluorinated alcohol—
that presenting LLE behaviour in mixtures with different ionic
liquids at experimentally convenient conditions. In this case, it
was found that a higher number of hydrogenated carbon atoms
near the hydroxyl function decreased the miscibility between
the ionic liquids and the fluorinated alcohols, promoting the
appearance of larger immiscibility domains. The selected fluo-
rinated alcohol was thus 1122-C;FOH (or 112233-C,FOH in
just one case, for comparison purposes only). Tests with two
normal (hydrogenated) alcohols, ethanol and propanol, were
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Table 3 Solubility tests in (ionic liquid + fluorinated alcohol) and (ionic liquid + perfluoroalkane) mixtures. M: miscible (one fluid phase system);
PM: partially miscible; LPM: low partial miscibility; I: immiscible; LLE: liquid-liquid equilibria; SLE: solid-liquid equilibria. Note that all these
fluorinated alcohols are water immiscible. The cells highlighted in bold correspond to systems where the determination of the corresponding fluid

phase diagrams was possible

117-C,FOH 1122-CFOH 11-C,FOH 112233-C,FOH 11-C,FOH 11-C,,FOH C,Fy
Peoo1sNTE, M PM (LLE) M — — M 1to LPM
Pg614Cl M M — — — — 1
Po661sOTT M — M — M M (SLE) 1
Pgoo1sAc — — M (SLE) — M foam (LLE) —
C,mimNTf, M — M — M M —
C;mimNTf, — PM (LLE) — — — — 1to LPM
CsmimNTf, M — — — — — Ito LPM
CymimNTf, — PM (LLE) — — — — —
C,omimNTT, M PM (LLE) M PM (LLE) — M 1to LPM
C,,mimNTf, M PM (LLE) — — — — 1
AcChNTT, — PM (LLE) — — — — —
CymimCl — M — — M —
C,,mimCl M — — — — I
C,mimBF, M PM (LLE) M (SLE) — — M (SLE) —
C,mimPF, M PM (LLE) — — — Ito LPM
C; mimPF, — PM (LLE) — — — — —
CyMePy NTI, — PM (LLE) — — — — —
C,MePy NTf, — PM (LLE) — — — — —
C;MePy NTf, — PM (LLE) M — — M —
C,;MePy Br — PM (LLE) — — — — —
ECOENG 212 M M M — M gel-like (LLE) —
AMMOENG 102 — M — — — — I
ALIQUAT 336 — M M — M M
C,mim SCN — M — — — — —
C,mim SO4 — M — — — — —

also performed in order to compare the fluid phase behaviour
of their mixtures with ionic liquids.

It should be noted that M. Shiflett and A. Yokozeki'*'*'®
determined a series of phase diagrams of several small-molecule
hydrofluorocarbons with C,mimNTf,, C,mimPF,, C,mimBF,
(n=2or4).

The results of the cloud-point determinations are given
in Table 4 for the thirteen selected (ionic-liquid + alcohol)
systems: ten systems with 1122-C4FOH (highlighted in Table 3),
one system with 1-decyl-3-methylimidazolium bistriflamide plus
112233-CyFOH, and two with acetylcholinium bistriflamide
plus ethanol or propanol.

Fig. 1 (a to d) depicts the fluid phase behaviour of mixtures
of dialkyimidazolium bistriflamide ionic liquids with 1122-
C;FOH or 112233-C,FOH. The figure shows that the fluid
phase behaviour is affected by the length of the alkyl side-
chains connected to the imidazolium ring of the ionic liquid
and by the length of the hydrogenated segment between the
perfluorinated chain and the hydroxyl group of the alcohol.
It must be stressed that the scale (x- and y-axes ranges) in
Fig. 1 was adjusted to the scale of all subsequent figures that
depict the fluid phase behaviour in ionic liquid plus alcohol
mixtures (Fig. 3 to 5), in order to facilitate comparisons between
them—hence the apparently unused space in panels (a to d) in
Fig. 1.

The general trend depicted in Fig. 1 can thus be summarized
as follows: (i) ionic liquids with longer alkyl-side chains (in the
imidazolium cation) show a larger immiscibility domain with flu-
orinated alcohols than their shorter-chain counterparts—a be-
haviour opposite of that shown when n-alcohols are mixed with
these same ionic liquids,"™® or N-alkyl-3-methylpyridinium-

based ionic liquids;'7 (ii) a longer hydrogenated carbon chain—
a kind of “spacer”—between the fluorinated chain and the
hydroxyl group of the alcohol also decreases the miscibility
between the two components of the mixture; and (iii) larger
immiscibility regions (an increase in the T'y¢sr) are accompanied
by a shift in the critical composition to mixtures richer in the
fluorinated alcohol.

Trend (i) can be interpreted taking into account the recently
discovered nano-structure of ionic liquids, exhibiting high-
charge (polar) and low-charge (non-polar) density regions,® and
also their dual nature as they interact with a given solute either
via the non-polar or polar regions, or (in the latter case) via
the charged parts of the anion or of the cation.! Previous
simulation studies,® supported by experimental evidence have
shown that the hydroxyl group of alcohols interact strongly
with the anions of ionic liquids and also with the hydrogen
atoms directly connected to the imidazolium ring (especially
the one at C2) and that the alkyl side chain of the alcohol
orients itself away from the polar region and towards the
non-polar domains of the ionic liquid. To confirm these facts
for bistriflamide-based ionic liquids, new Molecular Dynamics
simulations were performed within the scope of the present
work: methanol and tetrafluoromethane molecules acting as
test-solutes and C,mimNTf,acting as the solvent were modelled
by explicit-atom force fields.”?* Details of the simulations were
similar to those adopted for pure ionic liquids.?® Due to the
slow dynamics of this type of system, special care was taken to
ensure that equilibrium conditions were reached, including the
proper diffusion of the solutes in the ionic liquid. Equilibration
and production runs were implemented for 1 ns and multiple
re-equilibrations through the use of temperature annealing
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Table 4 Cloud-point temperatures as a function of the ionic liquid mole fraction in different (ionic liquid + alcohol) systems. All systems include
the alcohol 1122-C3,FOH, except where stated

X1 T/K

X T/K

X T/K

X T/K

X T/K

X1 T/K

X T/K

CymimNTf,

C,,mimNTf,

CyMePyNTf,

CiuMePyNTf,

AcChNTS

AcChNTS,

CymimPF

0.155 263.9 0.533 282.0 0.575 269.4 0.460
0.220 266.5 0.060 273.7 0.616 269.0 0.426
0.302 268.3 0.136 283.2 0.655 266.8 0.378
0.384 268.3 0.199 284.8 0.694 263.9 0.340
0.670 264.5 0.739 267.3 0.736 263.0 0.314
0.569 268.5 0.623 277.2 0.066 259.4 0.270

292.1 0.008 308.6 0.268 285.4 0.065 320.0
292.7 0.017 319.8 0.231 288.1 0.092 3235
293.2 0.023 324.7 0.202 290.0 0.115 325.1
293.5 0.031 328.2 0.179 291.1 0.145 326.0
293.5 0.041 331.0 0.160 291.8 0.183 327.0
293.5 0.051 332.5 0.122 292.6 0.232 327.6

0.466 269.2 CiomimNTf,* 0.097 265.7 0.239 293.4 0.063 3335 0.088 292.7 0.284 328.1
0.346 268.9 0.093 280.8 0.118 267.8 AcChNTf, 0.076 334.1 C,mimBF, Pso61aNTS,

CoymimNTf 5" 0.118 283.3 C.MePyNTf, 0.006 282.6 0.093 3343 0.313 284.3 0.015 283.8
0,038 2523 0.141 285.5 0.050 267.7 0.017 304.6 0.108 3344 0.371 287.7 0.021 290.3
0,052 261,2 0.174 287.1 0.083 275.4 0.028 313.6 0.125 334.3 0.404 290.1 0.035 295.9

0,083 267,5 0.222 287.9 0.120 278.5 0.045
0,102 270,4 0.273 288.3 0.163 281.0 0.064
0,760 259,9 0.350 287.8 0.200 281.9 0.087
0,690 266,2 0.406 286.1 0.227 282.7 0.106
0,625 270,7 0.048 270.3 0.269 283.0 0.129
0,045 256,9 0.072 276.6 0.331 283.1 0.169
0,067 262,9 0.062 274.3 0.418 282.5 0.202
0,080 266,0 0.078 278.1 0.638 273.6 0.227
0,094 268,6 0.291 288.2 0.560 278.0 0.255
0,121 270,8 0.329 288.0 0.508 281.0 0.286
0,139 272,2 0.388 286.6 C;MePyNTf, 0.318
0,168 274,1 0.451 284.9 0.020 267.2 0.348
0,185 274,4 0.501 283.0 0.034 2717.5 0.374
0,219 275,0 0.573 279.3 0.045 281.2 0.412
0,261 275,6 0.648 273.0 0.066 286.7 0.311
0,313 276,0 0.703 269.3 0.082 288.5 0.394
0,260 2759 CiyMePyNTf, 0.106 290.7 0.456
0,329 276,1 0.111 266.8 0.126 291.7 0.519
0,382 275,8 0.146 271.0 0.153 292.6 0.559
0,436 275,6 0.183 273.0 0.191 293.1 0.594
0,480 274,1 0.220 273.7 0.222 293.2 0.630
0,527 273,1 0.278 274.5 0.820 263.5 0.671
0,565 272,2 0.313 274.6 0.768 271.1 0.712
0,605 270,6 0.349 274.0 0.705 278.1 0.749
0,653 268,3 0.386 273.9 0.647 283.6 0.910
0,730 263,0 0.424 273.0 0.610 286.2 0.853
ComimNTf,¢ 0.438 273.6 0.569 288.4 0.801
0.273 285.8 0.483 273.0 0.528 290.0 0.831
0.393 285.2 0.529 272.2 0.493 291.2 0.722

“112233-C,FOH. * Propanol. ¢ Ethanol.

319.6 0.153 333.9 0.439 291.9 0.048 300.0
323.6 0.173 3334 0.480 294.8 0.063 302.4
326.1 0.190 3329 0.508 297.0 0.084 303.6
327.9 0.181 3332 0.538 299.1 0.134 305.5
329.6 0.212 331.8 0.572 301.2 0.180 306.1
330.7 0.248 329.5 0.601 302.8 0.234 306.1
3314 0.289 3264 0.621 303.7 0.381 303.2
331.8 0.629 275.7 0.609 303.5 0.445 300.7
332.0 0.553 2923 0.645 304.8 0.518 295.8
332.3 0.422 311.5 0.696 306.5 0.634 284.3
3322 0.340 3214 0.744 307.8 0.686 278.2
332.4 0.242 329.8 0.805 308.7 0.013 280.9
332.0 AcChNTf,* 0.846 309.4 0.028 293.6
332.0 0.009 2553 0.986 301.3 0.058 301.7
332.8 0.011 258.4 0.942 307.5 0.085 303.9
332.4 0.014 273.4 0.794 307.1 0.114 305.3
3322 0.018 275.5 0.818 307.1 0.163 306.0
331.2 0.019 276.5 0.851 307.3 0.215 306.0
330.5 0.024 283.8 0.890 306.4 0.268 305.8
329.9 0.027 285.5 0.982 296.1 0.315 304.8
328.8 0.030 286.8 0.959 303.0 0.770 263.3
326.8 0.034 288.3 0.924 304.9 0.568 292.0
323.4 0.041 289.7 0.691 304.2

3204 0.072 292.2 0.479 294.2

280.4 0.104 292.8 0.591 300.5

302.5 0.143 292.2 0.405 293.2

314.5 0.520 251.6 0.645 306.6

308.8 0.400 269.8 CymimPF

322.8 0.325 279.4 0.041 314.3

and/or switching off and on of the Coulomb interactions were
performed. The temperature, pressure and low concentration
of the solutions ensured that they were performed in the one-
phase region of each system. Solvent-solute radial distribution
functions (RDFs) for selected atoms from each species (solute,
cation and anion) were calculated from the structural simulation
data and are shown in Fig. 2. Fig. 2a describes the position of the
hydroxyl hydrogen atom of methanol (HO) relative to different
atoms of the ionic liquid. The strong interaction of HO with
the oxygen atom of bistriflamide (OBT) is obvious and confirms
the statements produced at the beginning of this paragraph. On
the other hand, the RDFs of Fig. 2b show how the methanol
molecule orients itself in relation to the strong interaction centre
OBT: the succession of the three peaks clearly shows that the
hydrogen points towards the oxygen atom (possibly forming an
hydrogen bond), while the methyl group points in the opposite
direction (towards the less polar regions of the ionic liquid, ¢f-
below). Finally, Fig. 2¢ shows the RDFs describing the position
of the carbon atom of CF, (CFC) relative to different atoms of

the anion or cation of the ionic liquid. The changes are dramatic
in relation to Fig. 2a: the solute is now positioned in the non-
polar domains of the ionic liquid, as denoted by the RDF of
CFC with the end-carbon of the butyl group of the cation,
CT. However the different RDFs also show that there is a certain
degree of affinity between CFC and the fluorine atoms of the
CF, groups of bistriflamide (¢f. the CFC-FBT radial distribution
function), which means that probably the perfluorinated solutes
will prefer to stay away from the polar regions of the ionic liquid
but as close as possible to the CF; groups of bistriflamide. We
must keep in mind that the interactions of perfluorocarbons with
hydrocarbons are quite unfavourable and in this particular case
the position of the perfluorinated solute is dictated simply by
the less unfavourable position, a situation that can be partially
mitigated by some (favourable) interactions with other (not so
dissimilar) CF; groups.

Returning to the discussion of the systems studied experi-
mentally, in the case of the fluorinated alcohols with an ethyl
or propyl “spacer” group, 1122-C;FOH or 112233-C,FOH,
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Fig.1 Cloud-point temperature, 7', as a function of composition (mole
fraction of ionic liquid, xy ) in (a) CemimNTf, + 1122-C3FOH; (b)
C,ymimNTf, + 1122-CsFOH; (¢) ComimNTf, + 1122-C;sFOH; and
(d) C,ymimNTf, + 112233-C,FOH. (x): experimental cloud-point data;
black lines represent fittings to each side of the liquid-liquid equilibrium
envelope; grey lines represent the average composition as determined by
the rectilinear diameter law. Also shown are the estimated values for the
upper critical solution temperature, Tycsr, and critical composition.

respectively, the perfluorinated segment will be thrown by the
hydrogenated segment deep into the non-polar region of the
ionic liquid, where the interactions are unfavourable and the
driving force towards phase separation is larger. When the alkyl
side-chains of the cation are longer, the nano-segregation is
more noticeable and the non-polar domains are larger, which
means that the immiscibility regions will also increase, as can be
observed in the series of mixtures depicted in Fig. 1a to 1c.
Trend (ii) is noticeable not only by the comparison between
Fig. 1b and 1d—a T'ycsr upwards shift of ~12 K—but also by
the fact that fluorinated alcohols with just one hydrogenated
atom of carbon exhibit complete miscibility with the ionic
liquid (cf. Table 3). Conversely, perfluorinated alkanes—with
no spacer and no hydroxyl group—exhibit large immiscibility
walls (complete immiscibility or very limited partial miscibility,
¢f. last column of Table 3) with different ionic liquids.* This
trend can also be interpreted by the “dual-nature” arguments
presented in the previous paragraphs. In fact, the increased
miscibility of perfluorinated alcohols or fluorinated alcohols
with short spacers (such as methyl) can be better understood
if one also recognizes the presence of “fluorinated-friendly”
residues included in (or adjacent to) the polar domains of the
ionic liquid: the perfluoromethyl groups present at the ends of
the bistriflamide anion. In the case of fluorinated alcohols with
no or short spacers, the hydroxyl group will anchor the alcohol
“head” near the polar regions and the short spacer will allow
the perfluorinated chain to remain close to the polar domain
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Fig. 2 Solute-solvent radial distribution functions showing the po-
sition and orientation of methanol (a and b) and tetrafluoromethane
(c) dissolved in [C,;mim][NTF,]. The insets indicate schematically the
preference of each solute for the high-charge (red) or low-charge (green)
regions of the ionic liquid. HO, OH and CTO represent the hydrogen
(hydroxyl), oxygen and carbon atoms of methanol, respectively; CR the
carbon atom between the two nitrogens of the imidazolium ring; CT the
terminal carbon in the butyl chain of the cation; and OBT and FBT the
oxygen and fluorine atoms of the anion, respectively. CFC holds for the
carbon atom of tetrafluoromethane.

where it can orient itself towards the end groups of bistriflamide,
thus increasing the mutual miscibility of the alcohol and the
ionic liquid. When the hydroxyl group is absent (as in the case
of perfluoroalkanes) no anchoring process is possible and the
perfluorinated compound (that has no driving force to stay close
to the polar regions) will exhibit large immiscibility windows in
mixtures with ionic liquids.

Trend (iii) will be discussed below, when other ionic liquids
and alcohols with different volume ratios are presented.

In Fig. 3 mixtures with a different family of ionic liquids—N-
alkyl-3-methylpyridinium bistriflamide—are shown. The only
difference between the previous systems and the present ones
is the “head” of the cation that was “switched” from a methyl-
imidazolium ring to a methyl-pyridinium one (cf. Table 1).

The differences between Fig. 1 and 3, especially when ionic
liquids with the same alkyl side-chain length are compared
(Fig. 1b and 3a; Fig. 1c and 3b), are very small both in terms
of the upper critical solution temperatures and concentrations.
This lends support to the view that no specific interactions
between the fluorinated alcohol and the charged part of these
two particular ionic liquid cations are present in the mixture. The
structural similarity between the two head groups of the cations
(both alkyl-substituted hetero-aromatic rings) also explains the
similarity of the fluid phase behaviour.

The acetylcholinium cation was tested in the systems rep-
resented in Fig. 4. The most obvious difference in relation to
the systems presented in Fig. 1 and 3 is that by changing the
structural nature of the cation (the long alkyl side chain was
changed into a shorter, functionalized one; the hetero-aromatic
head group was replaced by a tetra-alkyl ammonium cation)

This journal is © The Royal Society of Chemistry 2008
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Fig. 3 Cloud-point temperature as a function of composition (mole
fraction of ionic liquid) in (a) C,MePyNTf, + 1122-C;FOH; (b)
CuMePyNTf, + 1122-C,FOH; and (¢) C,,MePyNTf, + 1122-
C3FOH. Symbols and lines as in Fig. 1.

the immiscibility window with the fluorinated alcohol increases
dramatically.

It is hard to interpret these results in terms of the polar/non-
polar structure of the ionic liquid and of the specific interactions
of the fluorinated alcohol with the anion. In acetylcholinium-
based ionic liquids one can argue that the functionalization
of the alkyl side-chain with an ester group increases the
charge density of the non-polar regions, eventually reducing the
segregated character of the ionic liquid and decreasing the size
of its non-polar domains. This can be discussed in terms of the
results presented in Fig. 4b, where the solubility of ethanol and
propanol in AcChNTY, is shown. At room temperature (298 K)
ethanol is completely miscible with AcChNTf,, exhibiting an
upper critical solution temperature at around 293 K. The corre-
sponding value for the propanol mixtures is 338 K, signalling a
much larger immiscibility domain. This can be easily understood
in terms of the inability of the ionic liquid to accommodate the
longer alkyl moieties of the propanol among its functionalized,
high charge-density, alkyl side-chains. However, the increased
immiscibility of the fluorinated alcohol in AcChANTf, cannot
be understood considering only the partial destruction of the
non-polar regions of the latter substance. In fact, we saw in
previous systems that a smaller non-bonded region increased

340 033

333K 335K
TIK
040 203 K
2s0l a ) b
XL

Fig. 4 Cloud-point temperature as a function of composition
(mole fraction of ionic liquid) in (a) AcChNTf,+ 1122-C;FOH; (b)
AcChNTf, + C;HgOH (top); AcChNTf, + C,H;OH (bottom). Symbols
and lines as in Fig. 1.

the miscibility. The detail that is missing is that now the hydroxy
group of the fluorinated alcohol can interact not only with the
oxygen atoms of bistriflamide (and orient its fluorinated moiety
towards the CF; end-groups of that anion) but also interact with
the oxygen atoms of the ester group (which implies the presence
of the fluorinated residue in the midst of the alkyl side chain
of the cation). This competition will promote the immiscibility
of the fluorinated alcohol in the acetylcholinium-based ionic
liquid.

Fig. 5 presents the results for mixtures of different types of
ionic liquid with the fluorinated alcohol 1122-C,FOH. In this
case both the cation and the anion were changed.

0.19
T/IK 20X
x
X
306 K
a b
340 5
308 K
250 <

0 1

XIL
Fig. 5 Cloud-point temperature as a function of composition (mole
fraction of ionic liquid) in (a) PgeeyNTf, + 1122-C;FOH; (b)
CymimPF, + 1122-C,FOH; (c); CymimBF, + 1122-C,FOH. Symbols
and lines as in Fig. 1.

In Fig. 5a we show the fluid phase diagram of mixtures of
the fluorinated alcohol with a tetra-alkylphosphonium-based
ionic liquid with bistriflamide as counter-ion. The immiscibility
envelope lies somewhere in between those of imidazolium- and
pyridinium-based ionic liquids (Fig. 1 and 3) and that of the
acetylcholinium-based ionic liquid (Fig. 4a). Immiscibility is
larger than in the former cases because the non-polar regions
are bigger (four alkyl side-chains) and surround the charged
part of the ionic liquid (the phosphorus atom in the cation
and the bistriflamide anion), making it more difficult for the
alcohol to anchor and orient itself favourably in the vicinity of
the anion. On the other hand, miscibility is larger than in the
acetylcholinium case due to the absence of the ester groups in
the alkyl-side chains (c¢f. discussion above).

In Fig. 5b, the bistriflamide anion of the ionic liquid was
substituted by the hexafluorophosphate anion. The fluid phase
diagram is incomplete due to decomposition problems at
the temperatures that needed to be attained to measure the
corresponding cloud-points (one of the reasons behind the
increasing popularity of bistriflamide as the “standard” anion
in many recent studies involving ionic liquids is its enhanced
thermal stability relative to other anions such as PF, or BF,).
Nevertheless, it is possible to conclude that the immiscibility is
quite high, probably due to the size and rigidity of the anion
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that while interacting with the hydroxyl group of the fluorinated
alcohol does not allow at the same time the interaction of the
fluorinated residue of the latter with the fluorinated atoms of
the former.

In Fig. 5c, we tested a tetrafluoroborate anion-based ionic
liquid. In order to decrease the working temperatures and avoid
decomposition problems we decided to use an imidazolium
cation with a shorter alkyl side-chain (as we saw in previous
cases, smaller non-polar domains in the ionic liquid increase
the solubility of the fluorinated alcohol). The fluid phase
diagram of the mixture still exhibits a relatively high upper
critical solution temperature (higher than the corresponding
bistriflamide imidazolium-based ionic liquid of Fig. 1) for the
same reasons pointed out in the previous paragraph.

However, the most interesting feature of the diagram in Fig. 5¢
is the shift to higher ionic liquid mole fraction of the upper
critical solution concentration. Part of the shift can be attributed
to the difference in size between the components of the mixture:
components with similar size generally exhibit symmetrical 7—x
immiscibility windows centred at the equimolar concentration,
whereas mixtures with components very dissimilar in size will
have the LLE envelope leaning towards the smaller component.
This can explain trend (iii) observed in Fig. 1 (see above):
as the alkyl side-chain of the ionic liquid is increased (its
volume is larger) the diagrams shift to the side of the alcohol
(lower ionic liquid mole fraction) and the corresponding critical
concentration is decreased. The same applies to Fig. 4. when
the fluorinated alcohol is substituted by (the much smaller)
ethanol or propanol molecules, the corresponding diagrams and
critical concentrations also shift (markedly) to more alcohol-
rich compositions. In this case, we have the smallest of all
studied ionic liquids, which means that we would anticipate
a shift of the critical concentration to the ionic-liquid-rich
side of the diagram. That is indeed the case, but the surprise
is the magnitude of the shift: the molar volumes of the
fluorinated alcohol and of C,mimBF, are quite similar (216.7
and 187.6 cm® mol™!, respectively, ¢f. Table 5), which would
indicate a critical concentration close to the equimolar, not x;, =
0.82.

Lattice models like the modified Flory—Huggins, FH, theory
proved to be valuable tools to interpret liquid—liquid equilibrium
behaviour, namely the prediction of the locus of the critical solu-
tion concentration in binary mixtures containing ionic liquids.*!
According to those models, the critical solution concentration,
expressed in mole fraction of component 1, can be expressed
as x;. = 1/(1 + r*?), where r is the ratio between the molar
volume of the components, r = V', ,/V,,. The aforementioned
relation was applied to the systems studied in this work and it
was found (¢f. Table 5) that the relation yields good results for all
of them except for the C,mimBF, + 1122-C;FOH mixtures. This
fact suggests that there is some degree of association between
the fluorinated molecules in the one-phase region above the
USCT—the mixture is not completely random. For instance, if
we consider that, on average, the fluorinated alcohol molecules
form dimers (with a volume twice that of the isolated molecules)
than the corresponding value of x,. would rise from the 0.544
value presented in Table 5 to a value of 0.778, in better agreement
with the experimental value. Such self-aggregation (possibly
through the fluorinated “tails” of the alcohol) would compensate
for the possible loss of F-F interactions when the anion of the
ionic liquid is changed from bistriflamide to tetrafluoroborate
and would explain the sudden change in the shape of the liquid—
liquid immiscibility envelope in Fig. 5c.

The effect of pressure on the liquid-liquid immiscibility
window of selected ionic liquid plus partially fluorinated alcohol
was also investigated. The shift of the cloud point temper-
ature as a function of pressure for four mixtures containing
1122-C4FOH and CymimNTf,, CiomimNTf,, C,mimNTf,, or
C,,MePyNTf,, each at their corresponding critical composition
(cf. Fig. la—1c and 3b), is presented in Fig. 6. The graph shows
that in these systems the cloud-point temperatures are almost
not affected by pressure—Iless than 0.2 K per MPa increase in
all cases (see caption to figure).

The fact that these slopes, d7'/dp, are positive imply that
the mixing process at temperatures near and above the UCST
in these systems (fluorinated alcohols + bistriflamide- and
imidazolium-based or pyridinium-based ionic liquids) is ac-
companied by a volume expansion (positive excess volume,

Table 5 Critical solution concentration (estimated, FH, and experimental, exp) in different (ionic liquid(1) + alcohol(2)) systems. All systems
include the alcohol 1122-C;,FOH, except where stated. The molar volume of each component at 298 K is also given. Numbers as superscripts hold

for references

CymimNTf, C,ymimNTf, CymimNTf, CyMePyNTf, C,MePyNTf, CyMePyNTf,
Vi /cm® mol™! 362.1% 404.1% 429 8126 ¢ 407.67 440.17 473.27
V. /cm® mol™! 216.4¢ 216.4¢ 216.4¢ 216.4¢ 216.4¢ 216.4¢
x.. (FH) 0.317 0.283 0.264 0.279 0.257 0.237
X1 (exp) 0.47 0.330 0.294 0.309 0.323 0.291
CymimNTf,* AcChNTYf, AcChNTf,? AcChNTf,© Poss 1 NTS, C,mimBF,
Vo /cm’. mol™! 404.1% 287.4% 287.4% 287.4% 716.3% 187.6%
Vm/cm®. mol™ 234.24 216.44 75.2% 58.7% 216.44 216.44
X (FH) 0.304 0.396 0.118 0.084 0.143 0.554
X1 (exp) 0.269 0.334 0.109 0.101 0.186 0.815

All systems include the alcohol 1122-CyFOH, except® 112233-C,FOH. ® Propanol. ¢ Ethanol. ¢ Density measured in the present work using an Anton-
Paar DMA 5000 vibrating-tube densimeter. * Molar volume estimated as the sum of the effective volumes occupied by the cation and anion (see ref.

1,26).
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Fig. 6 Pressure dependence of cloud-point temperature in partially
fluorinated alcohol plus ionic liquid systems near their critical composi-
tion. Values for the slope in mK/MPa are given between parentheses for
each system. ((J) 1122-CsFOH + CamimNTS, (118); (<)1122-CsFOH +
CymimNTf, (140); (O)1122-C,FOH + ComimNTYf, (138); (x)1122-
C,FOH + C,,MePyNTf, (158).

AVE > 0). The rationale for this fact is found at the recently
revisited*>** Prigogine-Defay relation, which states that under
some restrictive assumptions (in practice, the two excess prop-
erties, AV* and AH*, have to have a similar form in respect to
composition and present no inflection points), one obtains a
Clapeyron-type of relation, which can be expressed as:

(dT] -7 )Avﬁ(z_(p),x)

dp | AHE (T, (p).x)

c

(M

Then, one should recognize that demixing upon cooling
(UCST-type of phase diagram) is an exothermic process, thus,
conversely, mixing is endothermic (AH® > 0).

4. Conclusions

In this work, liquid-liquid equilibria (cloud-point temperature
determinations) of binary mixtures of fluorinated alcohols
plus different ionic liquids were studied and measured by
turbidimetry. These systems comprise two classes of fluids that,
due to their unique characteristics, are very interesting both
from the pure and applied chemistry points of view and have,
in recent years, received increasing attention from the scientific
community.

The corresponding 7—x phase diagrams exhibit a rich fluid-
phase behaviour that can be rationalized semi-quantitatively at
the molecular level in terms of the different and complex inter-
actions between the fluorinated alcohol—composed of a polar
head group, an alkylated “spacer”, and a fluorinated moiety—
and the ionic liquid—a micro-segregated fluid exhibiting non-
polar domains permeated by a polar network.

The possibility of using fluorinated alcohols (or other diblock
molecules with fluorinated residues) together with bistriflamide-
based ionic liquids in order to promote the miscibility of the
latter with water (and water-soluble molecules) is one of the
potential future developments of the present work.
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CHAPTER 7.

LIQUID-LIQUID EQUILIBRIUM OF ALKANE
PLUS PERFLUOROALKANE, AND
PERFLUOALKANE PLUS
PERFLUOROALCOHOLSBINARY
MIXTURES
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Abstract

Despite the structural similarity between perfluoroalkanes (PFCs) and alkanes (HCs), mixtures containing these two classes of compounds
present large deviations from Raoult’s law and extended immiscibility regions. The study of these mixtures is of great interest for both practical
applications and testing or improving theories of mixtures as well as for the general understanding of solute—solvent interactions. In this work, new
liquid-liquid equilibrium (LLE) data for mixtures of perfluoro-n-octane and linear alkanes from C¢ to Cy are presented. Data were measured at
atmospheric pressure by turbidimetry and at pressures up to 150 MPa using a laser light scattering technique. The binary liquid-liquid equilibrium
data were correlated using relations derived from renormalization group (RG) theory and the Modified UNIFAC with temperature dependent
interaction parameters. The soft-SAFT equation of state (EoS) was also used, with parameters taken from vapour—liquid equilibrium (VLE) data
to study their transferability to liquid-liquid equilibrium data. It is shown that using those parameters soft-SAFT can provide a good description
of the data measured far from the critical point at atmospheric pressure and a correct dependence of the critical temperature up to 150 MPa if the

size interaction parameter is also considered.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Perfluoro-n-octane; Linear alkanes; Liquid-liquid equilibrium; Soft-SAFT EoS; Renormalization group theory; Modified UNIFAC

1. Introduction

The mutual incompatibility between perfluoroalkanes (PFCs)
and alkanes (HCs) generates a set of interesting phenomena in
all states of matter expressed as large regions of liquid-liquid
immiscibility, large positive deviations from Raoult’s law, and
large positive excess properties [1,2]; microphase separation,
segregation, and self-assembly [3], negative aneotropy or min-
ima in the surface tension versus composition diagrams [4],
among others are also found. All these phenomena reflect the
bulk thermodynamics of these mixtures, which are characterized
by weak, unlike interactions.

* Corresponding author. Tel.: +351 234 370200; fax: +351 234 380074.
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Since the late 1940s, the potential application of these sys-
tems as refrigerant mixtures or as immiscible solvents has moti-
vated their study. The hydrophobicity of fluorinated compounds
(that makes them immiscible at room temperature with water
and with many common organic solvents) as well as their abil-
ity to form a homogenous solution at elevated temperatures with
several of these solvents together with their inertness, their sol-
ubility in supercritical CO», and their ability to dissolve gases,
assemble them and their mixtures interesting materials to be
used in new applications. These include their use as two-phase
reaction media in a novel technique known as “Fluorous Phase
Organic Synthesis” (FPOS) [5-T7].

A bibliographic review on available experimental data of
(PFC +HC) systems is compiled in Table 1. It summarizes
the methods and experimental conditions used to perform
liquid-liquid solubility measurements for mixtures of linear,
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Table 1

Compilation of references reporting experimental liquid—liquid solubility data for perfluoroalkane + alkane systems

System Method T range (K) P range (MPa) Reference

C7F14+CgHg Synthetic 308-359 0.1 Hildebrand and Cochran [8]
C7F|4 +C7Hg 316-362

C7F16+CgHg Synthetic 330-387 0.1 Hildebrand et al. [9]
C7F16+C7Hi6 300-323

CsF1p+CsHyp Synthetic 0.1 Simons and Dunlap [10]
C4F10+C4Hjo Synthetic 0.1 Simons and Mausteller [11]
C7F16+CgHg Synthetic 300-341 0.1 Campbell and Hickman [12]
C7F16+CeHia Synthetic 283-302 0.1 Hickman [13]
CoF14+CgHiy Synthetic 250-294 0.1 Bedford and Dunlap [14]
CoF14+CgHiy Synthetic 290-295 0.1 Lepori et al. [1]

C6F|4 +C7H16 300-315

C6F14 + Cngg 286-325

CgFi1s+CgHiyg Synthetic 260-314 0.1 Lo Nostro et al. [3]
CgFi15+C7Hye 293-331

CsFis+CsHis 295-349

cyclic and aromatic alkanes with perfluoroalkanes that are lig-
uid at ambient temperature. Although significant experimental
data have been reported, the fact is that, to date, there are aspects
related to these mixtures that are not yet completely understood.
As a consequence, there is no single method/model able to cor-
rectly predict or describe this type of mixtures.

In the early 1950s, it was believed that (PFC + HC) mixtures
would be completely miscible in all proportions and that the
regular solution theory [15] would describe these mixtures, at
least qualitatively. When the first results for LLE data begun to be
published —revealing their high non-ideality — new explanations
had to be considered to account for their anomalous behaviour.
Several approaches or proposals to solve this issue were pre-
sented. For instance, the failure of the geometric combining rule
due to the interpenetration between neighboring C—H groups
which leads to an abnormally strong hydrocarbon-hydrocarbon
interaction energy, were corrected by an empirical shift in the
solubility parameter, &, of the hydrocarbons. Additionally, cor-
rections to the regular solution theory to include the effect of
volume changes that occur on mixing and modifications of
regular solution theory to take into account size and ioniza-
tion potential differences between the two components were
considered. However, as reported by Scott [16] none of the
suggestions fully accounted for the anomalous behaviour of all
systems investigated. In the 1970s, Siebert and Knobler [17]
measured the second virial coefficients of n-alkanes, perfluoro-
n-alkanes, and their mixtures and concluded that the anomalous
behaviour of alkane + perfluoroalkane systems was due to the
failure of the geometric-mean rule to describe the unusually
weak hydrocarbon—fluorocarbon attractive interaction. They
discussed possible reasons for such a weak, unlike interaction
between the two components: non-central forces, large ioniza-
tion potential differences, and large size differences, concluding
that the observed deviation from the geometric-mean prediction
was most likely due to the latter. This explanation had previ-
ously been suggested by Dyke et al. [18] and Rowlinson [19]
from studies of the gas—liquid critical line and a review of the

data available, respectively. The results indicated that the inter-
actions between perfluoroalkanes and alkanes were about 10%
weaker than the geometric mean of the like-molecule interac-
tions.

Similar conclusions were drawn by Mousa et al. [20] when
they tried to apply the theory of conformal solutions to calculate
the critical properties of several perfluoralkane + alkane mix-
tures. The authors observed that accurate results were obtained
only when an unlike parameter equal to 0.92 was used to calcu-
late the mixed interaction constant. Archer et al. [21] reported
the first attempt to account for the liquid-liquid thermody-
namics of alkane + perfluoroalkanes mixtures using the bonded
hard-sphere (BHS) theory, that has its roots in the theory of
Wertheim [22], as the soft-SAFT equation of state (EoS) used
in this work, and that incorporates in its development the same
structural idea. The authors used the BHS theory to account
for repulsive interactions and the van der Waals one-fluid the-
ory to describe attractive interactions. They found this approach
accurate enough to describe properly the critical properties of
alkanes, perfluoroalkanes and their mixtures. They observed that
to correctly describe the UCST of the alkane + perfluoroalkanes
mixtures, the correction parameter £ in the geometric-mean rule
for the van der Waals cross-term must be equal to 0.909 for all
the mixtures studied. By applying this correction, they usually
found that the difference between calculated and experimental
values would not exceed 7%.

Recently, renewed interest on the subject came out with the
work of McCabe et al. [23] and Colina et al. [24], both modelling
the solution thermodynamics of alkane + perfluoroalkanes mix-
tures using the statistical associating fluid SAFT-VR approach.
Interestingly, these authors found that to reproduce the observed
mixing behaviour within the SAFT-VR model, the interaction
energies between perfluoroalkane and alkane interaction sites
had to be reduced by ca. 8% relative to the geometric-mean pre-
diction, a result which is similar to that found by Knobler and
co-workers. McCabe et al. [23] studied the high-pressure phase
behaviour of a number of perfluro-n-alkane (C;—C4) + n-alkane



212 M.J.P. de Melo et al. / Fluid Phase Equilibria 242 (2006) 210-219

(C1—-C7) binary mixtures, and suggested a value £=0.9234.
Later, Colina et al. [24] slightly modified this value to £ =0.929 in
order to provide a better fit to the upper critical solution tempera-
ture (UCST) of the CgF14 + C¢H14 system. The unlike parameter
was then used in a transferable way to predict liquid-liquid
envelopes and the vapour—liquid phase behaviour of some of
the mixtures measured by Lepori et al. [1]. As presented, the
model could describe quite well the UCST of the mixtures
but predicted narrower phase envelopes than the experimen-
tal ones. Also, the P-x—y diagrams were broader than those
inferred from experimental data as a result of the overestima-
tion of the pure component vapour pressures. In turn, the latter
was due to a rescaling of the parameters to match the critical
point, which made the predictions for subcritical properties less
accurate.

Trying to overcome the higher deviations that McCabe et al.
[23] observed when the chain length of the n-alkane component
increased, Morgado et al. [2], also using the SAFT-VR EoS, con-
centrated on the behaviour of alkane + perfluoroalkane binary
mixtures with chain lengths between five and eight carbon atoms
for both components. They determined a set of binary interac-
tion parameters that can be used to accurately predict the phase
behaviour of alkane + perfluoroalkane systems of longer chain
molecules and focused on the liquid-liquid immiscibility found
close to ambient temperatures, rather than the high-pressure
phase behaviour.

Song et al. [25] examined the use of typical all atom
Lennard—Jones 12-6 plus Coulomb potential functions for sim-
ulating the interactions between perfluorinated molecules and
alkanes together with the Lorentz—Berthelot combining rules
usually employed with such potentials. This model had already
been applied to accurately account for many of the liquid-phase
properties of pure perfluoroalkanes [26] and alkanes [27], and
the authors believed that departures from the geometric-mean
rule mentioned above possibly resulted from inadequate treat-
ment of molecular geometries or from charge distributions in
the models employed in these earlier studies. However, they
noticed that the special character of perfluoroalkane + alkane
interactions was definitely not captured if standard combining
rules were used. The authors compared their calculations with
experimental data for second virial coefficients, gas—liquid sol-
ubilities and enthalpies of liquid mixing and observed that a
reduction of ca. 10% in the interactions between unlike pairs of
molecules was required, which is the same reduction required
when simple single-site representations of molecules are used.
Alternatively, the authors tried the use of two-parameter combin-
ing rules as well as more sophisticated approaches to calculate
the cross-interaction parameters but the results were not conclu-
sive. Ultimately, the underlying physical origins of the unusual
mixing behaviour remained unclear.

In a recent work, Zhang and Siepmann [28] presented phase
diagrams for selected n-alkanes, n-perfluoroalkanes and carbon
dioxide ternary mixtures, as a function of pressure, from Monte
Carlo simulations. They used two binary interaction parameters
for the alkane—perfluoroalkane mixtures, fitted to a particular
mixture, and used them in a transferable manner for the rest
of the mixtures involving the two compounds. The agreement

with the available data for the binary phase diagrams is fair,
and hence a qualitative agreement with the ternary mixtures is
expected.

In a previous study [29], our group used the soft-SAFT
equation of state to model the experimental vapour—liquid equi-
librium (VLE) and liquid-liquid equilibrium (LLE) data for
PFCs + HCs measured by Lepori et al. [1]. The unlike energy
parameter was treated as adjustable, and it was set at the optimum
value £=0.9146 for the correct prediction of the experimen-
tal azeotrope of the perfluoro-n-hexane +n-hexane mixture at
298.15 K. The unlike size parameter was not adjusted (n=1),
because the simple Lorentz combination rule provided satisfac-
tory results. It is interesting to notice that the value of the unlike
energy parameter agrees well with the values found by other
authors using different models to describe these systems.

In this work, we present new data at both atmospheric pres-
sure and high pressures for the LLE of perfluoro-n-octane with
alkanes ranging from n-hexane to n-nonane. The experimental
data measured is correlated using relations derived from renor-
malization group (RG) theory and Modified UNIFAC model
with temperature dependent interaction parameters. Data are
also modelled using the soft-SAFT equation of state in a predic-
tive way by using the energetic interaction parameter obtained
in our previous work [29] in a transferable manner. It is also
shown that, to correctly describe the pressure dependence of the
LLE data with the soft-SAFT EoS, both size and energy binary
interaction parameters have to be considered.

2. Experimental

Liquid-liquid equilibria of binary mixtures of perfluoro-n-
octane + alkanes, n-C,Hz,+2 (n=6-9), were measured using
synthetic methods: by turbidimetry at atmospheric pressure,
and using laser light scattering techniques for measurements
at pressures up to 150 MPa. All chemicals, from Aldrich, with
claimed purities of 98% (perfluoro-n-octane) and 99% (alkanes)
underwent further drying using 3 A molecular sieves except the
perfluoro-n-octane, which was used as received. Binary mix-
tures were gravimetrically prepared with an estimated weight
fraction uncertainty of +2 x 107,

In the case of measurements at a nominal pressure of 0.1 MPa,
different samples of perfluoro-n-octane +n-alkane were pre-
pared in ampoules containing a magnetic stirrer. Due to the
density difference between the components, the heavier bottom
phase is richer in PFC, and the upper phase contains mostly
the hydrogenated component. The ampoules were sealed while
frozen using liquid nitrogen to avoid changes in the composition
of the samples. The ampoules containing mixtures at differ-
ent compositions were then immersed in a thermostatic bath
equipped with a calibrated Pt100 temperature sensor with an
uncertainty of 0.05 K. Cloud points were determined by visual
observation while heating the samples until a homogeneous
phase is obtained followed by slow cooling of the mixtures until
phase separation is detected.

Pressure effects on the liquid-liquid equilibrium temperature
were obtained by He—Ne laser light scattering techniques using
two apparatus. One of them, which operates up to pressures
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of 5MPa, has a thick-walled Pyrex glass tube cell (internal
volume ~1.0cm?, optical length ~2.6 mm) connected to a
pressurization line and separated from it by a mercury plug. The
apparatus is easy, fast and safe to operate since both temperature
and pressure are computer controlled and it is fully automated
(including data acquisition and treatment). The apparatus, as
well as the methodology used for the determination of phase
transitions, have been recently described in detail [30]. Here,
only a brief description is provided. Scattered light intensity is
captured at a very low angle (2° <20 <4°) in the outer part of
a bifurcated optical cable, while transmitted light is captured in
the inner portion of this cable. The cloud point is the point on the
(Isc,corr)_l against pressure (p) or temperature (7)) least-squares
fits where the slope changes abruptly. Temperature accuracy
is typically £0.01 K in the range 240 K<T7T<400K. As for
pressure, accuracy is £0.01 MPa up to 5SMPa. The other
apparatus uses a stainless-steel cylindrical cell [31] closed
on both sides with thick sapphire windows. It was used for
experiments in which pressure was raised up to 150 MPa. In
this case, the hydraulic fluid is the pure alkane in contact with
a sufficiently long (1/16)in. stainless-steel tube filled with
the solution (buffer volume), in order to avoid contamina-
tion during compression/expansion cycles. The total volume
(buffer + optical) of injected solution is typically 1.6cm?,
although the optical volume roughly corresponds to a mere
0.5 cm?. In the case of isothermal runs, temperature accuracy is
maintained (£0.01 K) but it worsens a bit for isobaric runs. As
for pressure, the uncertainty is 0.1 MPa in this higher-pressure
range. Either cell can be operated in the isobaric or isothermal
mode. Abrupt changes in either the transmitted or scattered
light upon phase transition sharpen as the thermodynamic path
approaches a perpendicular angle to the one-phase/two-phase
surface. Pressure can be changed much more quickly than
temperature, but, nonetheless, some experimental runs had to
be performed in the isobaric mode due to the relatively low
critical T-p slope presented by the current binary mixtures.

3. Modelling
3.1. Critical point estimation and data correlation

Systems with liquid-liquid equilibria present long-range con-
centration fluctuations in the vicinity of their consolute critical
temperature. Asymptotically close to the critical point the ther-
modynamic properties vary as a simple power of the temperature
difference or concentration difference (referred to their criti-
cal point values) with universal critical exponents, apart from a
regular classical part. The non-classical behaviour of these sys-
tems as they approach their critical point is correctly taken into
account from the renormalization group theory [32]. Since our
liquid-liquid equilibria measurements are very close to the crit-
ical consolute temperature, we have correlated our experimental
data using relations derived from the RG theory. According to
Sengers et al. [33] the following relation is verified in the close
vicinity of the critical point,

AM = B(x)? )]

where AM is the difference in the order parameter between
the coexisting phases, § the exponent, B the amplitude, and
t=(T — T¢)/T, holds for the reduced temperature that expresses
the distance from the critical point. The order parameter is a
quantity (mole fraction, volume fraction, density, etc.) chosen
to measure the difference between the two coexisting phases. In
the non-asymptotic region Eq. (1) is modified by the presence
of corrections to scaling [34],

AM = BytP[1 + Bi74" 4+ Byt?41 + -] )

where A is the correction exponent. The so-called diameter of
the coexisting curve is given by the relationship [35]

1 11
M! + M!

. = M1+ AT+ Ayt % 4] 3

where « is a critical exponent and M| + M1, and M, repre-
sent the property chosen for order parameter of component 1 in
phases I, II, and at the critical point, respectively. When Egs. (2)
and (3) are combined (and perturbation terms are neglected) the
result is the equation used in this work to correlate the experi-
mental data:

T-T.\*
) “)

¢_¢c:fA< T.

where f=1 for x> x; and f=—1 for x <x..
3.2. Modified UNIFAC model

Low pressure liquid-liquid equilibrium data are frequently
modelled using an excess Gibbs energy model. The Modified
UNIFAC model [36] was also used in this work to correlate
the experimental data. The parameters required for the use of
UNIFAC are group volumes (Ry), group surface areas (Qk) and
group-interaction parameters (a,,, and a;). The volume and
area parameters for the groups involved in the mixtures studied
(CF,, CF3, CH; and CH3) are already available in the UNIFAC
parameter table [37]. The group interaction parameters between
the two main groups CF; and CH; have also been published
for VLE predictions [37]. However, as discussed by Magnussen
et al. [38], it is not possible to quantitatively predict LLE com-
positions using model parameters based on VLE data. In order
to obtain a reliable prediction of multicomponent LLE using
excess Gibbs energy models, it is necessary to establish the
model parameters based on binary and ternary LLE data. In
their work, the authors presented a set of interaction parameters
adjusted to LLE data but that did not include the CF,/CH; inter-
action. These interaction parameters were adjusted in this work
using the experimental data measured.

The temperature dependence of the interaction parameters is
described by the equation:

Ampn = Amp,1 + amn,2(T — Tp) 5)

with ay,, # anm and where Ty is an arbitrary reference tempera-
ture, chosen to be 298.15 K in this work. The adjusted parameters
Amn,1 and a2 are equal to 146 and —0.3914 for the CF,/CH;
interaction and —7.66 and 0.2237 for the CH,/CF, interaction.
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The parameters were adjusted discarding the experimental data
near the critical region giving a higher priority to the description
of the diagrams far from that region.

3.3. The soft-SAFT EoS

We have also used a molecular-based EoS to describe
the experimental data. The model was already used to
study the vapour-liquid and liquid-liquid equilibrium data for
PFCs + HCs mixtures [29]. More details about the model for
these particular systems can be found in that work and in refer-
ences therein. In this work, only the main equation is presented
for completeness.

As usually done in SAFT-type equations, the soft-SAFT EoS
is formulated in terms of the residual molar Helmholtz energy,
A" defined as the molar Helmholtz energy of the fluid relative
to that of an ideal gas at the same temperature and density. A™
is written as the sum of three contributions:

Ales — Atotal _ Aideal — Aref+Achain+Aassoc (6)

where A™ accounts for the pairwise intermolecular interactions
of the reference system, AP evaluates the free energy due
to the formation of a chain from units of the reference system,
and A®%°¢ takes into account the contribution due to site-site
association. For molecules that do not associate, as those that
are being studied in this work, the association term is null.

The SAFT model describes a pure non-associating fluid
as homonuclear chains composed of equal spherical segments
bonded tangentially. Different fluids will have different number
of segments, m, segment diameter, o, and segment interaction
energy, ¢. These parameters are usually obtained by adjusting
the equation to density and vapour pressure data of the pure com-
pounds. The molecular parameters for the compounds studied in
this work had already been obtained and previously reported for
perfluoro-n-octane [29] and for the linear alkanes from Cg to Cy
[39]. When dealing with mixtures that are highly non-ideal, the
Lorentz—Berthelot cross-interaction size and energy parameters
need also to be adjusted to experimental data:
oy = ny 7, )

eij = &ij/Eii€ jj (®)

The soft-SAFT equation has been accurately applied by our
group to model VLE data for pure perfluoroalkanes [40], solu-
bility data of gases as oxygen [29,41] and carbon dioxide [42]
in these compounds and also VLE data for alkane and perflu-
oroalkanes systems [29]. In this last case, we have obtained
that a single, temperature independent, energy binary parameter
(£;j=0.9146), fitted to VLE equilibria for the system perfluoro-
n-hexane + n-hexane mixture at 298.15 K is able to accurately
describe the behaviour of this and other PFC-HC mixtures in a
transferable manner [29]. We have further investigated the reli-
ability of these parameters for describing the behaviour of other
mixtures of PFC + HCs. Fig. 1 depicts experimental data for the
CgH4 + C7F ¢ mixture at 317.65 K and for the CgH4 + CgFig
mixture at 313.15 K, both taken from ref. [43], as compared with
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Fig. 1. P-x—y diagrams for Cg¢Hj4+C7Fj¢ at 317.65K (diamonds) and
CgHis +CgFjg at 313.15K (triangles). Symbols represent experimental data
by Duce et al. [43] and lines correspond to the predictions from the soft-SAFT
EoS.
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Fig. 2. P-x-y diagrams at 259.95, 253.62, 246.35 and 238.45K for
C4F10+C4Hjo mixture compared with soft-SAFT predictions. The triangles
describe the experimental data [44] and the solid curves the theoretical predic-
tions as obtained by soft-SAFT.

soft-SAFT predictions using parameters from reference [29].
The predictive capability of these parameters is further shown in
Fig. 2, where we show P—x diagrams at 259.95, 253.62, 246.35
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and 238.45K for C4Fj0 + C4Ho mixture [44] compared with
soft-SAFT predictions. The excellent agreement found between
the experimental data and the soft-SAFT predictions in all these
cases has encouraged the use of an identical set of parameters
for the LLE data measured in this work, in order to further check
their transferability for other regions of the phase diagram.

4. Results and discussion

Experimental data measured for the studied systems at atmo-
spheric pressure and high pressure are reported in Tables 2 and 3,
respectively. Experimental data at anominal pressure of 0.1 MPa
are presented in Fig. 3a and b where compositions are expressed
in terms of mole and volume fraction, respectively. Composi-
tions in terms of volume fractions (¢) are calculated using the
relation:
éi al

T+ K1 —x) ©)

where K = p;M;/p;M;, being p and M the mass density and the
molecular weight, respectively, of components i and j. As for
most systems, it occurs that the temperature versus composition
diagrams of PFCs+HCs mixtures are more symmetric when
represented in terms of volume fraction as compared to mole
fraction.

Fig. 3a also compares the data measured in this work with
the experimental data recently published by Lo Nostro et al.
[3]. It can be observed that the results agree well for the
perfluoro-n-octane + n-octane mixture but significant deviations
are observed for perfluoro-n-octane with n-hexane and espe-
cially with n-heptane. The higher deviations found in mixtures
involving volatile compounds, as is the case of n-hexane and
n-heptane, may be justified by changes in the composition of
the mixtures during the measurement procedure.

As mentioned in the previous section our experimental data
were correlated using relations derived from renormalization
group theory, in which the volume fraction was chosen to be
the order parameter. Eq. (4) was used to correlate our mutual
solubility experimental data in the entire temperature interval,

Table 2
Experimental liquid—liquid solubility data for perfluoro-n-octane (1) +alkane
(2) (C6—Co) mixtures at atmospheric pressure

CgF18+CoHig CgFi3+C7Hye CgFig +CsHis CsFig +CoHao
TEK) x TK) x T(K) x TEK) x
290398 0.0806 319.13 0.1024 334.24 0.0991 352.09 0.1116
306.36  0.1222  328.21 0.1772 34548 0.1669 362.24 0.1650
308.95 0.1683 330.76 0.2611 349.16 0.2374  367.65 0.2526
310.83 0.2518  330.76 0.3185 350.52 0.3013 368.85 0.3505
310.81 0.2997  330.96 0.3818 350.44 0.4026 368.49 0.4342
310.71 0.3470  330.58 0.4967 349.70 0.4984 367.46 0.5395
310.65 0.3959  329.80 0.5437 346.09 0.5964  362.59 0.6391
309.61 0.4425 316.24 0.7048 336.01 0.7245 349.16 0.7639
308.49 0.4891 327.71 0.7640  322.99 0.8805
305.74 0.5440 299.71 0.8919

303.05 0.6000

296.93  0.6657

293.89 0.6924

Table 3
Experimental liquid-liquid solubility data for perfluoro-n-octane (1) +alkane
(2) (Ce—Co) mixtures at pressures higher than atmospheric

CgFi13+CoHig
x1=0.2552 x1=0.2678 x1=0.2644
T/K P/MPa T/K P/MPa T/K P/MPa
311.58 1.48 311.13 0.85 311.72 1.43
312.08 2.18 311.80 1.74 312.52 2.45
312.59 2.88 311.41 1.23 313.29 3.40
313.31 3.78 310.89 0.53 314.02 4.42
314.12 4.95 313.24 3.60 314.81 5.45
310.98 0.71 312.42 2.57 322.99 16.70
310.53 0.13 332.97 31.00
342.95 46.50
353.00 62.80
363.07 80.20
373.16 98.00
383.43 118.50
394.15 143.00
CsFis+C7Hie
x1=0.2567 x1=0.3446
T/K P/MPa T/IK P/MPa
331.90 1.52 330.88 0.14
333.29 3.20 331.33 0.60
333.78 3.83 331.92 1.37
332.48 2.24 332.82 2.41
333.50 3.28
334.49 4.46
CgFis +CsHig
x1=0.3608 x1=0.7510
T/K P/MPa T/K P/MPa
349.80 0.15 332.302 4.02
350.18 0.60 331.999 3.55
350.93 1.48 331.619 3.04
351.80 2.49 331.124 2.54
352.64 3.46 330.628 1.87
353.44 4.42 332.604 4.26
329.668 0.70
329.308 0.29
330.127 1.27
CsFis +CoHao
x1=0.0828
T/K P/MPa
344.34 0.16
344.68 0.84
345.34 1.85
345.78 2.50
346.46 3.48
347.12 4.41

including the critical region. Values for A and § to be used in
Eq. (4) together with the calculated values for the critical tem-
perature, mole fraction, and volume fraction for each mixture
are reported in Table 4. The solid lines in Fig. 3a and b represent
the correlations.
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Fig. 3. Experimental and correlated coexisting curve of perfluoro-n-octane + alkanes (C¢—Cy) in terms of mole fraction (a) and volume fraction (b). Symbols represent
solubility in n-hexane (4), n-heptane (M), n-octane (A) and n-nonane (@). (K ) Represents the critical point for each mixture. The non-filled symbols in Fig. 1a
represent data measured by Lo Nostro et al. [3]. The lines represent the correlated data calculated from renormalization group theory.

Fig. 4 shows a comparison between the experimental LLE
data for CgFig + C,,Hp,4> at 1MPa and two models: the mod-
ified UNIFAC model (dashed lines) and the soft-SAFT EoS
(solid lines). Note that the UNIFAC model has been fitted to
the binary data using four adjustable parameters, while results
from soft-SAFT are pure predictions since the parameters used
were obtained from fitting VLE data. Even though the agree-
ment of soft-SAFT with the experimental data is not as accurate
at that shown in Figs. 1 and 2, the EoS provides an acceptable
description of the experimental data in the region far from the
critical point and even the trend of the critical point shift with
the alkane chain length change in the mixture is well captured.
Since most classical models are not accurate in describing LLE
and, in addition, no fitting to these data has been performed,
those should be considered as good predictions. Also, notice
that no long-range fluctuations are included in the version of
soft-SAFT used here, and hence, a correct description of the
critical region should not be expected. An alternative approach
would be to use the crossover-soft-SAFT EoS [45,46], which
correctly describes both the regions far from and close to the
VLE critical point of pure fluids and binary mixtures. However,
two reasons have prevented us from using the crossover equation

Table 4
Parameters to be used in Eq. (4) together with critical constants for the studied
mixtures

System A B be Xe T

CgF13+CeHig 0.71426 0.25801 0.471 0.320 310.54
CgF13+C7H6 0.71572 0.25017 0.474 0.348 330.99
CgF13+CgHg 0.77238 0.27603 0.473 0.371 350.33
CgF 15 +CoHpo 0.79521 0.28589 0.473 0.393 368.65

T/IK

3107

x CgFyg

Fig. 4. Comparison between experimental LLE data for CgF;g + C,Hpp12 mix-
tures at 0.1 MPa and the predictions obtained from the soft-SAFT EoS. Symbols
represent the experimental data as in Fig. 1. The full lines represent the predic-
tions given by the soft-SAFT EoS when n=1and £=0.9146 (— ) and n=1.011
and & =0.9146 (—) and the dashed lines the correlation results obtained with the
Modified UNIFAC model. Stars represent the upper critical solution temperature
for each mixture.
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in this work: first of all, our purpose here was to check the
transferability of the parameters obtained from other regions of
the phase diagram of these mixtures and of related ones (which
were fitted with the classical soft-SAFT EoS), and secondly, as
discussed in ref. [46], the crossover-soft-SAFT equation is not
ready, yet, for LLE, since the isomorphism assumption used to
develop it does not apply to this type of phase equilibria.

The soft-SAFT model has also been used to predict the pres-
sure dependence of the phase diagrams. In this case, the size
binary interaction parameter had to be slightly adjusted to a
value equal to 1.011 in order to correctly describe the pressure
dependence of the experimental data. This change is related with
the excess volume description of the mixtures by the soft-SAFT
model and has little influence on the description of the LLE
data at atmospheric pressure as shown in Fig. 4. It is inter-
esting to observe that the size and energy binary interaction
parameters used in this work are very similar to the adjusted
unlike CH,/CF, cross-interaction parameters used by Zhang
and Siepmann [28] when using molecular simulation to model
alkane + perfluoroalkane mixtures.

The results given by the model to describe the high-pressure
data are compared with the experimental results in Fig. 5 for
the CgF1g + CgH14 mixture at x=0.2644. Table 5 compares the
experimental and calculated (07/0P), for distinct fixed compo-
sitions of all the mixtures studied. Although the model overpre-
dictes the experimental temperature, as expected because there
was not a perfect match at atmospheric pressure, the pressure
dependence is correctly predicted. A comparison between the
predictive results obtained with the soft-SAFT and the corre-
lated data obtained with the Modified UNIFAC model, using

450

410

T/K

290 T T T T T T T
0 20 40 60 80 100 120 140 160

P/MPa

Fig. 5. Effect of the pressure on the LLE of CgFi3+CgHjs mixtures at
xcsri1g =0.2644. The line represents the predictions given by the soft-SAFT
EoS when n=1.011 and £=0.9146.

Table 5
Experimental and calculated (97/9P), for distinct fixed compositions of all the
mixtures studied

System XCSF18 (3T/3P), (Kbar™ 1)
Experimental (x 102) Calculated (x 10?)

CgF]g +C()H14 0.2552 7.47 7.51

0.2678 7.63 7.56
CgFi3+C7Hj6 0.2567 8.18 7.70

0.3446 8.29 8.20
CgF]g + CgH]g 0.3608 8.54 8.37

0.7510 8.17 7.73
CgFj3 4+ CoHyg 0.0828 6.61 5.04

interaction parameters explicitly adjusted to describe LLE data,
let us conclude that the predictive capacity of the soft-SAFT
model is superior.

In the case of one of the systems studied, CgFg + CgHj4, it is
possible to estimate the magnitude of the molar excess enthalpy,
a quantity that has seldom been investigated in these systems.
Under some restrictive assumptions [47], the Prigogine—Defay
equation establishes a Clapeyron-type of relationship in which
the pressure dependence of the critical temperature is directly
related to the excess properties themselves:

(dT) . VE(Te(p), x)
i =T ——
dp /. hE(T.(p), x)

Recently, Rebelo et al. [48] demonstrated that Eq. (10)
can also be successfully applied at temperatures and finite
concentrations not too far from critical. At 298.15K, the
CgF1g + CcHi4 system is heterogeneous for the equimolar com-
position. Nonetheless, by Redlich—Kister interpolation it is pos-
sible to determine the hypothetical, equimolar reference value
for any excess property provided there are sufficient data in the
homogeneous region. This was done by Lepori et al. [1] who
reported a value of 5.1 cm? mol~! for the equimolar excess vol-
ume at 298.15 K. The use of the Prigogine and Defay relation
(Eq. (10)) thus establishes 2.03 kJ mol~! for the endothermic
equimolar excess enthalpy at 298.15 K to be compared with the
experimental values 2.16 and 2.37 kJ mol~! [49,50] for the sim-
ilar C¢F14 + CcH4 system.

(10)

5. Conclusions

In this work, we have presented liquid-liquid equilibrium
of binary mixtures of perfluoro-n-octane + alkanes, n-C,Hop42
(n=6-9), as measured by turbidimetry at atmospheric pressure,
and using a laser light scattering technique for measurements at
pressures up to 150 MPa. A group renormalization theory was
used to calculate the critical temperature and mole fraction for
each mixture, which are difficult to observe experimentally due
to the extended flatness region that these systems exhibit. The
Modified UNIFAC model was used to correlate the experimental
data using interaction parameters that are temperature depen-
dent. Results obtained from the correlation were compared with
the predictive results obtained with the soft-SAFT model using
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interactions parameters adjusted to VLE data. The comparison
showed that the results obtained with the soft-SAFT model are of
better quality than those correlated by UNIFAC, corroborating
the higher predictive capacity of the soft-SAFT model.

List of symbols

Amn UNIFAC group-interaction parameters

A Helmbholtz free energy

nE excess enthalpy

m chain length (for Lennard—Jones segments)

M molecular weight

AM difference in the order parameter between the coexist-
ing phases

P pressure

Ok UNIFAC group surface areas
Ry UNIFAC group volumes

T temperature

To reference temperature equal to 298.15K
of excess volume

by mole fraction

Greek letters

o critical exponent

B critical exponent

Ay correction exponent

e segment interaction energy (between Lennard—Jones
segments)

n size parameter of the generalized Lorentz—Berthelot
combination rules

& energy parameter of the generalized Lorentz—Berthelot
combination rules

0 mass density (kg/m?)

o size parameter of the intermolecular potential/diameter
(for Lennard—Jones segments)

T reduced temperature that expresses the distance from
the critical point

1) volume fraction

Indices

assoc  association term for soft-SAFT EoS

c critical

Chain chain term for soft-SAFT EoS

i component

ref reference term for soft-SAFT EoS

I phase one

I phase two
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Abstract

This work presents new liquid-liquid equilibrium data for mixtures of 1H,1H,7H-perfluoroheptan-1-ol and linear perfluoroalkanes from Cg to Cs.
Data were measured at atmospheric pressure by turbidimetry and at pressures up to 5 MPa using a laser light scattering technique. The coexistence
curves have been fitted to renormalization group extended-scaling expressions with the critical temperature and molar fraction obtained from the

fit.

The soft-SAFT equation of state (EoS) was also used to describe the experimental data at both low and high pressures. A good description
of the immiscibility gap was obtained with this approach although results seem to deteriorate at high pressures showing that the model cannot
simultaneously describe the equilibrium and excess thermodynamic properties.

© 2006 Elsevier B.V. All rights reserved.

Keywords: 1H,1H,7H-perfluoroheptan-1-ol; Linear perfluoroalkanes; Liquid—liquid equilibrium; soft-SAFT EoS; Renormalization group theory

1. Introduction

Phase equilibrium studies of mixtures involving perfluo-
roalkanes are an actual and promising subject due to the
important applications that these mixtures can find in a broad
range of areas.

Extended attention has been given to perfluoroalkane
(PFC) + alkane (HC) mixtures due to their use for industrial and
environmental applications and also because of the unexpected
non-ideal behaviour that these mixtures present. On the basis
of the Scott and Hildebrand regular solution theory, these mix-
tures should be close to ideal, due to the small difference (ca.
1-2 cal’? em™3?) of their solubility parameters that is insuffi-
cient to account for the characteristic incidence of liquid/liquid
immiscibility in PFCs + HCs mixtures [1].

* Corresponding author. Tel.: +351 234 370200; fax: +351 234 380074.
E-mail address: imarrucho@dq.ua.pt (I.M. Marrucho).
! Present address: Departamento de Engenharia Biolégica, Universidade do
Minho, Campus de Gualtar, 4710-057 Braga, Portugal.

0378-3812/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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In previous publications [2,3] attention has been devoted to
the measurement and modelling of vapou-liquid equilibrium
(VLE) and liquid—-liquid equilibrium (LLE) data for PFCs + HCs
mixtures. These works and references therein, mention the unex-
pected immiscibility of these mixtures and the different attempts
to justify this behaviour. The most accepted idea is that it is
related with the weakness of the unlike forces governing the
liquid mixture.

McLure et al. [1] studied the liquid-liquid co-existence
curves of linear methylsiloxane-perfluoroalkane mixtures in
order to study the influence of chain flexibility, where other
effects as size and energy differences are also important. In
this case, the difference in the solubility parameters is lower
than in PFCs + HCs mixtures (ca. 1 call’? cm_3’2) although, as
the authors noticed, dimethylsiloxane-perfluoroalkane mixtures
actually exhibit positive deviations from ideality as large as those
of the alkane-perfluoroalkane mixtures whose solubility param-
eter difference is larger. Following these studies, the LLE of
mixtures of a perfluoroalcohol and linear perfluoroalkanes was
measured and modelled and the results are presented in this
work.
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The importance of this study stems from both a practical
and a fundamental point of view. The practical importance is
justified by the considerable number of applications of perflu-
oroalcohols in a wide range of areas. Owing to their unique
properties as high hydrogen bonding donor ability, low nucle-
ophilicity, high ionising power and ability to solvate water,
fluorinated alcohols have been used to allow reactions, which
usually require the use of added reagents or metal catalysts to
be carried out under neutral and mild conditions [4]. Another
example is the “pseudo-hydroxide extraction”, proposed as a
method for separating alkali metal hydroxide from alkaline salt
solutions using weakly acidic hydroxy compounds such as flu-
orinated alcohols. In both cases, the use of the fluoroalcohol
facilitates the isolation of the products originating high yields,
and the fluoroalcohols could be directly recovered from the
reaction medium and reused. These processes bring an improve-
ment from an environmental point of view, by suppression of
effluents, in particular heavy metals, and they are particularly
simple, since most of the reactions do not require any work-up
[5].

Other recent applications of fluoroalcohols take advantage
of their ability to originate and stabilize the formation of
microemulsions for diverse medical and industrial applications
[6,7] as well as their effect on protein conformations, notably the
induction of a-helix formation. It was observed that the effec-
tiveness of helix induction was found to increase exponentially
with increasing number of fluorine atoms per alcohol molecule
[8].

The hydrophobicity of such highly fluorinated molecules has
also been used to polymerise an epoxy monomer in their pres-
ence with the aim of inducing a surface modification toward
more hydrophobicity using cationic UV-curing as technique
which is solvent free, giving high production rates and low
energy requirements when compared to traditional polymeri-
sation techniques [9].

However, it has also been recently reported that fluorinated
telomer alcohols (FTOHs) may act as precursors to the per-
fluorinated acids (PFCAs) that have been detected widely in
the environment as being ambient persistent and prejudicial
for human beings [10]. Efficient techniques to recover these
compounds before they react are also important from an envi-
ronmental point of view.

From a theoretically point of view, this study can give new
insights regarding the interactions between the constituents of
the mixture helping to understand and develop accurate theoreti-
cal models to describe and predict the thermodynamic behaviour
of this class of mixtures. Having in mind that the difference
between the solubility parameters for the compounds studied in
these mixtures is ca 2.6 call’2 cm=3/2, higher than those men-
tioned before, it is interesting to test the soft-SAFT EoS in the
description of these systems.

The experimental LLE data were measured by turbidimetry
at atmospheric pressure and using a light scattering technique
for higher pressures up to 4.5 MPa. Whenever possible compar-
isons with previously results for the alkane + perfluoroalkane
mixtures [3] will be done, to conclude about the similarity of
the thermodynamics of these two classes of mixtures.

The soft-SAFT EoS [11] was used to model the experimental
data measured. The soft-SAFT EoS [11] was used to model the
experimental data measured. This work appears as a continua-
tion of previous publications [2,3,12] intending to characterize
perfluoroalkanes and their mixtures with other classes of com-
pounds using a versatile and robust EoS, in this case the soft
version of the original SAFT EoS. The molecular parameters
that characterize the pure perfluoroalcohol, according to the soft-
SAFT model, were adjusted to densities and vapour pressures
and are here presented. The molecular parameters of the PFC
are taken from our previous work [2].

2. Experimental

Liquid-liquid equilibria of binary mixtures of 1H,1H,7H-
perfluoroheptan-1-ol (CAS no. 335-99-9)+linear perfluo-
roalkanes, n-C,F,2 (n=6-9), were measured using synthetic
methods: by turbidimetry at atmospheric pressure, and using a
laser light scattering technique for measurements at pressures up
to 5MPa. 1H,1H,7H-perfluoroheptan-1-ol was obtained from
Apollo Scientific with a purity of 98%. Perfluoro-n-hexane
was bought from Sigma—Aldrich (99%), perfluoro-n-heptane
from Apollo Scientific (98%) and both perfluoro-n-octane and
perfluoro-n-nonane are from Fluorochem (99%). All the com-
pounds were used without further purification. This decision
was supported by the work of McLure et al. [1] who concluded
that impurities in the mentioned range do not induce appreciable
changes on the LLE data.

The experimental procedure applied was the same as
previously used [3]. At a nominal pressure of 0.1 MPa, differ-
ent samples of 1H,1H,7H-perfluoroheptan-1-ol + perfluoro-n-
alkane were prepared in ampoules containing a magnetic stirrer.
Samples with different compositions were prepared by weight-
ing using an analytical high precision balance (£0.01 mg) model
Precisa 40 SM-200A. The ampoules containing the mixtures at
different compositions were then immersed in a thermostatic
bath equipped with a calibrated Pt 100 temperature sensor with
an uncertainty of 0.05 K connected to a multimeter, Yokogawa
7561. The water or alcohol thermostatic bath was sufficiently
large to avoid temperature gradients. Cloud points were deter-
mined by visual observation by heating the samples until a
homogeneous phase was obtained followed by slow cooling of
the mixtures until phase separation was observed.

Measurements at pressure higher than the 0.1 MPa nomi-
nal pressure were obtained by a He—Ne laser light scattering
technique. The fully automated apparatus [3] has a thick-walled
Pyrex glass tube cell connected to a pressurization line and sep-
arated from it by a mercury plug. Scattered light intensity (Is)
is captured at a very low angle (2<26 (°) <4) in the outer part
of a bifurcated optical cable, while the transmitted light is cap-
tured in the inner portion of this cable. The cloud-point is the
point on the (Isc,corr)_1 against pressure (P) or temperature (7)
least-squares fits where the slope changes abruptly. The cell can
be operated in the isobaric or isothermal mode. Abrupt changes
in either the transmitted or scattered light upon phase transition
sharpen as the thermodynamic path approaches a perpendicular
angle to the one-phase/two-phase surface. Temperature accuracy
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is typically £0.01 K in the range 240 < T (K) <400. As for pres-
sure, accuracy is +0.01 MPa up to 5 MPa.

The density data for the 1H,1H,7H-perfluoroheptan-1-ol
compound was measured with a vibrating tube Antén Paar DMA
4500 densimeter between 293.15 and 343.15 K at atmospheric
pressure. The measuring principle is based on the calculation
of the frequency of resonance of a mechanic oscillator with a
given mass and volume, which is excited to be in resonance.
The uncertainty of the measurements is +5 x 10™* gcm™3. The
vapour pressure data were taken from the literature [13]. These
data were used to fit the molecular parameters for the soft-SAFT
model [11] of this compound.

3. Modelling
3.1. Renormalization group theory

Systems with liquid-liquid equilibria present long-range con-
centration fluctuations in the vicinity of their consolute critical
temperature. Asymptotically close to the critical point the ther-
modynamic properties vary as a simple power of the temperature
difference or concentration difference with universal critical
exponents, apart from a regular classical part. The non-classical
behaviour of these systems as they approach their critical point
is correctly taken into account from the renormalization group
theory (RG) [14]. Since our experimental conditions were very
close to the consolute critical temperature, we have used the
RG theory [14] to correlate the experimental data and to obtain
the critical temperatures and molar fractions of the studied sys-
tems. These properties are difficult to measure directly from
experiments due to the extended flat critical region observed.
According to the theory [15], asymptotically close to the critical
point the thermodynamic properties vary as a simple power of
the temperature difference or concentration difference (referred
to their critical point values) with universal critical exponents
and can be extended to describe the non-asymptotic region by
the introduction of correction factors [16].

AM = Byt? [1 4+ Bi72 + Byt + .. 1)

where AM is the difference in the order parameter between the
coexisting phases, 8 the critical exponent, B the amplitude, A;
the correction exponent and 7 = (T — T¢)/T holds for the reduced
temperature that expresses the distance from the critical point.
The order parameter is a quantity (mole fraction, volume frac-
tion, density, etc.) chosen to measure the difference between the
two coexisting phases.

By further considering the definition of the diameter of the
coexisting curve [17] the following final equation is obtained:

_ (T p )
x—xc—f< T. ) )

where x stands for the molar fraction, being f=1 for x> x, and
f=—1for x<x.. A and B are parameters to be adjusted to the
experimental data. In this work, we have used the mole fraction
as the order parameter. This choice is usually guided by the
symmetry of the equilibrium curves. The property that originates

the most symmetric curves is usually chosen to be the order
parameter.

3.2. Soft-SAFT model

The experimental data were also correlated with the soft-
SAFT EoS [11]. The model was already used to study the
vapour-liquid and liquid-liquid equilibrium data of mixtures
of perfluoroalkanes both as a correlation and prediction method
[2,3]. As usually done in SAFT-type equations, the soft-SAFT
EoS is formulated in terms of the residual molar Helmholtz
energy, A™*, defined as the molar Helmholtz energy of the fluid
relative to that of an ideal gas at the same temperature and
density. A™ is written as the sum of three contributions:

Ales — Atotal _ Aideal — Aref+Achain+Aassoc 3)

where A™ accounts for the pairwise intermolecular interactions
of the reference system, A" evaluates the free energy due
to the formation of a chain from units of the reference system,
and A*5°¢ takes into account the contribution due to site—site
association. More details about the model for these particular
systems can be found in references [11,17] and in the references
therein.

The SAFT model describes a pure non-associating fluid
as homonuclear chains composed of equal spherical segments
bonded tangentially. Different fluids will have different number
of segments, m, segment diameter, o, and segment interaction
energy, €. The molecular parameters for the linear perfluo-
roalkane compounds had already been obtained and previously
reported [2]. In this work, new molecular parameters are pre-
sented for 1H,1H,7H-perfluoroheptan-1-ol. The molecule was
modelled as an associating compound with two associating
sites that mimic the hydrogen bonds characterizing the perflu-
oroalcohol. These associating sites require two more molecular
parameters to be considered, namely the energy and the volume
of the associating site. For consistency with previous works, the
associating parameters were chosen to be equal to those pre-
viously adjusted for normal alkanols, in a transferable manner
[19].

When dealing with mixtures that are highly non-ideal, the
Lorentz—Berthelot cross-interaction size and energy parameters
need also to be adjusted to experimental data:

oii + 0ij
4
> )

&ij = &ij/Eii€jj &)

4. Results and discussion

Oij = Nij

Density data for 1H,1H,7H-perfluoroeptan-1-ol measured in
this work is presented in Table 1. For the temperature range
studied, experimental data were found to be correctly described
by a linear equation of the type:

Peale = a — bT (6)

where T is the temperature in K and p is the density in g/cm?>.
Coefficients for Eq. (6) are also reported in Table 1.
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Table 1
Density data for the pure 1H,1H,7H-perfluoroheptan-1-ol and coefficients of
Peale =a — bT with T'in K and p in g/cm3

Experimental LLE equilibrium data measured for the studied
systems at atmospheric pressure and high pressure are reported
in Tables 2 and 3, respectively. Experimental data at a nominal

T (K) p(gem™) pressure of 0.1 MPa are presented in Fig. 1a and b in which com-
Density positions are expressed in terms of mole and volume fraction,
293.15 1.7501 respectively. Compositions in terms of volume fractions (¢) are
293.15 1.7502 calculated using the relation:
303.15 1.7327
313.15 1.7150 Xi
323.15 1.6969 i X+ K —x;) )
333.15 1.6785
343.15 1.6597 where K = p;M;/pjM;, being p and M the mass density and the
Coefficients molecular weight, respectively, of components i and j. It is
a 22792 interesting to remark that unlike most systems, the temperature
b 18033 x 107 versus composition diagrams of 1H,1H,7H-perfluoroheptan-1-
AAD 0.0004 . . .
ol + n-PFC mixtures are more symmetric when represented in
terms of mole fractions than volume fractions. However, even in
Table 2
Experimental liquid-liquid solubility data for 1H,1H,7H-perfluoroheptan-1-ol (1) + n-perfluoroalkane (2) mixtures at atmospheric pressure
CoF14 C7F16 CsFig CoFao
T (K) x| T (K) x| T (K) x| T (K) x|
1H,1H-perfluoro-1-heptanol+
277.48 0.6649 275.97 0.7396 294.77 0.6991 299.15 0.7465
280.17 0.6314 280.44 0.7005 296.82 0.6710 305.75 0.6467
283.04 0.6012 285.53 0.6500 298.19 0.6483 307.42 0.5719
284.50 0.5753 289.23 0.5818 299.45 0.6265 307.92 0.5020
285.31 0.5591 287.42 0.6174 299.93 0.6058 307.93 0.4556
286.05 0.5388 284.38 0.6637 301.08 0.5582 307.78 0.4125
287.14 0.5050 281.61 0.6878 301.23 0.5427 307.74 0.3699
287.50 0.4874 277.35 0.7290 301.42 0.5264 305.71 0.2640
287.98 0.4579 289.50 0.5798 301.55 0.5087 304.86 0.2454
288.22 0.4339 290.88 0.5386 301.65 0.4864 303.49 0.2229
288.38 0.4026 291.47 0.5109 301.89 0.4113 302.36 0.2018
288.56 0.3536 292.07 0.4682 301.64 0.4838 298.05 0.1562
288.56 0.3094 292.10 0.4483 301.78 0.4596 295.11 0.1279
287.89 0.2291 292.15 0.4078 301.90 0.4397 271.97 0.8831
288.42 0.2857 292.18 0.3835 301.93 0.4256 279.07 0.8477
288.65 0.3429 292.15 0.3623 301.81 0.3779 291.22 0.8008
288.41 0.2959 292.15 0.3399 301.72 0.3380 297.11 0.7625
288.36 0.2568 291.95 0.2863 301.43 0.3068 301.97 0.7131
287.63 0.2167 291.89 0.2741 301.16 0.2933 304.83 0.6681
287.11 0.1900 291.20 0.2494 301.91 0.4135 306.86 0.6045
286.70 0.1716 292.20 0.3418 301.80 0.3643 307.93 0.5410
285.46 0.1495 292.20 0.3040 301.73 0.3478 301.03 0.1864
285.20 0.1419 291.52 0.2532 301.52 0.3205 306.26 0.2862
283.36 0.1265 291.18 0.2321 301.29 0.3027 306.80 0.3152
279.83 0.1066 290.37 0.2112 300.98 0.2840 307.33 0.3391
279.58 0.1026 289.35 0.1874 300.25 0.2539 286.03 0.0827
277.66 0.0919 288.18 0.1670 299.92 0.2449 292.73 0.1137
276.37 0.0877 286.94 0.1528 299.18 0.2246
285.59 0.1391 298.29 0.2060
283.71 0.1257 296.95 0.1836
278.03 0.0946 295.13 0.1650
287.11 0.7616
294.46 0.7033
293.19 0.7188
290.35 0.7403
279.03 0.8058
297.17 0.1889
294.57 0.1589
292.53 0.1416
290.65 0.1298
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Table 3

Experimental liquid-liquid solubility data for 1H,1H,7H-perfluoroheptan-1-ol (1) + n-perfluoroalkane (2) mixtures at pressures higher than atmospheric and resulting

(0T/0P) for distinct fixed compositions near the critical point

CeF14 (x1 =0.3710) C7F16 (x1 =0.3991)

CgFig (x1 =0.4277) CoFpq (x1 =0.4531)

P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K)
1H,1H,7H-perfluoro-1-heptanol+
0.589 288.75 0.542 291.99 0.179 301.78 0.226 307.97
0.630 288.75 0.890 292.02 0.535 301.82 0.594 308.03
0.822 288.73 1.273 292.04 1.071 301.89 1.160 308.14
1.066 288.73 2.011 292.10 1.585 301.95 1.746 308.25
1.560 288.70 2.523 292.14 2.304 302.04 2.171 308.33
2.185 288.67 3.240 292.19 2.757 302.08 2.821 308.45
2.234 288.67 3.825 292.24 3.077 302.12 3.339 308.54
2.647 288.64 4.450 292.28 3.721 302.20 3.819 308.62
3.282 288.61 4.150 302.26 4.406 308.73
3.984 288.58 4425 302.30
4.252 288.57
(3T/3P). x 10> (KMPa~1)
—5.00 7.53 12.2 18.2

terms of molar fraction the mixtures are less symmetric than the
perfluoro-n-octane + n-alkanes measured previously as is also
shown in Figure 1. The LLE equilibrium data for the mix-
ture perfluoro-n-octane + n-octane measured in a previous work
[3] is here used to elucidate about the difference in symmetry
and immiscibility range characterizing each of these classes of
mixtures.

The pressure dependence of the studied systems is given
in Table 3. It was measured for a fixed composition near the
critical point. Also given in Table 3 are the (d7/0P), ratios cal-
culated from the experimental data measured. It is important
to mention that this ratio increases along the n-perfluoroalkane
series studied passing from negative values for the mixture of
the perfluoro-alcohol with C¢F4 to positive values for the other
mixtures. This change in the signal of the pressure dependence
derivative reflects a signal change in the excess volume. In fact,
according to the Prigogine-Defay equation recently discussed
by Rebelo et al. [20], near the critical region and under some
restrictive assumptions [21], a Clapeyron-type of relationship
can be established in which the pressure dependence of the
critical temperature is directly related to the excess properties
themselves,

ary\ . (Te(p), %)
(d) = T b (oo ®)

P/ (Te(p), x)

As a final comment on the symmetry of the coexistence
curves, the experimental data were plotted as reduced 7, defined
as Treq =T/T¢, as a function of the molar fraction. The diagrams
obtained are shown in Fig. 2 along with those for the perfluoro-
n-octane + n-alkanes mixtures studied in a previous work [3]. It
can be observed that a global LLE diagram can be visualized
helping to support the universality theory reported by Munson
[22] and Gilmour [23].

As mentioned in the previous section our experimental data
at 0.1 MPa were correlated using relations derived from renor-
malization group (RG) theory. Eq. (2) was used to correlate our
mutual solubility experimental data in the entire temperature

interval, including the critical region. Values for A and S to be
used in Eq. (2) together with the calculated values for the critical
temperature, mole fraction and volume fraction for each mixture
are reported in Table 4. The solid lines in Fig. 1a and b represent
the correlations.

Fig. 3 presents the correlation obtained with the RG the-
ory and the correlation given by the soft-SAFT EoS. As
mentioned before, the molecular parameters for 1H,1H,7H-
perfluoroheptan-1-ol were adjusted using the liquid density and
vapour pressure data. The associative energy and volume param-
eters were chosen to be equal to the ones of a normal alcohols
being equal to 3450K and 2250 A3, respectively [18]. The
remaining molecular parameters namely, the number of seg-
ments, m, segment diameter, o, and segment interaction energy,
g, are 3.744, 4245 A and 252.7 K, respectively. Liquid densi-
ties and vapour pressures are fitted to experimental data with an
AAD less than 0.08% and 0.6%, respectively.

In the case of the mixtures, the binary interaction parameters
were adjusted to the experimental LLE data measured. A fixed
size interaction binary parameter equal to 1.05 was used in a
transferable way for all the mixtures. In this way, the energy
interaction parameter was the only adjusted parameter and it
was found to increase along the linear perfluoro-n-alkane series.
Their values were equal to 0.9607, 0.9638, 0.9647 and 0.9655
from Cg to Co. In previous studies of LLE of mixtures with
PFCs using the original soft-SAFT model [3] it was found that
the EoS was not able to adequately describe the entire equilib-
rium diagram. It could provide an acceptable description of the

Table 4
Parameters to be used in Eq. (2) together with critical constants for the studied
mixtures

System A B P1c Xlc T. (K)
CF,H(CF;)¢H,OH +C¢F14  0.6478  0.2510 0.380 0.371  288.36
CF,H(CF;)eH,OH+C7F1¢  0.8301  0.3144 0.349  0.399 292.31
CF,H(CF;)¢H,OH + CgF13  0.8225 0.2963 0.326 0.428 301.81
CF,H(CF;)gH,OH + CoFy¢  0.7718  0.2749  0.304 0.453  307.73
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Fig. 1. Experimental and correlated coexisting curve of 1H,1H,7H-perfluoro-
heptan-1-ol + n-perfluoroalkanes (C¢—Cog) in terms of mole fraction (a) and
volume fraction (b). Symbols represent solubility in n-hexane (4), n-heptane
(M), n-octane (A) and n-nonane (@). Asterisk (*) represents the critical point
for each mixture. The non-filled symbols represent data for n-octane + perfluoro-
n-octane (A) measured by our group in a previous work [3]. The lines represent
the correlated data calculated from renormalization group theory.

experimental data in the region far from the critical point and
even the trend of the critical point shift with the alkane chain
length change in the mixture, but it failed to describe the critical
region. This is not the case for the mixtures studied in this work,
where it was possible to accurately describe the LLE diagram
both far and close to the critical point as shown in Fig. 3.

The binary interaction parameters adjusted using experimen-
tal data at 0.1 MPa have also been used to predict the pressure

1.05

1.00 A

0.95 1

0.90 1

TiTe

0.75 1 o

0.0 0.2 0.4 0.6 0.8 1.0
XCF2H(CF2)6H20H

Fig. 2. Reduced temperature as a function of the molar fractions for all the
mixtures studied in this work (full symbols) and also for perfluoro-n-octane + n-
alkanes (non-filled symbols) using experimental data measured in a previous
work [3]. Symbols as in Fig. 1.

dependence of the phase diagrams. However, these parameters
were not capable of correctly describe the pressure dependence,
being the theoretical predictions higher than the experimental
ones as can be seen in Fig. 4. It was tried to fit binary parameters
to the data measured at higher pressures to achieve an adequate
representation of the pressure dependence of the phase diagrams.

310 A
"’
300 ) _"
) 0 g
\
’ AY
) \
G \
b v
290 4 7 5
f . \ \
f e &
! o L] \
! |. l'.' 3 “\
Y .
2804 M ; :
L J A !
j :' v 1 b
V1l \ LA
/e N
: .l \‘ ‘\ R
r 03 "
270 +AH+ T T T 4
0 0.2 0.4 0.6 0.8 1
xCFZH(CFZ)EHZOH

Fig. 3. Comparison between experimental LLE data for 1H,1H,7H-
perfluoroheptan-1-ol + C, F,,4» mixtures at 0.1 MPa and the predictions obtained
from the soft-SAFT EoS. Symbols represent the experimental data as in Fig. 1.
The dashed lines represent the description obtained with soft-SAFT EoS when
n=1.05and £ =0.9607, 0.9638, 0.9647 and 0.9655 from Cg to Cyg. The full lines
represent the correlated data calculated from renormalization group theory.
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Fig. 4. Prediction of the high pressure experimental data obtained with the soft-
SAFT EoS using the binary parameters adjusted for data at atmospheric pressure
(full lines). Symbols as in Fig. 1 (with thinner lines being guides for the eye).

Nevertheless, using these parameters to describe the LLE data
at 0.1 MPa, makes it possible to identify and locate the phase
diagram on the composition scale but leads to an overpredic-
tion of the two phase region as expected from results reported
in a previous work [3]. This shows that the soft-SAFT EoS is
not able to simultaneously describe the gF and the 4F and vF.
A good description of the gF results in an accurate description
of the phase diagram while a poor description of the 4F and/or
vE leads to a wrong pressure dependency of the critical point,
according to Eq. (8). If one forces a good representation of the
pressure dependence of the critical temperature, and hence, of
the v®/ AP ratio, a poor description of the phase diagram, and
thus of gF is obtained.

These results show that the soft-SAFT EoS, as it was
presented in this work, cannot simultaneously describe the
equilibrium properties (the LLE diagram) and the excess ther-
modynamic properties when using the same set of binary
interaction parameters. Recent works presented derivations of
two versions of the SAFT EoS, the soft-SAFT EoS [24] and the
SAFT-VR Mie [25], and they are attempts to deal with situations
as the one mentioned above. Both works, using different method-
ologies, intend to generalize the SAFT EoS in order to make it
broad enough to be able to simultaneous describe equilibrium
and excess properties, using a same set of parameters, that would
also be more physically robust. In future work, it would be inter-
esting to test the ability of these “extended versions” to predict
the experimental data measured in this work.

5. Conclusions

In this work, liquid-liquid equilibria results of binary mix-
tures of 1H,1H,7H-perfluoroheptan-1-ol + perfluro-n-alkanes,
n-C,Fa,40 (n=6-9), as measured by turbidimetry at atmospheric

pressure, and using a laser light scattering technique, for mea-
surements at pressures up to 5MPa, are presented. A group
renormalization theory was used to calculate the critical tem-
perature and mole fraction for each mixture, which are difficult
to observe experimentally due to the extended flatness of this
region that these systems exhibit.

The soft-SAFT EoS was used to correlate the experimen-
tal data measured at atmospheric pressure. Using a fixed and
transferable size binary interaction parameter, it was possible to
accurately describe the equilibrium data measured including the
critical region. The same binary interaction parameters proved
to be inefficient to predict the higher pressure data measured. As
future work, it would be interesting to look for the possibility of
the existence of a set of molecular and/or interaction parameters
that could simultaneously describe both equilibrium and excess
data.

List of symbols

A Helmbholtz free energy

hE excess enthalpy

m chain length (for Lennard-Jones segments)

M molecular weight

AM difference in the order parameter between the coexist-
ing phases

p pressure

T temperature

vf excess volume

by mole fraction

Greek letters

B critical exponent

Ay correction exponent

€ segment interaction energy (between Lennard-Jones
segments)

n size parameter of the generalized Lorentz-Berthelot
combination rules

& energy parameter of the generalized Lorentz-Berthelot
combination rules

0 mass density (kg m?)

o size parameter of the intermolecular potential/diameter
(for Lennard-Jones segments)

T reduced temperature that expresses the distance from
the critical point

¢ volume fraction

Indices

c critical

i component

assoc  association term for soft-SAFT EoS

calc calculated

chain  chain term for soft-SAFT EoS

ref reference term for soft-SAFT EoS

res residual term for soft-SAFT EoS

Acknowledgements

This project was financed by Fundagdo para a Ciéncia e
Tecnologia, POCI/QUI/57716/2004. Partial support from the



40 J.R. Trindade et al. / Fluid Phase Equilibria 251 (2007) 3340

Spanish government was provided under project CTQ2005-
00296/PPQ.

References

[1] I.LA. McLure, A. Mokhtari, J. Bowers, J. Chem. Soc., Faraday Trans. 93
(1997) 249-256.

[2] AM.A. Dias, J.C. Pamies, J.A.P. Coutinho, .M. Marrucho, L.F. Vega, J.
Phys. Chem. B 108 (2004) 1450-1457.

[3] M.J.P. Melo, A.M.A. Dias, M. Blesic, L.P.N. Rebelo, L.F. Vega, J.A.P.
Coutinho, I.M. Marrucho, Fluid Phase Equilibr. 242 (2006) 210-219.

[4] J.P. Bégué, D. Bonnet-Delpon, B. Crousse, ChemInform (2004) 35-40.

[5] H. Kang, N.L. Engle, P.V. Bonnessen, L.H. Delmau, T.J. Haverlock, B.A.
Moyer, Symposia Papers presented before the Division of Environmental
Chemistry American Chemical Society, 2004.

[6] F. Giulieri, M.P. Krafft, Thin Solid Films 284/285 (1996) 195-199.

[7]1 A.N. Dobreva-Veleva, E.W. Kaler, K.V. Schubert, A.E. Feiring, W.B. Farn-
ham, Langmuir 15 (1999) 4480-4485.

[8] N. Hirota, K. Mizuno, Y. Goto, J. Mol. Biol. 275 (1998) 365-378.

[9] M. Sangermano, R. Bongiovanni, A. Priola, D. Pospiech, J. Polym. Sci.:
A: Polym. Chem. 43 (2005) 4144-4150.

[10] M.J. Dinglasan-Panlilio, S. Mabury, Environ. Sci. Technol. 40 (2006)

1447-1452.

[11] EJ. Blas, L.F. Vega, Mol. Phys. 92 (1997) 135-150.

[12] A.M.A. Dias, H. Carrier, J.L. Daridon, J.C. Pamies, L.F. Vega, J.A.P.
Coutinho, I.M. Marrucho, Ind. Eng. Chem. Res. 45 (2006) 2341-
2350.

[13] L.M.N.B.F. Santos, M.J.M. Monte, M. Fulhem, J.A.P. Coutinho, J. Chem.
Eng. Data, submitted for publication.

[14] N. Nagarajan, A. Kumar, E.S.R. Gopal, S.C. Greer, J. Phys. Chem. 84
(1980) 2883-2887.

[15] JM.H.L. Sengers, W.L. Greer, J.V. Sengers, J. Phys. Chem. Ref. Data 5
(1976) 1-52.

[16] EJ. Wegner, Phys. Rev. B 5 (1972) 4529-4533.

[17] M. LeyKoo, M.S. Green, Phys. Rev. A 16 (1977) 2483-2487.

[18] J.C. Pamies, L.F. Vega, Ind. Eng. Chem. Res. 40 (2001) 2532-2543.

[19] J.C. Pamies, Ph.D. Thesis, Universitat Rovira i Virgili, 2003.

[20] L.P.N. Rebelo, V. Najdanovic-Visak, Z.P. Visak, M. Nunes da Ponte, J.
Trancoso, C.A. Cerdeirifia, L. Romani, Phys. Chem. Chem. Phys. 4 (2002)
2251-2259.

[21] L.P.N. Rebelo, Phys. Chem. Chem. Phys. 1 (1999) 4277-4286.

[22] M.S.B. Munson, J. Phys. Chem. 68 (1964) 796-800.

[23] 1.B. Gilmour, J.O. Zwicker, J. Katz, J. Phys. Chem. 71 (1967) 3259-3264.

[24] F. Llovell, C.J. Peters, L.F. Vega, Fluid Phase Equilibr. 248 (2006) 115—
122.

[25] T. Lafitte, D. Bessieres, M.M. Pineiro, J.L.. Daridon, J. Chem. Phys. 124
(2006).



GENERAL DISCUSSION

Each chapter of this Thesis includes a comprehendiscussion of the
presented work. Therefore, this part offers onlyiaf review.

The Thesis is mainly focused on the phase behauonano (Chapters 1, 2,
and 4) and macro domains (Chapters 5-7) and thdrysagal properties of neat ionic
liquids (Chapter 3) or mixtures containing ioniquids and water, fluorinated or
organic solvents.

Aqueous solutions of ionic liquids of the 1l1-allBAmethylimidazolium
chloride family, [Gmim]CI, and 1-alkyl-3-methylpyridinium chloride faip,
[C,mpy]Cl, with n ranging from 8 to 14 anch ranging from 8 to 18, respectively,
when scrutinised using interfacial tension, fluocee, andH NMR measurements,
present evidence for the self-aggregation of thenf@]" and [Gmpy]® cations into
micellar aggregates. Although the interfacial tensiesults show a decrease in IFT
even forn<8, these compounds do not show a IFT plateaughiehi{Gmim]Cl and
[Crmpy]Cl concentrations which indicates that the lypthobicity is not enough to
build up micelles in these cases. The observetarimnicelle concentration, CMC,
for both families of ionic liquids, shows a goo@drenergy correlation as a function
of n and the dependence for micellisation is similar tbhat of the
alkyltrymethylammonium and alkylammonium chlorigerflies, GTAC and GAC.

The effect of the anion of the ionic liquid on therface tension of aqueous
solutions of [Gomim]X (where X is Cl, [NTf,]” or [PR]") was studied as well. In the
cases of the [NEf and [PE]” anions no micelle formation was detected, addhe
solubility of the corresponding ionic liquids indiet phase separation before any bulk
aggregation occurred.

It was observed that 1-alkyl-3-methylpyridinum-bdsenic liquids can be
used as quenchers for some fluorescence probesqfiliores). In order to verify that
the 1-alkyl-3-methylpyridinium group is able to equé the fluorescence of these
probes, Stern-Volmer quenching constarsy, for the steady-state fluorescence
quenching for pyrene and anthracene were determinech the variation of
fluorescence intensity in the absenkg énd presencd)(of low concentrations, of 1-

alkyl-3-methylpyridinium, c, in ethanenitrile. Frothe slopes of the Stern-Volmer

121



plots values ofKg, = 0.3 mM?! and 0.07 mM', respectively, for pyrene and
anthracene, were obtained. The fact that them]Cl family may act as
fluorescence quenchers opens the possibility afroehing CMCs by detecting the
surfactant concentration for which the quenchingiates from the normal Stern-
Volmer equationj.e, from a slope comparable to that which occursambgeneous
media. The start-point of micellisation defined @MC can be recognised as a
pronounced break-point in the dependencelgof | versus the concentration of
[C.mpy]Cl in aqueous solution. The ability of pyridina ionic liquids to act as a
guencher for some fluorophores can be used asyaseasitive method for monitoring
their concentration change. This method can be irsedbroad concentration range
and in the presence many other species in soluginoe quenching requires a specific
contact pyridinium nucleus-fluorophore.

A family of ionic liquids based on alkanesulfonaeions, [GSG;], and 1-
alkyl-3-methylimidazolium cations, [@im]*, was synthesized, where the size of the
alkyl side chain simultaneously was varied in ¢éon or in the anion. In order to
characterize this family of ionic liquids, their lieg and decomposition
temperatures, and the density and the viscositg &sction of temperature were
determined. No clear pattern was found in the vanaof the melting point
temperatures. The ionic liquids studied have sheeny good thermal stability, with
decomposition temperatures ranging from 600 to KOftheasured by TGA. The
absence of the ester bond in the sulfonate anfofS@s], contributes to a better
thermal stability of these ionic liquids in comsam to those with sulfate anions,
[CmSQy]’,; which at high temperature and in the presenceraxfes of impurities
(water, amines) undergo hydrolysis. The molar va@ussults show a consistent trend
along the series of 1-alkyl-3-methylimidazolium afesulfonate ionic liquids: the
“addition” of a (-CH-) group in either a short or a long alkyl chaiither in the
cation or in the anion, always increases the metdume by the same universal
amount, 17.06 cfmol™ at 298.15 K, irrespective of the ionic liquid ifselt is
observed that the ionic liquid samples based orstifflenate anion are quite viscous
with values ranging from 17 mPa s for,fim][C,SG;] at 356 K to 1055 mPa s for
[Comim][C4SOs] at 296 K. The viscosity of alkanesulfonate basedic liquids
decreases very rapidly with increasing temperatufeor example, for
[Csmim][C4S0O5], one of the more viscous ionic liquids studiedtivis work, the

viscosity decreases one order of magnitude whetethperature changes from 296 K
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to 330 K. Viscosity of the ionic liquids increases, expected, when the alkyl chain
increases, both/either in the cation and/or inathen.

The aggregation behaviour of seven members of shene family
1-alkyl-3-methylimidazolium alkylsulfonate ioniaiilids ([Gmim][CSQs], n =8, 10
or 12;m= 1 andn = 4 or 8;m = 4 or 8) has been investigated in aqueous salutio
under ambient conditions, as well. The ionic licuudith the methylsulfonate anion
([Crmim][C1SQy], n = 8, 10, and 12) behave as conventional cationrtastants,
showing CMC values comparable with those of theesf®ntioned imidazolium and
pyrolidinum halide salts and having equivalent acef activity, reducing water-air
interfacial tension from 72.5 to a minimum cd. 44 mN m'. In contrast, when
amphiphilic character is imparted into both thearatind anion, a synergistic packing
effect appears to lead to the formation of nové&mi@anic surfactants with both lower
CMC values and enhanced surface activity. The laffget on the surface tension can
be explained by a cooperative effect with both oreti and anions forming the
interfacial layer. In comparison to conventionaigte-alkyl chain ionic surfactants,
corresponding gemini type surfactants or doublenchanic liquids, the presence of
amphiphilic structure in both ions shows signifitgrhigher effectiveness of the
surface tension reduction. Contrary to single chamc surfactants where repulsion
between equally charged polar heads is presetheirtase of catanionic surfactants
the net electrostatic attraction between the paditi and negatively charged
amphiphile head groups, helped by van de Waalacéitins between hydrophobic
alkyl chains, enhances dense packing of monomersthen monolayer and
consequently leads to lowering surface tensiohénplateau region

In addition, the thermotropic phase behaviour @njim][CsSO;] was
investigated by variable temperature X-ray scattgrpolarizing optical microscopy
and differential scanning calorimetry. This salowis formation of a smectic liquid

crystalline phase with a broad temperature range.

Solid-liquid and liquid-liquid phase diagrams oixtares containing an ionic
liquid plus a fluorinated benzene (hexafluoroberzen 1,3,5-trifluorobenzene), and
mixtures containing triflate- or pyrrolidinium-baseonic liquids plus benzene (1-
ethyl-3-methylimidazolium triflate or N-ethyl-N-mgglpyrrolidinium
bis(trifluoromethanesulfonyl)-imide plus benzene revedetermined. The phase
diagrams exhibit different kinds of solid-liquid Heeviour, ranging from the
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occurrence of eutectic points, the existence ofgogsent melting points and the
corresponding formation of inclusion crystals, be tobservation of different ionic
liquid crystalline phases (polymorphism). Thesdedént types of behaviour can be
controlled by temperature annealing during crygtaion or by the nature of the

aromatic compound.

The mutual solubilities of many mixtures of commpnised ionic liquids
(imidazolium, pyridinium, phosphonium and ammoniwnic liquids) with partially
fluorinated alcohols (C7 to C10 carbon chain lehgth perfluoroheptane were
explored. It was found that ionic liquids with largalkyl-side chains in the
imidazolium cation show a larger immiscibility domavith fluorinated alcohols than
their shorter-chain counterparts — a behaviour sppof that shown when n-alcohols
are mixed with these same ionic liquids. Also, rrgler hydrogenated carbon chain — a
kind of “spacer” - between the fluorinated chaim @ime hydroxyl group of the alcohol
also decreases the miscibility between the two amapts of the mixture.

We have also measured cloud-points correspondimg liquid—liquid
equilibrium (LLE) for mixtures of perfluoro-octane and linear alkanes from C6 to
C9. The Modified UNIFAC and the soft-SAFT model wensed to correlate the
experimental data using interaction parameters dnattemperature dependent. The
comparison showed that the results obtained wighsthft-SAFT model are of better
quality than those correlated by UNIFAC, corrobmrgthe higher predictive capacity
of the soft-SAFT model

Liquid—liquid equilibria of binary mixtures of 1#HH,7H-perfluoroheptan-1-ol
+ perfluron-alkanes n-CpFzn4+2 (N = 6-9) were investigated. It was shown that using
the soft-SAFT EoS with a fixed and transferablee 9imary interaction parameter to
correlate the experimental data it is possible doueately describe the equilibrium
data measured at atmospheric pressure includingritiheal region. The same binary
interaction parameters proved to be inefficientptedict the higher pressure data

measured.
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On the Self-Aggregation and Fluor escence Quenching
Aptitude of Surfactant lonic Liquids

Chemicals. lonic liquids and ionic liquids preparation. The 1-alkyl-3-
methylpyridinum chlorides, [@npy]ClI (h=4, 10, 12, 14, 16, 18), 1-dodecyl-1-
methylpyrrolidinum bromide, 1-dodecyl-3-methylpyindim bromide, and 1-dodecyl-
1-methylpiperidinium bromide [GY]Br (Y = mpyrr, mpy and mpip — see Scheme 1 of
main text) were synthesized by reaction of 1 mol oB8-methylpyridine, 1-
methylpyrrolidine or 1-methylpiperidine with ana®ss of the appropriate haloalkane
(2.3 mol). This excess also allows for the reastdnt be stirred without additional
solvent at 70 °C and the progress of reactionsmasitored by"H-NMR spectroscopy
in CDCl. Upon completion of the reaction there was no @we for the presence of 3-
methylpyridine, 1-methylpyrrolidine or 1-methylpipdine.The ionic liquids were
purified with ethyl ethanoate. The volume of ethgthanoate used for the
recrystallization was approximately half that o¢ tmalide salt. The ethyl ethanoate was
decanted, followed by the addition of fresh ethylamoate, and this step was repeated
five times. The remaining ethyl ethanoate was resdam vacuo and the ionic liquids
were dried to remove any small traces of volatilenpounds by applying vacuum
(0.1 Pa) at moderate temperatures (60-80 °C) facdlly 72 h. All chemicals were
purchased from Sigma-Aldrich; the more volatileuldp were purified by distillation
under vacuum before use. For the NMR experimaditsiichloromethane (D+0.03%)
(Euriso-top) was used.

Chemicals. IFT, Fluorescence, and NMR measurements. Doubly-distilled
deionised water was obtained from a Millipore M{@i water purification system
(Millipore, USA). Both for the IFT and fluorescenoeeasurements [@py]Cl stock
solutions were prepared in either 1.£410° M pyrene or 1.06x 10° M anthracene
aqueous solution, and all studied solutions weepgred from the stock solutions
diluting with the same pyrene or anthracene aqueoligion. Pyrene (Fluka, Germany,
99%) was recrystallized from benzene. Anthracenkiké Germany,puriss, for
scintillation) and ethanenitrile (Merck, Germanyadjent grade) were used without
further purification. For the NMR experiments,(Cambridge Isotope Lab., USA, D,

99.9%) was used.
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Spectra for purity assessment. *H- and **C-NMR analyses showed no major
impurities in the ionic liquids as prepared abo##.NMR spectra were recorded at
room temperature on a Bruker Avance spectrometeK [B3B0, using deuterated
chloroform as solvent.

Techniques and methodologies.

Interfacial tension. Interfacial tension (IFT) was measured using apD&hape
Analysis Tensiometer Kruss DSA1 v 1.80 working Ire tpendant drop mode at a
constant temperature of (23 £ 2) °C. IFT is deritieuin the fit of the pendant drop
profile, and care was taken to ensure that therapmawas calibrated with several
solvents of known IFT in the range of interest. Tieps were left to equilibrate close
to the rupture point and at least three consisteesurements per solution were
recorded.

Fluorescence spectroscopy. Fluorescent probes, anthracene and pyrene, were
used in order to ascertain the onset of the aggoggaf ionic liquids in water. Steady-
state fluorescence spectra of the pyrene-contammuganthracene-containing solutions
in 1 cm quartz cuvettes were recorded with a Cagriann Eclipse Fluorescence
Spectrometer and collected at a 90° angle. All oreasents were done at room
temperature. The excitation wavelength used forempgrand anthracene-containing
samples was 337 nm or 357 nm, respectively. Angmacemission spectra were
recorded between 350 and 450 nm and the totalefeence intensity calculated by
integration. In the case of pyrene, the fluoreseem@s collected at 373 nm, the
wavelength of the first vibronic emission band.

'H NMR spectroscopy. Proton NMR spectra were recorded on a BRUKER
Avance 400 ultrashield Plus spectrometer, operatr0.13 MHz and equipped with
5 mm diameter inverse detection broadband probd, vagh the following acquisition
parameters: spectral width, 6 kHz; pulse widtms4(45° flip angle); data points, 64K;
repetition delay, 1.5 s; number of transients, &fnperature, 303 K. The water

resonance was suppressed with a pre-saturatioe. puls
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Table 1. H chemical shift data of 1-alkyl-3-methylpyridiniuchlorides in CDGJ

NN
3 ,---. 5
|
2. -7 _6
\ /
N
8 10 A2 A4 _-16 18 -2 22 24
So N ™ T 5T N7 g S217 Y230 Yos
| CH(2) | CHi(7) CH(4) CH(5) CH(6) CHy(8) CH,(9) CH2(10...(n+6)) | CHs(n+7)
4
nr 1 3 1 1 1 2 2 10 3
0 9.8 2.68 8.29 8.08 9.48 5.01 2.07 1.4 0.97
m s s d t (J=6) d (J=6) t (J=7.5) m m | t (J=6.6)
(J=7.8)
10
nr 1 3 1 1 1 2 2 14 3
o) 9.7 2.67 8.29 8.1 9.44 4.98 2.07 1.27 0,86
m s s d t (J=6) d (J=6) t (J=7.2) m bp | t(J=6.3)
(J=8.1)
12
nr 1 3 1 1 1 2 2 18 3
o | 9.53 2.66 8.25 8.03 9.42 4.99 2.05 1.29 0,87
m s s d | t(J=6.3) d (J=5.7) t (J=7.5) m bp | t(J=6.3)
(J=7.8)
14
nr 1 3 1 1 1 2 2 22 3
| 9.49 2.66 8.25 8.03 9.39 4.99 2.04 1.28 0,88
m s s d | t(J=6.3) d (J=6) t (J=7.5) m bp | t(J=6.3)
(J=8.1)
16
nr 1 3 1 1 1 2 2 26 3
& | 9.59 2.66 8.26 8.05 9.45 4.99 2.04 1.28 0.88
m s s d | t(J=6.3) d (J=6) t (J=7.5) m bp | t(J=6.6)
(J=8.1)
18
nr 1 3 1 1 1 2 2 30 3
o | 9.67 2.67 8.28 8.08 9.47 4.99 2.05 1.28 0.88
m s s d t (J=6) d (J=6) t (J=7.2) m bp | t(J=6.6)
(J=8.1)
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Table 2. °C chemical shift data of 1-alkyl-3-methylpyridiniuchlorides in CDG

n | CHQ) | cE CH3(3) | CH(4) CH(5) | CH(6) | CHa(7) | CHx(8) | CHx(9) | CH2(10..(n+3)) | CHa(n+4) | CHy(n+5) | CHa(n+6)
B 14522 | 139.94 | 19.02 | 14577 [ 12822 | 142,91 | 62.04 | 32.41 | 32.13 29,5 [ 2645 | 2295 | 14.42
ij 145.20 | 140.00 | 19.17 [ 14572 [ 128.10 | 142,97 | 62.29 | 3252 | 32.30 29,7 | 2654 | 23.08 | 1453
14516 | 14000 | 19.15 | 14576 | 128.16 | 142,97 | 62,27 | 32.49 | 32.32 29,7 | 2654 | 2300 | 1453
16
145,26 | 139.97 | 19.10 | 145.75 | 128.20 | 142.97 | 62.14 | 32.49 | 32.29 29.7 | 26.20 | 23.06 | 14.5
- 145,74 | 128.15 | 142,93 | 62,32 | 32.47 | 32.33 29,7 | 26.54 | 23.09 | 14.53

145,10 | 139.99 | 19.16

'H NMR of 1-dodecyl-3-methylpiperidinum bromide

4
3/ \5

I
2\+N<6

8 10
\9/ ~1

IH-NMR (CDCl, 300MHz): 3/ppm = 3.669-3.552 (m, GH(2,6,8)); 3.268 (s, CH7)); 1.864-1.668

7

1

15

/12\13 /14\ /16\ /18\

17

19

(M,CH, (3,4,5)); 1.294-1.184 (bp, GH10-18)); 0.811 (t, J=7, GH19)).

'H NMR of 1-dodecyl-3-methylpyrrolidinium bromide

3= 4\

| 5
o/

N— 7. 9 1
/ \8/ \10 ~

6

'H-NMR (CDCl;, 300MHz):5/ppm = 3.867-3.842 (m, GH2,5)); 3.686-3.626 (t, J=6.3, GI7)); 3.299

12

/13\14 A5 AT

16

18

(s, CH(6)); 2.314-2.311 (m,CH{3,4)); 1.798-1.783 (m, CH8)); 1.360-1.1255 (bp, GH9-17)); 0.859-
0.904 (t, J=7, CH3 (18)).
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Table 3. Melting, decomposition and freezing poirdE1-alkyl-3-methylpyridinium

chlorides

Compounds studied TmpC T deconilC Tfr/°C
[C4(3)mpy] CI 111.3 242 -
[Ce(3)mpy] CI 81.9 238 -
[Ca(3)mpy] Cl 80.0 232 -
[C10(3)mpy] Cl 79.3 227 52.4
[C12(3)mpy] Cl 87.6 227 51.8
[C14(3)mpy] Cl 93.6 227 60.0
[C16(3)mpy] Cl 109.8 228 78.7
[C1s(3)mpy] Cl 112.2 228 72.7

Table 4. Charge distribution and geometry of isolated Mjhethylpyrrolidinium
(pyrr) and N,N-dimethylpiperidinium (pip) cation®tainedab initio (cf. experimental

section). The numbering of the atoms is differeobf the rest of the manuscript but, on

the one hand, it reflects the ordering of the zrives used to build the files from MD
calculations, and on the other hand it constitateambiguous self-contained set.

Atomic definition and atomic point charges (in a.c.u.)

pyrr pip pyrr pip
N1 0.13 0.20 H13 (cyclemeta) 0.06 0.06
C2 (cycle,ortho) 0.07 -0.09 H14 (cyclemeta) 0.06 0.02
C3 (cycle,ortho) 0.07 -0.09 H15 (cyclemeta) 0.06 0.02
C4 (cyclemeta) -0.04 0.02 H16 (cycle meta) 0.06 0.06
C5 (cyclemeta) -0.04 0.02 H17 (cyclepara) 0.04
C6 (cyclepara) -0.07 H18 (cyclepara) 0.06
C7 (methyl) -0.22 -0.36 H19 (methyl) 0.13 0.17
C8 (methyl) -0.22 -0.33 H20 (methyl) 0.13 0.19
H9 (cycle,ortho) 0.05 0.10 H21 (methyl) 0.14 0.17
H10 (cycle,ortho) 0.05 0.09 H22 (methyl) 0.13 0.16
H11 (cycle,ortho) 0.05 0.09 H23 (methyl) 0.13 0.17
H12 (cycle,ortho) 0.05 0.10 H24 (methyl) 0.14 0.17
Bond lengths (in pm)
R(1,2) 152 151 R(4,13) 108 108
R(1,3) 152 151 R(4,14) 108 108
R(1,7) 150 149 R(5,6) 153
R(1,8) 150 149 R(5,15) 108 108
R(2,4) 153 152 R(5,16) 108 108
R(2,9) 108 108 R(6,17) 109
R(2,10) 108 108 R(6,18) 108
R(3,5) 153 152 R(7,19) 108 108
R(3,11) 108 108 R(7,20) 108 108
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R(3,12) 108 108 R(7,21) 108 108
R(4,5) 154 - R(8,22) 108 108
R(4,6) - 153 R(8,23) 108 108

R(8,24) 108 108
Angles (in degrees of arc)

A(2,1,3) 108 110 A(3,5,4) 108

A(2,1,7) 110 111 A(3,5,6) - 111

A(2,1,8) 110 109 A(3,5,15) 110 111

A(3,1,7) 110 111 A(3,5,16) 110 107

A(3,1,8) 110 109 A(4,5,15) 111 -

A(7,1,8) 109 108 A(4,5,16) 111 -

A(1,2,4) 108 113 A(6,5,15) - 111

A(1,2,9) 108 106 A(6,5,16) 111

A(1,2,10) 108 107 A(15,5,16) 107 106

A(4,2,9) 113 110 A(4,6,5) - 111
A(4,2,10) 113 112 A(4,6,17) - 110
A(9,2,10) 108 108 A(4,6,18) - 110

A(1,3,5) 108 113 A(5,6,17) - 110
A(1,3,11) 108 107 A(5,6,18) - 110
A(1,3,12) 108 106 A(17,6,18) - 107
A(5,3,11) 113 112 A(1,7,19) 109 109
A(5,3,12) 113 110 A(1,7,20) 109 110
A(11,3,12) 108 108 A(1,7,21) 109 109

A(2,4,5) 108 - A(19,7,20) 110 110

A(2,4,6) - 111 A(19,7,21) 110 110
A(2,4,13) 110 107 A(20,7,21) 110 110
A(2,4,14) 110 111 A(1,8,22) 109 109
A(5,4,13) 111 - A(1,8,23) 109 109
A(5,4,14) 111 - A(1,8,24) 109 109
A(6,4,13) - 111 A(22,8,23) 110 110
A(6,4,14) - 111 A(22,8,24) 110 110
A(13,4,14) 107 106 A(23,8,24) 110 110
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1-Alkyl-3-methylimidazolium alkanesulfonate ionic

liquids: synthesis and physicochemical properties

| [CHsmim][SOsCH3]. Methyl methanesulfonate (25 1.05mol eq) dissolved in ethyl ethanoate (50ml)
was placed in a 500 ml round-bottomed flask andestivigorously. The mixture was cooled in an ice-
bath, and 1-methylimidazole (17.8 g, 1mol eq) dis=wh in ethanoate (50ml) was added dropwise using a
dropping funnel. Strongly exothermic reaction waseryved upon adding. After stirring for 8 h, thadw
product was washed 4 times with ethyl ethanoateder to remove unreacted reagents. Removal of the
remaining solvenin vacuo gave the desired produtimethyl-3-methylimidazolium methanesulfonate
as a white solid (40.5g, 97.4% vyield).
'H-NMR (CDCls, 300MHz):8/ppm = 2.75 (s, 3H, SG}i 4.03 (s, 6H, NCh); 7.61 (s, 2H, NCH); 9.70
(s,1H, NCHN).
3C-NMR (CDCls, 75MHz):8/ppm =36.50 (SCHJ; 40.13 (NCH); 124.00 (NCH); 138.89 (NCHN).
MSES" m/z (% rel. Intensity): 97 M(100). Calcd. for gHgN,: 97.0776; found: 97.0770.
MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkDsS: 94.9803; found: 94.9795.

[C,Hsmim][CH3SO4]: Following the general procedure 1b (8D, 72 h),1-ethyl-3-methylimidazolium
methanesulfonate was obtained as a yellowish liquidda. 91 % yield.

'H-NMR (CDCl;, 300MHz):8/ppm = 1.00 (t, 3H, J= 7.5Hz, GBH); 2.15 (s, 3H, SCH; 3.50 (s, 3H,
NCH;); 3.80 (g, 2H, J=7.5 Hz, NG} 7.16 (s, 1H, ICHCH); 7.19 (s, 1H, KHCH); 9.13 (s, 1H,
NCHN).

BC-NMR (CDCl;, 75MHz): 3/[ppm =10.01 (CHCHs); 36.01 (SCH); 44.14 (NCH); 44.39 (NCHy);
122.12 (NCH); 124.03 (NCH); 138.81(NCHN).

MSES" m/z (% rel. Intensity): 111 M(100). Calcd. for g@H4;:N,: 111.0922; found: 111.0922

MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkDsS: 94.9803; found: 94.9800.

[CsH;mim][SOsCH3]. Following the general procedure la (12 h) and 1 °@, 96 h),1-propyl-3-
methylimidazolium methanesulfonate was obtained as a very pale yellow liquict@n 94 % vyield.
'H-NMR (CDCl;, 300MHz): 8/[ppm = 0.69 (t, 3H, J=7.5 Hz, GBH3); 1.63-1.71 (m, 2H, J=7.5 Hz,
CH,CHsy); 2.47 (s, 3H, SCh}; 3.70 (s, 3H, NCk); 3.98 (t, 2H, J=7.2 Hz, NCiit 7.33 (d, 1H, J=1.8 Hz,
NCH); 7.41(d, 1H, J=1.8 Hz, NCH); 9.49 (s, 1H, NCHN

C-NMR (CDCl;, 75MHz): 5/ppm = 10.88 (ChCH3); 23.78 CH,CHs); 36.45 (SCH); 40.03 (NCH);
51.40 (NCH); 122.64 (NCH); 124.10 (NCH); 137.76 (NCHN).

MSES" m/z (% rel. Intensity): 125 M(100). Calcd. for €H,5N,: 125.1079; found: 125.1076

MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkD;S: 94.9803; found: 94.9801.
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[CsHomMim][SOsCH4]. Following the general procedure 1la (12 h) and 1 °@, 50 h), 1-butyl-3-
methylimidazolium methanesulfonate was obtained as a white crystalline solid (86%dyie

'H-NMR (CDCl;, 300MHz): 8/[ppm = 0.96 (t, 3H, J=7.5 Hz, GBH3); 1.31-1.41 (m, 2H, J=7.5 Hz,
CH,CHjy); 1.84-1.94 (m, 2H, J=7.5 Hz, NGEH,); 2.76 (s, 3H, SCkJ; 4.06 (s, 3H, NCh); 4.28 (t, 2H,
J=7.2 Hz, NCH); 7.55 (s, 1H, ICH); 7.66 (s, 1H, ICH); 9.81 (s, 1H, NCHN).

BC-NMR (CDCL, 75 MHz):8/ppm = 13.65 (CKCH3); 19.63 CH,CHs); 32.35 CH,CH,CH); 36.51
(SCH); 40.05 (NCH); 49.80 (NCH); 122.56 (NCH); 124.17 (NCH); 137.88 (NCHN).

MSES" m/z (% rel. Intensity): 139 M(100). Calcd. for gH;sN,: 139.1235; found: 139.1228

MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkD;S: 94.9803; found: 94.9799.

[CsH1:mim][SOsCH4]. Following the general procedure l1a (12 h) and 1b°@, 72 h), 1-pentyl-3-
methylimidazolium methanesulfonate was obtained as a white solid (86% yield).

'H-NMR (CDCk, 300MHz): 8/ppm = 0.89 (t, 3H, J=6.8 Hz, GBH:); 1.28-1.40 (m, 4H, J=7.5 Hz,
(CH2)2CHz); 1.85-1.95 (m, 2H, J=7.5 Hz, NGEH,); 2.76 (s, 3H, SCk); 4.06 (s, 3H, NCh); 4.27 (t,
2H, J=7.5 Hz, NCH); 7.52 (d, 1H, J=1.8 Hz,GH); 7.66 (d, 1H, J=1.8 Hz, GH); 9.81 (s, 1H, NCHN).
C-NMR (CDCk, 75MHz): 3/[ppm = 14.09 (ChCHa); 22.29 CH,CHy); 28.49 CH,CH,CHy); 30.19
(NCH,CH,); 36.57 (SCH); 40.08 (NCH); 50.11 (NCH); 122.49 (NCH); 124.20 (NCH); 137.98
(NCHN).

MSES" m/z (% rel. Intensity): 153 M(100). Calcd. for gH,/N,: 153.1392; found: 153.1383.

MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkDsS: 94.9803; found: 94.9796.

[CeH1smim][SO;CH3]. Following the general procedure l1la (48 h) and 1b°F, 72 h), 1-hexyl-3-
methylimidazolium methanesulfonate was obtained as a pale yellow liquid (67 % yield).

'H-NMR (CDCk, 300MHz):8/ppm = 0.41 (t, 3H, J=6.8 Hz, GBH); 0.85 (br, 6H,(CH,);CHs); 1.42
(br, 2H, NCHCH,); 2.76 (s, 3H, SCk}; 3.61 (s, 3H, NCHh); 3.81 (t, 2H, J=6.3 Hz, NCjit 7.18 (d, 1H,
J=1.5 Hz, NCHCH); 7.29 (d, 1H, J=1.5 Hz, GHCH); 9.25 (s, 1H, NCHN).

B3C-NMR (CDCl;, 75MHz): 8/[ppm = 13.92 (CHCH3); 22.31 CH,CH3); 25.77 CH,CH,CH3); 30.19
(N(CH,)2CHy); 31.02 (NCHCH,); 36.19 (SCH); 39.84 (NCH); 49.71 (NCH); 122.48 (NCH); 124.01
(NCH); 137.39 (NCHN).

MSES" m/z (% rel. Intensity): 167 M(100). Calcd. for GHgN,: 167.1548; found: 167.1499.

MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkDsS: 94.9803; found: 94.9796.

[CgH17mim][SOsCH4]. Following the general procedure l1a (48 h) and 1b°@, 72 h),1-octyl-3-
methylimidazolium methanesulfonate was obtained as a pale yellow liquid (82 % yield).

'H-NMR (CDCl;, 300MHz):8/ppm = 0.56 (t, 3H, J=6.8 Hz, GBH5); 0.98 (br, 10H(CH,)sCH,); 1.59
(br, 2H, NCHCH,); 2.46 (s, 3H, SCkJ; 3.70 (s, 3H, NCH); 3.98 (t, 2H, J=6.9 Hz, NCHt 7.27 (d, 1H,
J=1.2 Hz, NCHCH); 7.41 (d, 1H, J=1.2 Hz, GHCH); 9.48 (s, 1H, NCHN).

C-NMR (CDCk, 75MHz): /[ppm = 14.21 (ChCH3); 22.69 CH,CHs); 26.36 CH,CH,CHy); 29.08
(CH2(CH,)2CHs); 29.15 (N(CH)sCH,); 30.47 (N(CH),CH,); 31.79 (NCHCH,); 36.42 (SCH); 39.98
(NCHa); 49.99 (NCH); 122.67 (NCH); 124.18 (NCH); 137.74 (NCHN).
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[CioH2mim][SOsCH3]. Following the general procedure 1a (48 h) and 1 °@, 96 h),1-decyl-3-
methylimidazolium methanesulfonate was obtained as a white solid (85% yield).

'H-NMR (CDCL, 300MHz):8/ppm = 0.79 (t, 3H, J=6.6 Hz, GBH5); 1.18 (br, 14H(CH,);CH,); 1.81
(t, 2H, J=6.6 Hz, NCKCH,); 2.67 (s, 3H, SCkJ; 3.97 (s, 3H, NCh); 4.18 (t, 2H, J=7.5 Hz, NCHt 7.45
(s, 1H, NCHCH); 7.61 (s, 1H, ®HCH); 9.68 (s, 1H, NCHN).

C-NMR (CDCk, 75MHz): /[ppm = 14.29 (ChCH3); 22.81 CH,CHs); 26.43 CH,CH,CHy); 29.19
(CHy(CH,),CHs); 29.40 (CHy(CH,):CHg); 29.56 (CH,(CH,)4,CHg); 29.63 (N(CH)sCH,); 30.49
(N(CH,),CHy); 31.99 (NCHCHy,); 36.40(SCH); 40.00(NCH); 50.05 (NCH); 122.48 (NCH); 124.22
(NCH); 137.80 (NCHN).

MSES" m/z (% rel. Intensity): 223 M(100). Calcd. for @H,/N,: 223.2174; found: 223.2164.
MSES m/z (% rel. Intensity): 95 M(100). Calcd. for CkD;S: 94.9803; found: 94.9798.

[CHsmim][SOsC,H5]. Following the general procedure l1a (12 h) and 1b °®, 48 h), 1-ethyl-3-
methylimidazolium ethanesulfonate was obtained as a pale yellow liquid (87 % yield).

'H-NMR (CDCk, 300MHz): 8/ppm = 0.99 (t, 3H, J=7.5 Hz, NGBHs); 1.23 (t, 3H, J=7.5 Hz,
SCHCHy); 2.50 (q, 2H, J=7.5 Hz, SGH 3.72 (s, 3H, NCh); 4.02 (q, 2H, J=7.5 Hz, NG} 7.34 (s,
1H, NCHCH); 7.35 (s, 1H, RHCH); 9.48 (s, 1H, NCHN);

BC-NMR (CDCk, 75MHz): 8/ppm = 10.06 (NCKCHj); 15.75 (SCHCHs); 36.30 (£H,CH,); 45.01
(NCHjy); 45.99 (NCH); 122.35 (NCH); 124.02 (NCH); 137.35 (NCHN).

MSES" m/z (% rel. Intensity): 111 M(100). Calcd. for gH,;N,: 111.0922; found: 111.0966.

MSES m/z (% rel. Intensity): 109 M(100). Calcd. for gH505S: 108.9959; found: 108.9980.

[CsH;mim][SOsC,Hs]. Following the general procedure 1a (12 h) and Xb°® 72 h),1-propyl-3-
methylimidazolium ethanesulfonate was obtained as a pale yellow liquid (90 % yield).

'H-NMR (CDCk, 300MHz): 8/ppm = 0.97 (t, 3H, J=7.5 Hz, N(GHCH3); 1.34 (t, 3H, J=7.5 Hz,
SCH,CHa); 1.90-2.05 (m, 2H, J=7.5 Hz, NGEH,); 2.85 (g, 2H, J=7.5 Hz, SGH 4.06 (s, 3H, NCHh);
4.26 (t, 2H, J=7.2 Hz, NCjjit 7.60 (d, 1H, J=6.6 Hz, BHCH); 7.69 (d, 1H, J=6.6 Hz, BHCH); 9.85 (s,
1H, NCHN).

BC-NMR (CDCl, 75MHz): 8/ppm = 10.19 ((CH),CHs); 10.92 (SCHCH,); 23.85 (NCHCH,); 36.50
(SCH,CHsy); 46.15 (NCH); 51.44 (NCH); 122.63 (NCH); 124.16 (NCH); 137.94 (NCHN).

MSES" m/z (% rel. Intensity): 125 M(100). Calcd. for @H,5N,: 125.1079; found: 125.1073.

MSES m/z (% rel. Intensity): 109 M(100). Calcd. for gHs05S: 108.9959; found: 108.9950.

[C4HomMim][SOsC,H5]. Following the general procedure la (48 h) and 1 °®%, 72 h), 1-butyl-3-
methylimidazolium ethanesulfonate was obtained as a white solid (84 % vyield).

'H-NMR (CDClk, 300MHz): 8/ppm = 0.96 (t, 3H, J=7.2 Hz, (GHCH,); 1.36 (m, 5H, J=7.5 Hz,
N(CH,).CH,), SCHCHj); 1.88 (m, 2H, J=7.5 Hz, G&H,); 2.89 (q, 2H, J=7.5 Hz, SGH 4.06 (s, 3H,
NCHy); 4.28 (t, 2H, J=7.5 Hz, NC}{ 7.28 (t, 1H, J= 1.8 Hz, BHCH); 7.39 (t, 1H, J=1.8 Hz, GHCH);
10.06 (s, 1H, NCHN).
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3C-NMR (CDChk, 75MHz): 8/[ppm= 10.32 ((CH)3CHa); 13.82 (SCHCH,); 19.87 (N(CH),CH,); 32.52
(NCH,CH,); 36.89 (£H,CHj); 46.27 (NCH); 51.19 (NCH); 121.96 (NCH); 123.66(NCH); 139.11
(NCHN).

MSES" m/z (% rel. Intensity): 139 M(100). Calcd. for gH;sN,: 139.1235; found: 139.1231

MSES m/z (% rel. Intensity): 109 M(100). Calcd. for gHs05S: 108.9959; found: 108.9953.

[CsH1:mim][SOsC,H5s). Following the general procedure la (12 h) and 1b°E 72 h),1-pentyl-3-
methylimidazolium ethanesulfonate was obtained as a white solid (52 % vyield).

'H-NMR (CDClk, 300MHz): 8/ppm = 0.90 (t, 3H, J=6.9 Hz, (GH4CH3); 1.34 (m, 7H, J=7.5 Hz,
NCH,(CH,),, SCHCH3); 1.89 (m, 2H, J=7.5 Hz, NGE&H,); 2.88 (q, 2H, J=7.5 Hz, SGH 4.06 (s, 3H,
NCH); 4.26 (t, 2H, J=7.5 Hz, NC}{ 7.32 (t, 1H, J= 1.5 Hz, BHCH); 7.44 (t, 1H, J=1.8 Hz, GHCH);
10.02 (s, 1H, NCHN).

BC-NMR (CDCk, 75MHz): /ppm = 0.90 (t, 3H, J=6.9 Hz, (GHCH,); 1.34 (m, 7H, J=7.5 Hz,
NCH,(CH,),, SCHCH3); 1.89 (m, 2H, J=7.5 Hz, NGE&H,); 2.88 (q, 2H, J=7.5 Hz, SG} 4.06 (s, 3H,
NCHy); 4.26 (t, 2H, J=7.5 Hz, NCH 7.32 (t, 1H, J= 1.5 Hz, BHCH); 7.44 (t, 1H, J=1.8 Hz, GHCH);
10.02 (s, 1H, NCHN).

MSES" m/z (% rel. Intensity): 153 M(100). Calcd. for gH,/N,: 153.1392; found: 153.13809.

MSES m/z (% rel. Intensity): 109 M(100). Calcd. for gHs05S: 108.9959; found: 108.9952.

[CeH1smim][SOsC,H5s). Following the general procedure 1a (12 h) and 1 °® 72 h),1-hexyl-3-
methylimidazolium ethanesulfonate was obtained as a white solid (55 % yield).

'H-NMR (CDCk, 300MHz): 8/ppm = 0.55 (t, 3H, J=6.9 Hz, (GHCH3); 1.01 (m, 9H,(CH,);CH;;
SCH,CHgy); 1.57 (k, 2H, J=6.6 Hz, NCi{€H,); 2.50 (q, 2H, J=7.5 Hz,GH,CHj); 3.74 (s, 3H, N-Ch);
3.96 (t, 2H, J=7.5 Hz, NC}t 7.27 (d, 1H, J=1.8 Hz, BHCH); 7.42 (d, 1H, J=1.5 Hz,BGHCH); 9.50 (s,
1H, NCHN).

BC-NMR (CDCk, 75MHz): 8/[ppm = 10.11 (N(CHsCH3); 14.06 (SCHCHs); 22.49 (N(CH),CH,);
25.97 (N(CH)3CH,); 30.38 (N(CH),CH,); 31.21 (NCHCH,); 36.39 (¥£H,CHy); 46.06 (NCH); 49.94
(NCHy); 122.48 (NCH); 124.18 (NCH); 137.80 (NCHN).

MSES" m/z (% rel. Intensity): 167 M(100). Calcd. for GHgN,: 167.1548; found: 167.1550.
MSES m/z (% rel. Intensity): 109 M(100). Calcd. for gH505S: 108.9959; found: 108.9970.

[C,HsmMim][SOsCsH+]. Following the general procedure l1a (12 h) and 1 °®, 48 h), 1-ethyl-3-
methylimidazolium propylsulfonate was obtained as a yellow liquid (42 % yield).

'H-NMR (CDCk, 300MHz): 8/ppm = 1.01 (t, 3H, J=7.5 Hz, NGBH,); 1.57 (t, 3H, J=7.5 Hz,
S(CH,),CHa3); 1.85 (m, 2H, J=7.5 Hz, SGBAH,); 2.80 (k, 2H, J=3.3 Hz, SG}H 4.05(s, 3H, NCH); 4.35
(9, 2H, J=7.5 Hz, NC}J; 7.63(d, 1H, J=1.8 Hz, BHCH); 7.64(d, 1H, J=1.8 Hz, GHCH); 9.85(s, 1H,
NCHN).

C-NMR (CDCk, 75MHz): 8/ppm = 13.80 (NCKCH3); 15.88 (S(CH),CH); 19.19 (SCHCH,); 36.50
(SCH,); 42.22 (NCH); 54.36 (NCH); 122.36 (NCH); 124.12 (NCH); 137.71 (NCHN).

MSES" m/z (% rel. Intensity): 111 M(100). Calcd. for gH1;N,: 111.0922; found: 111.0924.
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MSES m/z (% rel. Intensity): 123 M(100). Calcd. for gH;05S: 123.0116; found: 123.0106.

[CsH;mim][SOsCsH-]. Following the general procedure 1a (12 h) and 1b°@, 72 h), 1-propyl-3-
methylimidazolium propylsulfonate was obtained as a white solid (71 % yield).

'H-NMR (CDCl, 300MHz):5/ppm = 0.504-0.603 (m, 6H, J= 7.2 Hz N(§CHs, S(CH),CH5); 1.36-
1.54 (m, 4H, J= 7.2 Hz, NGE@H,, SCHCH,); 2.35 (t, 2H, J= 6 Hz, SGH 3.63 (s, 3H, NCh); 3.84(t,
2H, J=7.5 Hz, NChk); 7.31 (d, 1H, J=1.5 Hz, GBHCH); 7.25 (d, 1H, J=1.5 Hz, GHCH); 9.32 (s, 1H,
NCHN);

BC-NMR (CDCk, 75MHz): 8/ppm = 10.71 (N(CH.CH3); 13.66 (S(CH),CHs); 18.96 (SCHCH,);
23.67 (NCHCHy,); 36.27 (SCH); 51.16 (NCH); 54.15 (NCH); 122.61 (NCH); 124.03 (NCH); 137.55
(NCHN).

MSES" m/z (% rel. Intensity): 125 M(100). Calcd. for @H,5N,: 125.1079; found: 125.1077.

MSES m/z (% rel. Intensity): 123 M(100). Calcd. for gH;05S: 123.0116; found: 123.0112.

[CHsmim][SOsC4H4]. Following the general procedure l1a (12 h) and 1b °®, 72 h), 1-ethyl-3-
methylimidazolium butylsulfonate was obtained as a yellow liquid (70 % yield).

'H-NMR (CDCl;, 300MHz):8/ppm = 0.91 (t, 3H, J=7.2 Hz, (GHCH,); 1.37-1.49 (m, 2H, J= 7.5 Hz,
CH,CH,CHa); 1.57 (t, 3H, J=7.2 Hz, NCi€H5); 1.81(q, 2H, J= 1.5 Hz, SGBH,); 2.80 (q, 2H, J= 1.8
Hz, SCH); 4.05 (s, 3H, NCH); 4.36 (g, 2H, J=7.5 Hz, NG} 7.63 (g, 2H, J=1.5 Hz, GHCH); 9.86 (s,
1H, NCHN).

BC-NMR (CDCl;, 75MHz): 3/ppm =13.08 (NCHCH); 14.87 (S(CH)sCHs); 21.28 (S(CH),CH,);
26.71 (SCHCH,); 35.46 (SCH); 44.16 (NCH); 51.15 (NCH); 121.40 (NCH); 123.13 (NCH); 138.48
(NCHN).

MSES" m/z (% rel. Intensity): 111 M(100). Calcd. for gH1;N,: 111.0922; found: 111.0921.

MSES m/z (% rel. Intensity): 137 M(100). Calcd. for gHyO5S: 137.0272; found: 137.0264.

[CsH;mim][SOsCsH4]. Following the general procedure 1a (12 h) and 3b°C, 72 h), 1-propyl-3-
methylimidazolium butylsulfonate was obtained as a yellow liquid (68 % vyield).

'H-NMR (CDCl;, 300MHz):8/ppm = 0.89-099 (m, 6H, J= 7.5 Hz, S(G4CH3, N(CH,),CHs); 1.36-1.49
(m, 2H, J=7.5 Hz, S(ChLCH,); 1.76-1.84 (m, 4H, J= 7.5 Hz, S@EH, NCH,CH,); 2.83(q, 2H, J=6.5
Hz, SCH); 4.05(s, 3H, NCHh); 4.25 (t, 2H, J=7.2 Hz, NC}t 7.55(d, 1H, J=1.5 Hz, GHCH); 7.65(d,
1H, J=1.5 Hz, ®KHCH); 9.87 (s, 1H, NCHN).

BC-NMR (CDCk, 75MHz): 8/ppm = 10.98 (N(CH,CHs); 14.16 (S(CH)sCHs); 22.42 (S(CH),CH,);
23.91 (NCHCH,); 27.83 (SCHCH,); 36.59 (SCH); 51.53 (NCH); 52.27 (NCH); 122.60 (NCH);
124.16 (NCH); 138.16 (NCHN).

MSES" m/z (% rel. Intensity): 125 M(100). Calcd. for gH,5N,: 125.1079; found: 125.1076.

MSES m/z (% rel. Intensity): 137 M(100). Calcd. for gHyO5S: 137.0272; found: 137.0263.

[CoHsmMIiM][SOsCeH13]. 10g of GH:SO;Na and 7,8g of @smimCl were dissolved separately in

minimum amount of methanol (molar ratio 1:1). Doetlie low solubility of GH;3SO;Na in methanol,

137



vigorous stirring in a large amount of methanol eveequired. Both solutions were joined in a 500 ml
round-bottomed flask and stirred for 5 days. Aftarels, methanol was removed under reduced pressure
at 25C. Subsequently, 100ml of acetone was added tmikiire in order to pricipitate sodium chloride.
The precipitation was separated by filtration acetane was removed under reduced pressure tolgve t
1-ethyl-3-methylimidazolium hexylsulfonate as a yellow liquid (10.32 g, 58.1 % yield).

'H-NMR (CDCk, 300MHz):8/ppm = 0.54 (t, 3H, J= 6.6 Hz, (GH4CH3); 0.94-0.97 (m, 4H, J=6.6 Hz,
(CH2).CHy); 1.02-1.09 (m, 2H, J=7.2 Hz, S(QCH,); 1.24(t, 3H, J= 7.5 Hz, NCi@H,); 1.43-1.51 (m,
2H, J=7.5 Hz, SCKCH,); 2.48 (t, 2H, J= 7.8 Hz, SGH3.76 (s, 3H, NCH); 4.03 (t, 2H, J=7.2 Hz,
NCH,); 7.36(s, 2H, CHCH); 9.55(s, 1H, NCHN).

BC-NMR (CDCl, 75MHz): 8/ppm = 14.18; 15.81; 22.58; 25.58; 28.75; 31.738645,08; 52.43;
122.34; 124.05;137.48.

MSES" m/z (% rel. Intensity): 111 M(100). Calcd. for gH1;N,: 111.0922; found: 111.0921.

MSES m/z (% rel. Intensity): 165 M(100). Calcd. for gH;30:S: 165.0585; found: 165.0580.
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Appendix 3
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Catanionic Surfactant lonic Liquids: Micellesand lonic Liquid
Crystals

'H- and**C-NMR analyses showed no major impurities in thgddiquids. All
NMR spectra were recorded at room temperature &ruier Avance spectrometer

DPX 300, using deuterated chloroform as solvent.

[CgH1ymim][SO;CH3]. Following the general procedure la (48 h) and 1b °@, 72 h),1-octyl-3-
methylimidazolium methanesulfonate was obtained as a pale yellow liquid (82 % yield).
'H-NMR(CDCl;, 300MHz):8/ppm = 0.56 (t, 3H, J=6.8 Hz, GBH5); 0.98 (br, 10H(CH,)sCHs); 1.59
(br, 2H, NCHCHy,); 2.46 (s, 3H, SCk}; 3.70 (s, 3H, NCHh); 3.98 (t, 2H, J=6.9 Hz, NCH 7.27 (d, 1H,
J=1.2 Hz, NCHCH); 7.41 (d, 1H, J=1.2 Hz,GHCH); 9.48 (s, 1H, NCHN).

*C-NMR(CDCk, 75MHz):5/ppm = 14.21, 22.69, 26.36, 29.08, 29.15, 30.477%136.42, 39.98, 49.99,
122.67, 124.18, 137.74.

MS ES m/z (% rel. Intensity): 195 KA(100). Calcd. for GH,3N,: 195.1861; found: 195.1857.

MS ES m/z (% rel. Intensity): 95 M100). Calcd. for CkD;S: 94.9803; found: 94.9798.

[CioH21mim][SOsCH34). Following the general procedure 1a (48 h) and 1b°@F, 96 h),1-decyl-3-
methylimidazolium methanesulfonate was obtained as a white solid (85% yield).

'H-NMR(CDCl;, 300MHz):8/ppm = 0.79 (t, 3H, J=6.6 Hz, GBH3); 1.18 (br, 14H(CH,);CHs); 1.81 (t,
2H, J=6.6 Hz, NCKCH,); 2.67 (s, 3H, SCH}; 3.97 (s, 3H, NCh); 4.18 (t, 2H, J=7.5 Hz, NC#jt 7.45 (s,
1H, NCHCH); 7.61 (s, 1H, RHCH); 9.68 (s, 1H, NCHN).

%C-NMR(CDCk, 75MHz):5/ppm = 14.29, 22.81, 26.43, 29.19, 29.40, 29.562%0.49, 31.99, 36.40,
40.00, 50.05, 122.48, 124.22, 137.80.

MS ES m/z (% rel. Intensity): 223 KA(100). Calcd. for @H,;N,: 223.2174; found: 223.2164.

MS ES m/z (% rel. Intensity): 95 M100). Calcd. for CkD;S: 94.9803; found: 94.9798.

[CgH17mim][SO5C4H4]. Following the general procedure la (48 h) and 1 °@F, 96 h),1-octyl-3-
methylimidazolium butanesulfonate was obtained as white crystals (79 % yield).

'H-NMR(CDCls, 300MHz): 8/ppm = 0.90 (br, 6H, CHCHs); 1,29 (br, 10H(CH,)sCHs); 1.43 (m, 2H,
J=7.5 Hz, S(CH,CHy,); 1.85 (br, 4H, SCKCH,, NCH,CH,); 2.84 (br, 2H, SCh); 4.05 (s, 3H, NCh);
4.25 (t, 2H, J=7.4 Hz, NCft 7.33 (s, 1H, ICHCH); 7.48 (s, 1H, KHCH); 9.98 (s, 1H, NCHN).
¥C-NMR(CDCk, 75MHz):5/ppm = 13.91, 14.08, 22.21, 22.61, 26.29, 27.5892&9.07, 30.31, 31.71,
36.47,50.03, 51.97, 121.71, 123.53, 138.41

MS ES m/z (% rel. Intensity): 195 K(100). Calcd. for ©H,3N,: 195.1861; found: 195.1855.

MS ES m/z (% rel. Intensity): 137 M100). Calcd. for ¢HgOsS: 137.0272; found: 137.0271.

[CsHgmMim][SOsC4H4]. Following the general procedure l1a (48 h) and 1b°@, 72 h),1-butyl-3-

methylimidazolium butanesulfonate was obtained as a white powder (81 % yield).
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'H-NMR(CDCl;, 300MHz): 8/ppm = 0.92 (br, 6H, C¥CHs); 1.38 (br, 4H,CH,CHs); 1.84 (br, 4H,
NCH,CH,, SCHCH,); 2.86 (br, 2H, SCH}; 4.05 (s, 3H, NCh); 4.27 (t, 2H, J=7.3 Hz, NCjjt 7.41 (s,
1H, NCHCH); 7.54 (s, 1H, RHCH); 9.93 (s, 1H, NCHN).

®C-NMR(CDCk, 75MHz): 8/ppm = 14.15, 14.54, 20.87, 23.40, 28.61, 33.5383650.98, 52.94,
124.04, 125.35

MS ES m/z (% rel. Intensity): 139 K/(100). Calcd. for GH,3N,: 139.1235; found: 139.1235.

MS ES m/z (% rel. Intensity): 137 M100). Calcd. for CkD;S: 137.0272; found: 137.0270.

[C4HomMim][SOsCgH47]. Following the general procedure 1a (48 h) and 1 °@, 72 h),1-butyl-3-
methylimidazolium octanesulfonate was obtained as white crystals (78 % yield).

'H-NMR(CDCl;, 300MHz): 8/ppm = 0.92 (t, 3H, J=6.7 Hz, S(GHCH); 1.01 (t, 3H, J=7.4 Hz,
N(CH2)sCHg); 1.32 (br, 10H, S(Ch2(CH.)sCHz); 1.40 (br, 2H, N(CH),CH,CHs); 1.80 (br, 2H,
SCH,CH,); 1.89 (br, 2H, NCHCH,); 2.79 (br, 2H, SCH; 3.95 (s, 3H, NCk); 4.24 (t, 2H, J=7.3 Hz,
NCH,); 7.60 (s, 1H, ICHCH); 7.66 (s, 1H, KHCH); 8.97 (s, 1H, NCHN).

¥C-NMR(CDCk, 75MHz):5/ppm = 14.17, 14.85, 20.88, 24.14, 26.50, 30.3680®0.85, 36.90, 51.02,
53.24,124.11, 125.42, 138.37.

MS ES m/z (% rel. Intensity): 139 K(100). Calcd. for ©H,3N,: 139.1235; found: 139.1233.

MS ES m/z (% rel. Intensity): 193 M100). Calcd. for CEDsS: 193.0898; found: 193.0899.

[CiH2smim][SO5CH3). Following the general procedure l1a (48 h) and Ib°(, 96 h),1-dodecyl-3-
methylimidazolium methanesulfonate was obtained as a pale yellow crystalline pow@ér% yield).
'H-NMR(CDCl;, 300MHz):8/ppm = 0.88 (t, 3H, J=6.6 Hz, GBH,); 1.25 (br, 18H(CH,)sCHs); 1.87
(br, 2H, NCHCH,); 2.76 (s, 3H, SC}J; 4.04 (s, 3H, NCh); 4.25 (t, 2H, J=7.4 Hz, NCi 7.34 (s, 1H,
NCHCH); 7.49 (s, 1H, RHCH); 9.73 (s, 1H, NCHN).

*C-NMR(CDCk, 75MHz):5/ppm = 14.53, 22.09, 26.67, 29.38, 29.73, 29.7R@%9.99, 30.62, 32.31,
36.96, 40.01, 50.54, 121.82, 123.52, 138.97

MS ES m/z (% rel. Intensity): 251 K(100). Calcd. for ©H,3N,: 251.2487; found: 251.2481.

MS ES m/z (% rel. Intensity): 95 M100). Calcd. for CkD;S: 94.980; found: 94.9803.

[CgH17mim][SOsCgH17]. Following the general procedure la (48 h) and 1b°@F, 96 h),1-octyl-3-
methylimidazolium octanesulfonate was obtained as white crystals (69 %).

'H-NMR(CDCl;, 300MHz): 8/ppm = 0.87 (br, 6H, N(CH,CHs;, S(CH);CHs); 1.26 (br, 20H,
N(CH,)2(CH2)sCHs, S(CH)2(CH2)sCH3); 1.86 (br, 4H, NCHCH,, SCH,CHy); 2.86 (br, 2H, SCH); 4.05
(s, 3H, NCH); 4.25 (t, 2H, J=7.4 Hz, NCHt 7.26 (s, 1H, HCH); 7.38 (s, 1H, HCH); 10.05 (s, 1H,
NCHN).

%C-NMR(CDCk, 75MHz):5/ppm = 14.45, 14.51, 22.99, 23.07, 25.87, 26.6B&%9.44, 29.48, 29.60,
29.84, 30.64, 32.09, 32.27, 36.96, 50.53, 52.65,78, 123.44, 139.32

MS ES m/z (% rel. Intensity): 195 KA(100). Calcd. for GH,3N,: 195.1861; found: 195.1856.

MS ES m/z (% rel. Intensity): 193 M100). Calcd. for CEDsS: 193.0865; found: 193.0898.
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Photomicrographs of [§E1;7mim][SOsCgH17] in the three phase regions; C1 (20
°C), C2 (72 °) and S(82 °C).

20°C,C1

72 °C, C2
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