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RESUME

Les mélanges de liquides ioniqgues a base dimidazolium (LI) possédant des anions
perfluorés et de solvants aprotiques polaires sont des candidats prometteurs comme électrolytes
utilisables dans les différents dispositifs électrochimiques. L’état actuel de la technologie dans ce
domaine nécessite des informations détaillées sur l'influence de la nature des constituants et de la
composition du mélange sur la structure et la dynamique au niveau microscopique de ces
mélanges d’électrolytes.

Cette these présente une approche multi-technique pour l'analyse de la structure et la
dynamique de mélanges d'une part de Lls a base du cation 1-butyl-3-méthylimidazolium
(Bmim") couplés a des anions perfluorés {BPR~, CRSO;, (CRSO,).N"), et d’autre part de
solvants aprotiques polaires tels que I'acétonitrile (ANY;batyrolactone+-BL), le carbonate
de propyléne (PC).

La spectroscopie Raman et la RMN (mesures de déplacements chimiques) ont été utilisées
pour sonder les changements de densité électronique au niveau des sites d'interactions spécifiques
des Lls et des molécules de solvant en fonction de la composition du mélange. Des calculs de
chimie quantigue de configurations représentatives du Ll-solvant couplés a des méthodes
avanceées d'analyse de la distribution de densité électroniques ont été réalisés pour compléter
l'interprétation des observations spectrales. Les variations de la structure microscopique en
fonction de la composition du mélange ont été analysées en termes de compétition entre les
processus d'association et de solvatation des ions. Des changements importants dans la structure
de la solution ont été observés uniquement a faible teneur en kIQ,2). Il a été établi que les
phénoménes de solvatation des ions I'emportent sur I'association ionique pour les solvants a
haute donicitéy-BL, PC) et pour les LIs dont les anions sont volumineux et ont une distribution
de charge diffuse (RF (CRSO,).N"). Par ailleurs, les plus importants changements dans les
spectres Raman et RMN concernent principalement les hydrogenes du cycle de I'imidazolium.

Les coefficients de diffusion des constituants du mélange ont été déterminée par RMN.
Les coefficients de diffusions relatives des molécules de solvant par rapport aux cations en
fonction de la concentration dépendent de la nature du solvant et non de celle de I'anion. Dans
tous les cas, ces coefficients présentent des valeurs constantes a faible tenevi; enOL2)(
puis croissant fortement (AN), modérément-BL), ou négligeablement (PC) a des
concentrations plus élevées de LI. Ce comportement est lié aux différents schémas de solvatation
en fonction des solvants utilisés. Dans les systemes a base de Bmard#fusion des anions a
été suivie par la RMN des noyathP. A basses,;, cette diffusion est plus élevée que celle des
cations. Elle est plus faible a hautes. Le point d’inversion entre les deux régimes de la
diffusion a été trouvé autour de la composition équimolaire et ne dépend pas du solvant. A ce
point, un changement notable dans le mécanisme de diffusion des ions semble avoir lieu.

Mots clés: liquides ioniques, solvants polaires aprotiques, solvatation d’ions, association
d’ions, spectroscopie Raman, RMN, déplacement chimique, coefficient de diffusion
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ABSTRACT

Mixtures of imidazolium ionic liquids (ILs) with perfluorinated anions and polar aprotic
solvents are promising candidates for electrolytic components used in different electrochemical
devices. Current state of technologies requires detailed information on the influence of the nature
of the constituents and of the mixture composition on the microscopic level structure and
dynamics.

This thesis presents a multitechnique approach to this issue on example of 1-butyl-3-
methylimidazolium (Bmim) ILs with perfluorinated anions (BF, PR, CRSO;, (CRSO,).N")
mixed together with polar aprotic solvents such as acetonitrile (ANutyrolactone -BL),
propylene carbonate (PC).

Variations in microscopic structure as a function of mixture composition were addressed
in terms of competition between ion pairing (or ion association in general) and ion solvation
processes. Raman spectroscopy and NMR chemical shift measurements were employed to probe
electron density changes at the representative interaction sites of IL and solvent molecules over
the entire range of compositions. Quantum chemical calculations of representative configurations
of IL-solvent clusters and advanced methods of analysis of electron density distribution were
used to complement the interpretation of the spectral observations. Significant changes in
solution structure are observed only at low IL conteqnt<0.2). It was established that ion
solvation phenomena prevail over ionic association for solvents with high donidty, PC)
and for ILs whose anions are large and have diffusive charge distributign (BFRSO,).N").

Multiple intermolecular weak non-covalent interactions preferentially localized at imidazolium
ring hydrogens stand for molecular-level picture determining the observed variations in Raman
and NMR spectra.

NMR was also used to follow self-diffusion coefficients of cations and solvent molecules.
The relative diffusivities of solvent molecules to cations as a function of concentration were
found to depend on the solvent but not on the anien [L). In all cases the values exhibit a
plateau at low IL contentx( <0.2) and then increase steeply (AN), moderateiBL(), or
negligibly (PC) at higher IL concentrations. This behavior was related to the different solvation
patterns in the employed solvents. In BminHBRsed systems, anionic diffusivities were
followed via®'P nuclei and found to be higher than the corresponding cation values in IL-poor
systems and lower in the IL-rich region. The inversion point of relative ionic diffusivities was
found around equimolar composition and does not depend on the solvent. At this point, a distinct
change in the ion-diffusion mechanism appears to take place.

Keywords: ionic liquids, polar aprotic solvents, solvation of ions, association of ions,
Raman spectroscopy, NMR, chemical shift, diffusion coefficient.
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Chapter 1. General Introduction

lonic liquids (ILs) constitute a large class of substances which present a
considerable scientific interest due to their number of advantageous properties. In
many applications ILs are used in mixtures with molecular solvents of different
nature. It still remains to be an unresolved task of creating a comprehgnsive
microscopic picture on the structure and dynamics in such systems as a fungtion of
mixture composition and nature of the constituents.

This chapter gives a brief introduction to ILs, as well as an overview of the

problem and possible strategies to study mixtures of ILs with molecular solvents.
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During the last decade ionic liquids (ILs), which are low-temperature molten
salts, have turned from promising functional materials into objects that are
routinely used both in laboratory practice and at large industrial chemical
enterprises.’ Despite the booming research activity in the field of°litsey still
constitute a considerable interest for physical cherhiBtse should also mention a
vast variety of application fields of ILs: from solvents for carrying out organic
reactions®® and biopolymer dissolutioff;*! up to functional materials based on
magnetic ILs*? Such progress in the scale and in the range of applications of ILs is
determined by the unique set of properties of these substances (negligibly low
vapor pressure, wide liquidus range, thermal and electrochemical stability, high
dissolving capability towards both organic and inorganic matiey and also by
enormous number of possible counterion combinatidfisvhich allow one to
select an IL fitting almost any requested set of properties.

Molecular structures of commonly employed cations and anions of ILs are
shown in Figure 1.1. Among the cations, it is the family of dialkylimidazolium-
based ILs which is the most investigated, particularly the ILs containing 1-alkyl-3-
methylimidazolium cations. The selection of anion depends more on the field of
application,e.g, acetates are popular for cellulose dissolution, while perfluorinated
anions like BE or (CRSO,),N are common for electrochemical applications.

However, the effective usage of ILs is partly hindered by several
disadvantages of which the very high viscosity is the primary one, while difficulties

in purification and rather high cost should also be mentioned.
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Cations Anions
. L R CI, Br, I F -
TN N NO,", SCN-,N(CN),"| |
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1\N+,.¢ _ . , _
P, / Fr, | WF
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\,,O F/ |\F
F © F
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Rz

|+ O
N ""'R3
R1/ g,
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R

P+ """R3
R1/ \R4
tetraalkylphosphonium

Figure 1.1. Chemical structures of the representative ions composing ILs.

In particular, in the field of electrochemical applications the family of 1-
alkyl-3-methylimdazolium (Rmif) ILs with perfluorinated anions (RF BF,,
CRSGO;, (CRSO).N) has proven to be good candidates for conducting
components of various electrochemical devices such as supercapacitors or
electrochemical actuatot3** Among the key factors which determine successful
performance of these ILs in electrochemical devices, it is the mobility of ions
which is limited by the inherent high viscosity of ILs stemming from strong long
range Coulomb interactions between the f3ns.

Possibly feasible temperature variationa. Py less than 50 K) would only
lead to reduction in viscosity by less than one order of magrfifudewever, this
point can be overcome by combining the ILs with low-weight molecular solvents,
which leads to an exponential decay of the viscosity as a function of molar

fraction??® and, then, opens new application areas and a wider range of operating
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conditions. Reduced consumption of ILs should be also mentioned in this
perspective, keeping in mind their high cost.

In this regard, polar aprotic solvents, such as acetonitrile (AN) and cyclic
organic esters and carbonates).,y-butyrolactone-BL) and propylene carbonate
(PC), seem to be a good choice since they are well known for their good
performance in conventional electrochemical systems for Li-ion battery technology
and organic electrolyte-based supercapacitdrsMoreover, cyclic organic esters,
like y-BL, and carbonates, like PC, are very promising in various fields of chemical
technology due to their low volatility and flammability, as well as environmental
friendliness coupled with high polarity and low viscosfty* Thus, mixtures of
ionic liquids with this kind of solvents can be also regarded as advantageous in the
‘green chemistry’ perspective.

For a broad selection of mixtures of imidazolium ILs with polar aprotic
solvents showing virtually full miscibility it was found that electrical conductivity
has a maximum at IL mole fractior, , between 0.1 and 03234 (See Figure 1.2)

This phenomenon is traditionally explained via the interplay between concentration
and ionic association effects from one side and viscosity variation from thé*other.
The former determine the effective number of charge carriers while the latter

influences their mobility?
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Figure 1.2. Experimental electrical conductiviky,as a function of IL mole fraction in
different mixtures of imidazolium-based ILs with polar aprotic solvents. Data are taken from refs.
#32for BmimPR — AN, refs.?>3®for BmimPR — Ac, refs. 25,32,34,36 for BmimBF AN, ref.

25 for BmimBR — Ac, ref. 32 for BmimBEF — PC, BmimBE — DMSO; refs. 32,34 for
HexmimBF, — AN, ref. 37 for BmimTFSI-PC, ref. 24 for BmimTFSI-AN, ref. 32 for EmimB¥F
AN, ref. 38 for EmimBE — PC, ref. 34 for BmimTfO — AN.

Indeed, admixing molecular solvent to IL should, in general, influence not
only the viscosity but modulate the overall microscopic structure and dynamics as a
result of concentration modulation of the interactions between the components.
Depending on the propensity of each neat component to give up its inherent
interaction patterni.g., ion-ion interactions giving rise to network structure in ILs
and dipole-dipole interactions in polar aprotic solvents leading to their self-
association) in favor of solvation one could anticipate different concentration
regimes over the entire range of compositinat present, there exists no well-
established predictive approach that would take into account such system-specific
peculiarities and allow selecting a combination ‘IL+molecular solvent’ as well as
its proper composition to suite for a particular set of properties (conductivity,
electrochemical stability, thermophysical behavior etc.). As a result, modern
approach still implies exhaustive empirical search of optimal systems to be used in

practice’®*°* Thus, a comprehensive picture on the influence of the nature of
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constituents as well as of the concentration on the structural and dynamical
properties of the mixtures of ILs with molecular solvents over the entire range of
compositions at the microscopic level is of high importance. It is a crucial element
for successful development of the above mentioned predictive approach which is

still lacking

1.1. Towards the intermolecular interactions in mixtures of ILs with

molecular solvents

Mixtures of ILs with molecular solvents can be considered as electrolyte
solutions for which their structure and properties are determined by the balance of
such types of interactions as 'cation-anion’, 'cation-cation' and 'anion-anion' that
govern the existence of ionic associates and high order aggregates like
[Cat,An,] ™, and also by interactions ‘cation-solvent, ‘anion-solvent’, and
'solvent-solvent'. In this context the peculiarity of binary systems based on ILs is
that the composing ions are multiatomic and, in general, asymmetric, as a result,
the mentioned above interactions should be regarded as anisotropic ones, having
preferential localization around some molecular fragment (interaction center or
site). Another prominent feature of these systems, in comparison with conventional
electrolyte solutions, is the full miscibility of ILs with many molecular solvents that
allows obtaining mixtures corresponding to either a solution of IL in molecular
solvent or a solution of molecular solvent in IL.

Intermolecular interactions in mixtures of two liquids of different nature at
different compositions of these mixtures can be represented as a gradual transition
from one pure liquid through solution of the second liquid in the first one, then
through solution of the first liquid in the second one, and to pure second liquid. In
this type of representation the problem converges to the following question: which
composition ranges correspond to the mentioned above regions and which

intermolecular interactions are determinative.

© 2014 Tous droits réservés. doc.univ-lille1.fr

20



Thése de Bogdan Marekha, Lille 1, 2014

In pure dipolar aprotic liquids the main structure motif is the anti-parallel
orientation of molecular dipoles and dipole-dipole interactions are considered to be
the key one§**’

For pure ILs, at the present moment, there is no commonly agreed picture of
their structure due to indirect nature of the applied techniques. It is widely
considered that, in the liquid state, the structure of imidazolium ILs is determined
by the strong interionic Coulombic interactions which are relatively efficiently
screened moving away from the central ide.(they are rather local§*® A
significant contribution is also supposed to arise from three-dimensional network of
hydrogen bonds between the counterions. The strength and structure of this
network are determined by the nature (polarizability, polarizing actiong&izef
anion®>>? Triolo and his colleagues have established a substantial degree of
microheterogeneity in various ILs by means of a set of scattering techniques
complemented with simulatiori$>® The effect is more pronounced for ILs with
longer alkyl chains and it is attributed to the microscopic segregation of the polar
(ionic) and nonpolar (alkyl chain) domains.

The mentioned above considerations on the structure of pure components
suggest for the corresponding mixtures two main phenomena, in which
redistribution of the balance between possible ion-ion, ion-molecular, and
intermolecular interactions upon the composition change can be manifested. They
are ionic association/aggregation and ionic solvation. Going from pure IL to pure
solvent, these phenomena can be understood as a gradual destruction of large ionic
aggregates (basic structure units of pure ILs) into smaller ones up to ion pairs,
followed by complete dissociation into ‘free’ ions in very dilute solutions as a result
of interaction with solvent The interaction with the solvent can be both specific
(localized ion-molecular interactions) and non-specific (effect of accumulation of
significant amount of solvent which is capable of forming a medium, which is

similar to the pure solvent).
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The phenomena of ionic association and solvation manifest themselves at the
microscopic level in the redistribution of electron density at the corresponding
interaction sites and, consequently, in changes of the corresponding force constants.
Among the currently known experimental methods that can reveal such effects,
NMR and vibrational (IR and Raman) spectroscopy should be highlighted. The
former can bring out information on the change of the electronic microenvironment
of every chemically non-equivalent nucleus and on the relative arrangement for
some nuclei, whereas the latter probes the changes of dipole
moment/polarizability/force constanig., the changes in the microenvironment of
the atoms involved in a studied vibrational mode.

The two phenomena being considered (association and solvation) are also
reflected in ‘statistical’ microstructure of such binary mixtures, especially in the
microstructure of ionic subsystem. Thus, a certain ordering of mutual distribution
of counterions at low distances can be expected in case of pronounced ionic
association as well as a certain ordering of distribution of the solvent molecules
relative to ions in case of specific solvation. Nowadays experimental evidence on
'statistical' microstructure at different temporal and dimensional scales can only be
provided by diffraction techniques (various methods of diffraction of X-rays and
neutrons). These methods are rather expensive and not easily accessible, as well as
complicated in terms of raw data treatment. At the same time they are the only
‘direct’” methods of investigation of microstructure of condensed matter. Most of
the studies in this field deal with a single representative system IL-molecular
solvent’’™?so the generalized and systematic picture is still to be established.

Important information about the change of character of intermolecular
interactions upon the change in composition of binary mixtures can be extracted via
methods that study microscopic dynamics and transport coefficients (electrical
conductivity, diffusion coefficient etc.). Most of the methods mentioned above can

be classified as ‘structural’ ones since they do not take into account in an explicit
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manner the motion of particles that form the observed signal. However, information
about the relative speed of motion of different molecules and ions along with idea
of which supramolecular entities are composed of which particles can be a
sufficient basis to build a model of determinative interactions and the
corresponding microstructure. Among the modern methods for investigation of
diffusion in condensed matter at the microscopic level, NMR-diffusometry
(DOSY)™ and quasi-elastic neutron scattering should be fbtEde two methods

are coupled with both difficulties in experimental data treatment and problems of
methodological character in setting up the experiment.

Despite the broad set of experimental approaches targeted at the discovery of
peculiarities of intermolecular interactions in binary systems of ILs with molecular
solvents, as mentioned above, most of them are indirect methods which are
typically challenging in interpretation. Modern methods of molecular modeling can
help to solve these problems and they also can complete the picture with
information which is inaccessible from experiment. In view of the phenomena,
effects and objects of interest, methods that would be definitely complementary to
the proposed experimental techniques are quantum chemical calculations joined
with modern methods of analysis of electron density distribution as well as the
methods of molecular dynamics simulatféfi®

Quantum chemical calculations can describe electron density distribution in
stationary states (normally in energy minima) of molecular systems with high
accuracy. The results obtained in this way can be interpreted in terms of various
theories among which the quantum theory of atoms in molecules (QfAM)
deserves particular attention, being widely applied to study weak noncovalent
interactions and having rather clear and obvious foundati