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RESUME 
 
 
 
 
Les mélanges de liquides ioniques à base d’imidazolium (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 thèse présente une approche multi-technique pour l’analyse de la structure et la 
dynamique de mélanges d’une part de LIs à base du cation 1-butyl-3-méthylimidazolium 
(Bmim+) couplés à des anions perfluorés (BF4

−, PF6
−, CF3SO3

−, (CF3SO2)2N
−), et d’autre part de 

solvants aprotiques polaires tels que l'acétonitrile (AN), la γ-butyrolactone (γ-BL), le carbonate 
de propylène (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 LIs et des molécules de solvant en fonction de la composition du mélange. Des calculs de 
chimie quantique de configurations représentatives du LI-solvant couplés à des méthodes 
avancées 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 à faible teneur en LI (xLI < 0,2). Il a été établi que les 
phénomènes de solvatation des ions l’emportent sur l'association ionique pour les solvants à 
haute donicité (γ-BL, PC) et pour les LIs dont les anions sont volumineux et ont une distribution 
de charge diffuse (PF6

−, (CF3SO2)2N
−). Par ailleurs, les plus importants changements dans les 

spectres Raman et RMN concernent principalement les hydrogènes du cycle de l’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 l’anion. Dans 
tous les cas, ces coefficients présentent des valeurs constantes à faible teneur en LI (xLI < 0,2), 
puis croissant fortement (AN), modérément (γ-BL), ou négligeablement (PC) à des 
concentrations plus élevées de LI. Ce comportement est lié aux différents schémas de solvatation 
en fonction des solvants utilisés. Dans les systèmes à base de BmimPF6, la diffusion des anions a 
été suivie par la RMN des noyaux 31P. A basses xLI, cette diffusion est plus élevée que celle des 
cations. Elle est plus faible à hautes xLI. 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 (BF4

−, PF6
−, CF3SO3

−, (CF3SO2)2N
−) 

mixed together with polar aprotic solvents such as acetonitrile (AN), γ-butyrolactone (γ-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 content (xIL < 0.2). It was established that ion 
solvation phenomena prevail over ionic association for solvents with high donicity (γ-BL, PC) 
and for ILs whose anions are large and have diffusive charge distribution (PF6

−, (CF3SO2)2N
−). 

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 anion (i.e., IL). In all cases the values exhibit a 
plateau at low IL content (xIL < 0.2) and then increase steeply (AN), moderately (γ-BL), or 
negligibly (PC) at higher IL concentrations. This behavior was related to the different solvation 
patterns in the employed solvents. In BmimPF6-based systems, anionic diffusivities were 
followed via 31P 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 

Ionic 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 comprehensive 

microscopic picture on the structure and dynamics in such systems as a function 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.1-5 Despite the booming research activity in the field of ILs,6 they still 

constitute a considerable interest for physical chemists.7 One should also mention a 

vast variety of application fields of ILs: from solvents for carrying out organic 

reactions1,8-9 and biopolymer dissolution,10-11 up to functional materials based on 

magnetic ILs.12 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 matter etc.) and also by 

enormous number of possible counterion combinations13-14 which 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 BF4
− or (CF3SO2)2N

− 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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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 (Rmim+) ILs with perfluorinated anions (PF6
−, BF4

−, 

CF3SO3
−, (CF3SO2)2N

−) has proven to be good candidates for conducting 

components of various electrochemical devices such as supercapacitors or 

electrochemical actuators.15-21 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 ions.22 

Possibly feasible temperature variations (ca. by less than 50 K) would only 

lead to reduction in viscosity by less than one order of magnitude.23 However, 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,24-26 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, e.g., γ-butyrolactone (γ-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 supercapacitors.27-29 Moreover, cyclic organic esters, 

like γ-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 viscosity.30-31 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 fraction, xIL, between 0.1 and 0.2.32-34 (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 the other.35 

The former determine the effective number of charge carriers while the latter 

influences their mobility.35 
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Figure 1.2. Experimental electrical conductivity, κ, as a function of IL mole fraction in 

different mixtures of imidazolium-based ILs with polar aprotic solvents. Data are taken from refs. 
25,32 for BmimPF6 – AN, refs. 25,36 for BmimPF6 – Ac, refs. 25,32,34,36 for BmimBF4 – AN, ref. 
25 for BmimBF4 – Ac, ref. 32 for BmimBF4 – PC, BmimBF4 – DMSO; refs. 32,34 for 
HexmimBF4 – AN, ref. 37 for BmimTFSI-PC, ref. 24 for BmimTFSI-AN, ref. 32 for EmimBF4 – 
AN, ref. 38 for EmimBF4 – 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 pattern (i.e., 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 compositions.39 At 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.29,40-43 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 

[CatnAnm]−/0/+, 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. 
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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 ones.44-47 

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 ion (i.e., they are rather local).48-49 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 action, size etc.) of 

anion.50-52 Triolo and his colleagues have established a substantial degree of 

microheterogeneity in various ILs by means of a set of scattering techniques 

complemented with simulations.53-56 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.39 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 constants, i.e., 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,57-59 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)60 and quasi-elastic neutron scattering should be noted.61 The 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 simulation.62-63 

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 (QTAIM)64-65 

deserves particular attention, being widely applied to study weak noncovalent 

interactions and having rather clear and obvious foundations. The limitations of 

static quantum chemical calculations are external conditions (usually zero point 

temperature and without consideration of any effects of medium) as well as the size 

of a system that can be investigated. With modern accessible computational 
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resources routine calculations are limited to molecular and small supramolecular 

entities. 

Methods of molecular dynamics simulations allow one to study systems of 

larger size (thousands of atoms and more) and at a finite temperature explicitly 

taking into account thermal motion during the ‘observation’ period (hundreds of 

picoseconds up to tens of nanoseconds) thus enabling accumulation of information 

that has been averaged among ensemble of particles. In case of quantum molecular 

dynamics simulation it is even possible to include all interaction effects in the best 

theoretically based way. However, very high computational cost of this method 

leads to significant limitations for the size of the studied systems and affordable 

simulation times (hundreds of atoms and tens of picoseconds, respectively). In 

classical MD simulation, simplification of the description of the interactions does 

not always make possible to extend simulation times up to the experimental 

observation times. 

As mentioned above, the methods of quantum molecular dynamics are 

enormously resource demanding which makes them practically inapplicable to 

these systems given their very slow relaxation.66 Unfortunately, the problem of the 

force-field development for classical MD simulation of ILs remains an open issue 

and a subject to discussion.62 In particular, it was found that dynamical properties 

of neat ILs are properly reproduced only when the polarization effects are taken 

into account.67-73 However, the way of treating the polarization effects69-70,72,74-76 as 

well as their implementation in simulations of binary mixtures with molecular 

solvents is far away from being well justified. 

1.2. Organization of the thesis 

This thesis presents a multitechnique investigation of the microscopic 

structure and dynamics in mixtures of imidazolium based ILs with polar aprotic 

molecular solvents relevant for electrochemistry. It is organized as follows. 
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Chapter 2 presents the details of experimental procedures and computational 

approaches used in the study. Particular attention is paid to the selection of the 

computational level of theory and to the advanced methods of analysis of electron 

density distribution. 

The main results of quantum chemical calculations of the representative 

model molecular clusters of ILs and their adducts with the solvent molecules are 

discussed in details in Chapter 3. Electron density distribution and the nature of 

weak noncovalent interactions are assessed in order to help with the interpretation 

of the NMR chemical shift data, presented in Chapter 4. Preferential location and 

relative strength of the specific interactions as a function of mixture composition 

and of the nature of IL and molecular solvent are established. 

Translational dynamics in the studied mixtures IL-molecular solvent is 

assessed by means of NMR diffusometry and the results are set forth in Chapter 5. 

Chapter 6 is devoted to Raman spectroscopic investigation of a 

representative mixture by following the characteristic bands of the constituents. 

Spectral variations were deciphered with the help of advanced two-dimensional 

correlation techniques and interpreted in view of the results of calculations. 

Finally, conclusions, summarizing the key findings of the work, and future 

perspectives are outlined. 
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2.1. Objects of investigation. Sample preparation and handling 

In this study, mixtures of four imidazolium ILs with three polar aprotic 

molecular solvents have been investigated. The ILs contain a common cation 1-n-

butyl-3-methlylimidazolium (Bmim+). It is combined with perfluorinated anions of 

different, size, shape, symmetry, and electronic structure, namely, tetrafluoroborate 

(BF4
−), hexafluorophosphate (PF6

−), trifluoromethylsulfonate (TfO−), and 

bis(trifluoromethanesulfonyl)imide (TFSI−). Molecular structures of the ions 

composing the investigated ILs are shown in the top panel of Figure 2.1. 

 
Figure 2.1. Chemical structures of the ions composing the four employed ILs BmimBF4, 

BmimPF6, BmimTfO, BmimTFSI (top) and the three molecular solvents used in this study 
(bottom). 

 

All the ILs investigated in the present study were supplied by Solvionic 

(France) with a stated purity of 99.5%. According to the supplier major impurities 

were not higher than 500 ppm for water, 10 ppm for halides and 50 ppm for 
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methylimidazole. It is well known that overall purity and even traces of some 

particular impurities (namely, water and halides) can severely influence many 

properties of ILs. Especially transport properties like viscosity1 and, as shown by 

Umecky and colleagues, particle diffusivities,2-3 are very sensitive. 

To minimize the effects of absorbed moisture, all ILs were vacuum (p < 

10−6 bar) dried at 60 °C for at least 4 hours prior to the preparation of solutions as 

this procedure is known to lower the water content below 200–500 ppm. In the 

framework of a parallel project performed in Regensburg University, a Karl Fisher 

titration analysis of BmimPF6 from the same supplier and of the same stated purity 

revealed the content of water to be ca. 60 ppm. Given the negligible halide content, 

no additional purification procedures were performed with the ILs. 

The main physicochemical properties of the studied ILs are collected in 

Table 2.1. One can see that the neat ILs differ significantly in their transport 

properties, i.e., viscosity and conductivity. At same time, they have rather close 

polarity (slightly higher value of the relative static dielectric permittivity of 

BmimTfO is related to significant contribution of its polar anion). 

 

Table 2.1 Selected properties of ILs used in the present strudy: molar mass, M, density. d. 
dynamic viscosity, η, relative static dielectric permittivity, εr, electrical conductivity, κ, at 
298.15 K 

Property BmimBF4 BmimPF6 BmimTfO BmimTFSI 

M / g mol−1 226.02 284.18 288.29 419.36 

d / g cm−3 1.20164a 1.36832a 1.29963b 1.43430c 

η / mPa s 90-219d 207-450d 75-93d 49-69d 

εr 11.7e 11.4e 13.2e 11.6e 

κ / mS cm−1 3.53a 1.469a 2.90f 3.90f 
aRef. 4, bref. 5, cref. 6; ddata scatter a lot depending on the origin and purity of the sample and on the method, 
extreme values are given in refs. 7 and 8 for BmimBF4, refs. 9 and 10 for BmimPF6, refs. 11 and 10 for BmimTfO, 
refs. 7 and 8 for BmimTFSI; eref. 12, fref. 13. 

As it was mentioned above, even minor impurities can significantly influence 

the viscosity of ILs. This can be illustrated by the enormous scattering of the 
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reported literature viscosity data, as shown in Figure 2.2, which originates from 

different degrees of purification. 

 
Figure 2.2. Histogram of distribution of the reported in literature values of dynamic 

viscosity, η, for the studied ILs. 
 

Polar aprotic molecular solvents employed in this study are those common in 

electrochemistry of electrolyte solutions:14 acetonitrile (AN), γ-butyrolactone (γ-

BL), and propylene carbonate (PC). Their molecular structures are depicted in the 

bottom panel of Figure 1.1 

PC (anhydrous, 99.7%, ≤ 20 ppm of H2O) and γ-BL (ReagentPlus, 99.0%, 

≤ 1000 ppm of H2O) were supplied by Sigma-Aldrich (France), AN (Rotisolv, 

99.9%, UV-IR grade, ≤ 100 ppm of H2O) was supplied by Carl Roth (Germany). γ-

BL and AN were additionally dried with activated 4 Å molecular sieves while PC 

was used without further purification. 

Main physicochemical properties of the solvents are given in Table 2.2. They 

differ in terms polarity both on macro- and microscopic scales as quantified by 

relative static dielectric permittivity and molecular dipole moment values, 

respectively. They follow the sequence AN < γ-BL < PC. However, their solvating 

capabilities towards cations, described by their electron donicities or nucleophilic 

properties in the framework of Gutmann’s donor numbers,15-16 follow a slightly 
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different trend AN < <PC < γ-BL. Note that donor numbers of other common polar 

aprotic organic solvents like acetone or dimethyl sulfoxide are 17 and 29.8. 

respectively.15 In terms of electrophilic properties as quantified by Gutmann’s 

acceptor numbers, which indirectly characterize solvent’s capability of anion 

solvation all the solvents show comparable values which are typical for this class of 

polar aprotic molecular solvents.15 

 

Table 2.2 Selected properties of molecular solvents used in the present strudy: molar 
mass, M, density. d. dynamic viscosity, η, relative static dielectric permittivity, εr, molecular 
dipole moment, µ, Gutmann’s donor and acceptor numbers at 298.15 K 

Property AN γ-BL PC 

M / g mol−1 41.05 86.09 102.09 

d / g cm−3 0.776565a 1.124210b 1.19993c 

η / mPa s 0.339a 1.76d 2.5120c 

εr 35.96e 41.7f 64.96c 

µ / Debye 3.90g 4.19h 4.95g 

Donor number 14.1g 18.0i 15.1g 

Acceptor number 18.9g 17.3g 18.3g 
aRef. 17, bref. 18, cref. 19, dref. 20, eref. 21, fref. 22, gref. 15, href. 23, iref. 16. 

 

All solutions were prepared in glass vials by weight in an Ar-filled glovebox, 

where the H2O and O2 content were kept below 2.5 ppm (volume / volume). To 

accelerate mixing the solutions were sonicated for 30 minutes. For NMR 

measurements solutions were afterwards transferred, in the glove-box as well, into 

5-mm o.d. NMR tubes (supplied by Wilmad-LabGlass) fitted with a coaxial insert 

containing D2O as NMR-lock solvent and parafilmed. We employed a non-uniform 

concentration grid with more points taken around the composition corresponding to 

maximum conductivity in such mixtures, i.e., xIL ~ 0.15. 
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2.2. Raman measurements 

Raman spectrometric study was conducted for a representative system 

BmimPF6 – γ-BL. Particular interest to this system will be discussed in detail in 

Chapter 6. 

Raman spectra of the bulk samples (contained in sealed 2 ml glass vials used 

for preparation of solutions) were acquired at room temperature (24±1 °C) using 

LabRam HR visible micro-Raman spectrometer (produced by HORIBA Jobin 

Yvon, France), equipped with confocal microscope (10x magnifying objective was 

used), in back-scattering geometry in the spectral range 50-3500 cm−1. He-Ne laser 

(λ = 632.81 nm) was used for excitation. Raman signal was collected with a CCD-

detector (1024×256 pixels) placed after a diffraction grating (1800 grooves/mm) 

giving the final spectral resolution of about 0.3 cm−1. The wavenumber scale was 

calibrated prior to every measurement series with a standard Si sample 

(520.7 cm−1). Spectra were accumulated in a single scan with exposure time of 

300 s per each orientation of the grating which assured sufficient use of sensitivity 

of the detector and reducing the background noise. Band fitting in the spectral 

regions selected for analysis ( )y νɶ  (see Chapter 6) was performed with OriginPro 

software (OriginLab, Northampton, MA) using Voigt profiles 
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parametrized via peak areas, Ai, peak positions, iνɶ , and Lorentzian, wiL, and 

Gaussian full with at half maximum (FWHM), wiG. FWHM of a peak can be 

estimated as 

 2 2FWHM 0.5346 0.2166i iL iL iGw w w= ⋅ + ⋅ +  (2.2) 
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2.3. NMR measurements 

All NMR measurements were performed on a Bruker Avance-II 400 

spectrometer equipped with a 5-mm BBI probe with z-gradient, operating at 

400.33 MHz, 100.66 MHz, and 162.04 MHz for 1H, 13C, and 31P nuclei, 

respectively. Sample temperature was kept constant at 300.0 ± 0.1 K by means of 

VT-2000 Bruker variable temperature unit which was calibrated with standard 

samples of 4% MeOH in MeOH-d4 and 80% ethylene glycol in DMSO-d6
24. Prior 

to measurements, each sample was thermally equilibrated in the probe’s acquisition 

zone for at least 15 min. Chemical shifts were referenced to the residual signal of 

the internal-lock solvent for 1H and to external 85% H3PO4 for 31P. For subsequent 

analysis the 1H and 13C NMR spectra were referenced to the signal of terminal 

methyl carbon of the butyl chain of IL cation (see Chapter 4 for discussion). An 

example of 1H-NMR spectra of the neat ILs referenced in this way is shown in. 

 
Figure 2.3. 1H-NMR spectra of the neat ILs studied in this work. The spectra are 

referenced to the peak of the terminal methyl group of butyl chain. Peak assignment is given for 
the top spectrum. The signal of residual HDO in the capillary insert which was used for primary 
referencing by the instrument is marked with an asterisk. 

 

 37



 

2.3.1 Diffusion measurements 

Diffusion coefficients were measured by means of pulsed-field gradient 

(PFG) NMR method with the standard Bruker ledbpgp2s pulse sequence 

originally developed by Wu et al.25 Measurements with this pulse sequence were 

shown to be free of artifacts from thermal convection when used with sample 

rotation,26-27 as done in our experiments. The ledbpgp2s pulse sequence is of 

stimulated-echo type and, hence, also satisfies recommendations from Annat et 

al.28 

Gradients were separately calibrated using known diffusion coefficient of 

residual HDO in D2O.29 Typical NMR-diffusion experiments employed 16 

acquisition scans with a gradient pulse length (δ) of 1.2–5 ms and a diffusion delay 

(∆) of 100–200 ms. These parameters were adjusted to achieve ~ 95% attenuation 

of the signal at the highest gradient strength. The latter was varied in 16 steps up to 

~50 G cm−1 in a way that its squared value changed in equal increments. Gradient 

pulses were of squared sine shape, gradient recovery and longitudinal eddy-current 

delays equaled to 0.2 and 5 ms, respectively. According to the literature, 

radiofrequency pulse length and relaxation delay do not severely influence 

reliability of the results.27 Nevertheless, rough estimations of these parameters were 

performed for each sample. As these characteristic times were found to depend 

significantly on concentration, they were optimized to ensure accurate results. 

Selected samples were tested at different diffusion delays to ensure the 

absence of thermal convection effects.26 The data was analyzed with the standard 

TopSpin T1/T2 relaxation utility by fitting the decay of the integral intensity of the 

corresponding signal to the Stejskal-Tanner equation30 (eq (2.3)) 

 2 2 2
0 exp

3
A A g D

δγ δ  = − ∆ −  
  

 (2.3) 

which relates the attenuated signal amplitude, A, with its nonperturbed value, A0, 

using the gyromagnetic ratio of the probe nucleus, γ, gradient strength, g, gradient 
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pulse length, δ, diffusion delay time, ∆, and self-diffusion coefficient of the 

diffusing particle, D. 

The accuracy of our data can be judged by comparing our results for the pure 

components with literature values (Table 2.3). Generally, rather good agreement 

was achieved for the pure ILs despite calibrating the gradient strength with a 

standard having a 2 orders-of-magnitude higher self-diffusion constant. 

 

Table 2.3 Experimental self-diffusion coefficients, D, of the neat components measured at 
300 K and the corresponding literature values obtained with different methodsa 

D, 10−9 m2 s−1 

  literature 

component this work value method 

AN 5.1 4.85 (298.15 K)b NMR 
  4.31 (298.2 K)c NMR, high-pressure diaphragm cell with trace 

[14C]H3CN 
  4.37 (298.15 K)d NMR 
  4.34 (298.15 K)e open-end-capillary 
γ-BL 0.83 0.83 (303.15 K)f NMR 
  0.9 (303.15 K)g NMR 
  0.83 (295 K)h NMR 
PC 0.62 0.55 (303.15 K)f NMR 
  0.58 (303.15 K)g NMR 
  0.57 (298.15 K)i NMR 
  0.49 (298.15 K)j NMR 
  0.52 (298.15 K)k NMR 
Bmim+/TfO− 0.018 / – 0.019 / 0.014 (300 K)l NMR 
Bmim+/PF6

− 0.0078 / 
0.0066 

0.0080 / 0.0059 (300 K)l NMR 

  0.0071 / 0.0054 (300 K)m NMR 
Bmim+/BF4

− 0.017 / – 0.016 / 0.015 (300 K)l NMR 
  0.0158 / 0.0146 (300 K)m NMR 
  0.01301 / 0.01292 (300 

K)n 
NMR 

  0.016 / – (298.15 K)b NMR 
Bmim+/TFSI− 0.036 / – 0.0299 / 0.0238 (300 K)l NMR 
  0.0282 / 0.0216 (300 K)m NMR 
aExperimental temperatures are given in parentheses. bRef. 31. cRef. 32. dRef. 33. eRef. 34. fRef. 35, estimated from a 
digitized graph. gRef. 36. hRef. 37. iRef. 38. jRef. 39. kRef. 40. lInterpolated using equations from ref. 13. mRef. 41. 
nRef. 42. 
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2.4. Quantum chemical calculations 

2.4.1 General aspects 

Most of the quantum chemical calculations reported in this work were 

conducted using density functional theory (DFT) with the help of GAUSSIAN 09 

program suite.43 Ultrafine integration grid and the default convergence criteria were 

used throughout. Second order Møller-Plesset perturbation theory (MP2) was 

employed as a reference method for benchmarking purposes. 

Geometry optimizations were followed by harmonic frequency analysis to 

ensure that the obtained structures were true minima by the absence of imaginary 

wavenumbers. 

Quantum chemical calculations of optimal structures followed by harmonic 

vibrational analysis were performed in order to rationalize experimental results in 

terms of optimized configurations of ILs (isolated ions, ion pair and ion pair 

dimer), solvent molecules, and IL-solvent complex (cation-solvent, anion-solvent, 

ion pair-solvent). The revealed lowest energy structures were obtained both in 

vacuum and in polar solvent medium treated via implicit solvation approach. 

Binding energies were estimated in supramolecular approximation (i.e., as a 

difference between energy of a given complex and a sum of energies of isolated 

molecules and/or ions constituting it) taking into account zero-point vibrational 

energies of the species. Basis set superposition error correction was shown to be 

insignificant for DFT calculations of IL ion pairs and larger clusters44  performed 

with triple-zeta valence split basis set and thus it was not taken into account in the 

present study. Calculations involving polar medium were performed for the most 

stable representative structures in the framework of polarizable continuum model 

(PCM)45 using the defaults in the software. Since γ-BL and PC are not on the list of 

default solvents in GAUSSIAN 09, their static relative dielectric permittivity values 
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of 41.722 and 64.9619, respectively, were manually entered. PCM calculations on 

ion pair dimers were not feasible due to limited computational resources. 

2.4.2 Level of theory validation 

Dispersion plays significant role in ILs and, hence, acquiring reliable results 

from computational studies requires a good enough level of theory to capture such 

effects.46-49 Hydrogen bonding in ILs also remains a rather open question and 

special care needs to be taken in theoretical calculations as well as in interpretation 

of experimental results.50 At present, the highest employed level of theory for 

geometry optimizations of imidazolium IL ion pairs is MP2/aug-cc-pvtz44,51 and 

MP2/aug-cc-pvdz for larger aggregates.44 Single point energy estimations were 

feasible even with CCSD(T)/complete basis set extrapolation.52 However, theses 

front-end calculation studies already require enormous amount of time and memory 

resources on modern supercomputers for the model systems with small 1,3-

dimethylimidazolium (Mmim+) cation and/or monoatomic anions. This is definitely 

unaffordable for routine studies where it is not the ultrahigh precision, particularly 

in the energy values, which is needed, but rather reliable geometries and other 

properties, which capture all the key peculiarities of a given system. 

In pursuit of quality to cost ratio, the overwhelming majority of published to 

date computational studies on imidazolium IL ion pairs and other representative 

systems has been performed by means of density functional theory calculations.53-54 

Unfortunately, most of these reports are based on the results obtained with the 

popular B3LYP functional,53-54 which is known to be one of the worst performing 

ones for systems where dispersion plays role, including ILs.52,55-58 Thus, many 

conclusions drawn from these calculations may turn out to be an artifact of poor 

description of dispersion interactions. For example, as it was shown by Matthews et 

al.,44 B3LYP gives wrong energy ordering of the most stable ion pair structures of 

MmimCl when benchmarked against MP2 and CCSD(T). 
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At present, there are two mainstream approaches to overcome this issue at 

little increase of computational cost. One deals with the addition of an empirical 

atom pairwise correction term, which scales as inverse sixth power of interatomic 

separation distance, as introduced by Grimme59 to account for dispersion 

interactions and it is known as Grimme’s D-correction or DFT-D. Another 

approach benefits from implicit parametrization of novel functionals in order to 

better describe medium-range dispersion effects.60 Truhlar’s Minnesota family of 

functionals, particularly the M06-2X,61 are the most popular in the field. Both 

approaches have been found to bring about considerable improvement of accuracy 

benchmarked against high-level calculations on test datasets of systems with 

dispersion and hydrogen bonding,56-58 and those including IL ion pairs and larger 

structures.48,52,55,62 

In order to select a reasonable level of theory for our calculations, we 

performed a small benchmark study on MmimBF4 ion pair in vacuum (see Figure 

2.4). This model ion pair was selected as the smallest one to have the main features 

of our systems of interest, namely, dialkylimidazolium cation and multiatomic 

perfluorinated anion. Anion is located symmetrically on top of the C2-H2 fragment, 

which is essentially the most positively charged in the dialkylimidazolium cations 
63, and establishes a number of short noncovalent contacts between its fluorine 

atoms and the C2-H2 fragment as all as with the adjacent alkyl groups. 
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Figure 2.4. Geometry of MmimBF4 ion pair obtained at MP2/6-311++g(d,p) level of 

theory. Key interionic short contacts are indicated with dashed black lines. Symmetry unique 
distances are given in Å. Color coding of the elements: white – H, orange – C, blue – N, purple – 
F, cyan – B. 

 

We compared the DFT-D approach applied to such functionals as 

B3LYP, B97, and wB97x, which are notated as B3LYP-D3, B97D, and wB97xD, 

as implemented in the software,43 with the M06-2X functional. Recently, Grimme 

even proposed parameters for the dispersion correction for the M06-2X functional, 

notated as M06-2X-D356 which was also tested here. As a reference method, we 

employed MP2, classical B3LYP was also taken for comparison. Most of the tests 

were performed using Pople-type triple-zeta split-valence basis set with diffuse and 

polarization functions on both hydrogens and heavy elements 6-311++g(d,p). The 

influence of the basis set was studied for the M06-2X functional coupled with 6-

31+g(d), 6-311+g(d,p), 6-311++g(d,p), and aug-cc-pvdz. Generally, at least triple-

zeta basis sets are recommended for the Minnesota family of functional60, however, 

some benchmark studies claim that M06-2X is better coupled with Dunning’s type 

double-zeta basis set aug-cc-pvdz.64 The reference methods MP2 and B3LYP were 

additionally tested with heavier aug-cc-pvtz and lighter 6-31+g(d) basis sets, 

respectively. 
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The geometries, which define the interaction energies, electron density 

distribution and other subsequently derived properties of interest, obtained at the 

various levels of theory tested are compared in Figure 2.5. We note that the 

common B3LYP method with a very moderate basis set 6-31+g(d) erroneously 

predicts the anion to be asymmetrically tilted and positioned more towards the in-

plane orientation, i.e., more in front of the C2-H2 fragment, rather than on top of it 

(Figure 2.5, B). Moreover, larger basis set 6-311++g(d,p) does not fix the problem. 

Neither the B97D, nor the wB97xD functional do. They only shift the anion closer 

to the on-top of the C2-H2 fragment, but it is still asymmetrically tilted. It is only, 

when the B3LYP-D3 was used, that we could obtain a symmetrical structure 

compatible with the reference one. We stress, that this is an inherent problem of 

these functionals, but it is not of a bad choice of the initial configuration. It was 

impossible for us to reach the symmetrical structure with the B3LYP, B97D, and 

wB97xD functionals even when the MP2 structure was the starting one and very 

strict convergence thresholds were employed. 

In contrast, M06-2X shows impressively good results already with the 

moderate 6-31+g(d) basis set (Figure 2.5, B). It is also noteworthy that either the 

basis set variation or inclusion of the empirical dispersion correction do not 

appreciably alter the optimized geometry. Aiming at higher computational 

efficiency without using too moderate basis sets, we have picked up the slightly 

smaller triple-zeta basis set 6-311++g(d,p) to the heavier double-zeta aug-cc-pvdz 

as the main basis set for our calculations. 

General comparison between the best representatives of each of the two 

families, i.e., M06-2X and B3LYP-D3 along with the reference results obtained 

with MP2 and B3LYP is presented in the panel D of Figure 2.5. It is apparent, that 

even though B3LYP-D3 significantly corrects the main erroneous features of the 

B3LYP structure, it still performs slightly worse than the M06-2X functional. The 

latter was thus selected for our main calculations. 
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Figure 2.5. Overlayed by the imidazolium ring optimized in vacuum structures of 

MmimBF4 ion pair as obtained at different levels of theory. A – overall comparison of all the 
tested approaches. B – assessment of the DFT-D style correction. C – assessment of the basis set 
dependence for the M06-2X functional. D – comparison of B3LYP, B3LYP-D3, and M06-2X 
functionals coupled with the 6-311++g(d,p) basis set. The reference structure obtained at the 
MP2/6-311++g(d,p) level of theory is shown in all the panels for comparison. 

 

Quantitative comparison of the structures presented in the panel D of Figure 

2.5 is given in Table 2.4. The main geometrical parameter of the corresponding 

isolated ions are also given and it is evident that the main differences are observed 

for the ion pairs, i.e., for the relative arrangement of the counterions, but not for the 

ions themselves. 
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Table 2.4. Comparison of the main geometrical and energetic properties for MmimBF4 ion pair and its isolated ions calculated at 
different levels of theory in vacuum. 
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BF4
−            

d(B-F) / Å 1.418 1.417 1.419 1.432 1.414 1.409 1.409 1.409 1.415 1.415 1.409 

Mmim +            

d(C4-5-H) / Å 1.080 1.077 1.077 1.081 1.077 1.080 1.077 1.077 1.083 1.080 1.076 

d(C2-H) / Å 1.080 1.078 1.077 1.081 1.078 1.081 1.079 1.079 1.083 1.080 1.076 

∠ NC2N / deg. 108.958 108.858 108.770 108.609 108.887 108.823 108.833 108.837 108.760 108.381 108.309 

∠ HCNC2 / deg. -0.003 1.141 1.154 0.046 1.126 0.976 1.237 0.025 -0.003 1.229 1.110 

MmimBF 4            

max d(B-F) / Å 1.440 1.439 1.431 1.446 1.431 1.422 1.422 1.422 1.427 1.427 1.422 

min d(B-F) / Å 1.377 1.374 1.377 1.389 1.374 1.373 1.370 1.370 1.378 1.377 1.374 

d(C4-5-H) / Å 1.079 1.076 1.076 1.080 1.076 1.079 1.076 1.076 1.081 1.079 1.075 

d(C2-H) / Å 1.082 1.078 1.076 1.079 1.078 1.080 1.077 1.077 1.082 1.077 1.074 

∠ NC2N / deg. 108.810 108.811 108.747 108.577 108.874 108.803 108.837 108.837 108.747 108.420 108.244 

∠ HCN1/3C2 / deg. 0.839/25.577 7.761/23.917 38.025 36.451/37.730 25.988/32.211 22.107 22.464 22.464 24.228 25.770 21.863 

d(C···B) / Å 3.129 3.103 3.018 3.071 3.030 2.926 2.924 2.924 2.908 2.983 2.959 

∠ C4N3C2B / deg. 130.459 127.869 104.349 108.882 110.421 101.602 101.714 101.714 103.542 102.276 101.969 

−Eint / kJ mol−1 347.9 353.8 375.3 369.4 369.2 380.7 387.3 388.7 388.1 376.8 377.7 

No of basis functions 246 327 327 327 327 246 327 327 357 327 759 
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One can also see from Table 2.4 that in the tilted structures obtained with the 

B3LYP, B97D, and wB97xD functionals the anion is not only shifted towards the 

in-plane configuration (note the higher values of the C4N3C2B dihedral angle, i.e., 

the angle between the C2-B vector and the imidazolium ring plane; the value of 

180 degrees would correspond to the perfect in-plane arrangement of the anion, 

while for anion located exactly above the C2 carbon a value of 90 degrees is 

expected) but it is also further apart from the center of positive charge of the cation 

(note the higher values of the C2···B distances). The latter observation is logically 

reflected in reduced values of the interaction energy which is dominated by the 

Coulomb attraction.65-66 

The effect of the level of theory on the electronic properties in terms of 

electron density distribution and weak noncovalent interactions will be discussed in 

the subsequent sections of this chapter. 

2.4.3 Quantum theory of atoms in molecules 

As it was noted for the structure of the model ion pair MmimBF4, shown in 

Figure 2.4, there are multiple short contacts between the counterions which can be 

attributed to weak noncovalent interactions and even to hydrogen bonds. These 

contacts are bifurcated as the same hydrogen/fluorine atom can participate in 

several interactions. The characterization based on the information on angles and 

distances is rather poor with respect to the explanation of the nature of such 

interactions. A well-justified approach to quantitatively describe such phenomena 

in molecular systems is Bader’s ‘quantum theory of atoms in molecules’ 

(QTAIM).67 

In a molecular structure, electron density is inhomogeneously distributed: it 

is accumulated around the atomic nuclei and vanishes at infinite separation. The 

phenomenon of ‘chemical bonding’ is considered as a local accumulation of 

electron density in the internuclear space of the interacting, i.e., chemically bonded 
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atoms. This electron density, however, is far less than at the corresponding nuclear 

sites and, thus, it goes through a minimum along the bonding direction. 

In his works,67-70 Bader showed that the structure of a molecular system is 

uniquely determined by the type of the electron density (ρ ) critical points (CPs) 

where the gradient of the electron density equals zero (0ρ∇ = ). Eigenvalues iλ  (of 

the matrix of second derivatives of the electron density (electron density Hessian) 

define the type of a critical point which is usually notated as (ω, λ), where ω is the 

rank of the electron density Hessian (i.e., the number of non-zero eigenvalues), and 

λ is its signature (i.e., algebraic sum of signs of the eigenvalues). Typically for 

minima on potential energy surfaces there are three non-zero iλ  values (λ1 < λ2 < λ3) 

Subsequently, in a stable molecular systems there can be the following types 

of CPs in the spatial distribution of the electron density: 

• (3, −3) – nuclear attractor which corresponds to a local electron 

density maximum in all the directions (λ1, λ2, λ3 < 0); 

• (3, +3) – cage CP (CCP) which is a local mimimum in the electron 

density in all the directions (λ1, λ2, λ3 < 0); 

• (3, +1) – ring CP (RCP) where the electron density is a minimum in 

the ring plane, but it is a maximum along the normal to the ring plane 

(λ1 < 0, λ2, λ3 > 0); 

• (3, –1) – bond CP (BCP). A point where the electron density is 

minimal along the interaction path between two atoms and it is 

maximum in the plane perpendicular to the pathline (λ1, λ2 < 0, λ3 > 0). 

Bonding pattern of a molecular system can described as a system of nuclear 

attractors connected via bond paths. A bond path is a line of maximum electron 

density connecting two interacting atoms and BCP is the point of lowest electron 

density on this line (see Figure 2.6). Typically, bond paths are straight lines 

between the nuclei, but sometimes they can be rather curved. 
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Figure 2.6. Schematic representation of the bonding between two interacting atoms A and 

B. Shaded area indicates the plane perpendicular to the bond path at the BCP. Directions of the 
u1, u2, and u3 eigenvectors of the Hessian of ρ at the BCP are also shown. Their eigenvalues are 
λ1, λ2, and λ3, respectively. 

 

In view of characterization of the weak noncovalent interactions, including 

hydrogen bonds, the properties of electron density at the corresponding BCPs are 

typically considered. The following descriptors are commonly used for their 

quantitative characterization in the QTAIM framework: 

1) electron density (ρ) at the BCP; 

2) electron density Laplacian (∆ρ) at the BCP which is the sum of the 

eigenvalues of the electron density Hessian: 

 
2 2 2 3

2
2 2 2

1
i

ix y z

ρ ρ ρρ ρ λ
=

∂ ∂ ∂∆ = ∇ = + + =
∂ ∂ ∂ ∑  (2.4) 

Its positive value indicates that the corresponding BCP is located in the 

region of electron density depletion, which is typical for weak, noncovalent, mainly 

electrostatic interactions;71 

3) local total electron energy density (H) at the BCP which is the sum of the 

corresponding kinetic (G) and potential (V) energy densities. G values are 

positive and those of V are negative: 

 H G V= +  (2.5) 
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The local kinetic and potential energy densities are related to the electron 

density Laplacian via: 

 
1

2
4

G Vρ∆ = +  (2.6) 

One can see, that for the positive Laplacian value (∆ρ > 0) there can be 

situations where the local potential energy density still outweighs the local kinetic 

energy density, i.e. |V| > |G| and, hence, H < 0. This is a case of electrostatic 

interactions (∆ρ > 0) with some degree of covalency, since the negative value of the 

electron density localization at a given BCP has a stabilizing effect on the system. 

It is typical for strong hydrogen bonds and noncovalent interactions. Weak and 

medium strength noncovalent interactions typically show positive values for both 

∆ρ and H. 

4) ellipticity (ε = λ1/λ2 − 1) characterizes the uniformity of the electron density 

accumulation in the plane which is orthogonal to the bond path. For a 

perfectly cylindrically symmetric distribution of the electron density along 

the bond path the ellipticity value is zero. Values higher than ca. 0.5 are 

considered to be indicative of significant nonuniformity of the electron 

density distribution at the BCP. 

 

Koch and Popelier proposed several practical criteria for hydrogen bonding 

on the basis of extensive QTAIM studies on presumably hydrogen bonded 

systems.72 They can be summarized as follows. 

A hydrogen atom can be considered as forming a hydrogen bond with an 

acceptor if the following three necessary conditions are satisfied: 

1) there is a BCP between the hydrogen atom and the hydrogen bond acceptor 

and of the corresponding bond path which connects the hydrogen and 

acceptor atoms; 

2) low value of the electron density (ρ) in the BCP – 0.002-0.034 a.u.. 
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3) low positive value of the Laplacian of the electron density (∆ρ) – 0.024-

0.139 a.u. 

Apart from the analysis of bonding pattern in molecular systems, QTAIM 

also provides tools to partition the molecular space into distinct atomic 

compartments, which are called ‘atomic basins’, based on the electron density 

topology. An atomic basin is a locus in space for which all the gradient paths 

terminate at a given nuclear attractor. In other words, within an atomic basin, the 

electron density always increases when approaching the nuclear attractor. Atomic 

basins are separated by so-called zero-flux surfaces where the electron density 

gradient normal to this surface equals zero. Having established these topological 

boundaries between the atomic basins, any property can be integrated within these 

boundaries to determine atomic contribution into the overall molecular property. In 

particular, atomic charges are defined within QTAIM as the electron density 

integrated over the given atomic basin after subsequent subtraction of the 

corresponding nuclear charges. QTAIM charges are known to be robust and 

reliable for determining the atomic charges of the inner atoms in bulky molecular 

structures, they also capture the symmetry of charge distribution, where it is 

relevant, in contrast to other charge calculation protocols based on the electrostatic 

potential fitting.73 

Formation of a hydrogen bond is also accompanied with an increase of 

charge on the hydrogen atom. 

In the present study, all the QTAIM calculations were performed with the 

MultiWFN software using its default parameters.74 

Basic QTAIM properties of the model ion pair MmimBF4 calculated for the 

structures presented in the panel D of Figure 2.5 are collected in Table 2.5. As it 

was mentioned above for the structural properties, major differences are observed 

for the ion pairs rather than for the isolated counterions. Since the electron density 

distribution is determined by the underlying molecular geometry, the discrepancies 
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noted for the geometries are also reflected in the parameters of the interionic BCPs 

and in the atomic charges of the relevant atomic sites. 

We note that, indeed, as it was anticipated from the geometry of the ion pair, 

QTAIM analysis reveals several types of weak noncovalent interactions between 

the counterions. They have intermediate values of the electron density at the BCPs 

ρ
BCP (0.010-0.013 a.u.) and should be classified as weak and electrostatic, since the 

corresponding values of the Laplacian ∆ρ
BCP and of the total electron energy 

density HBCP are slightly positive. In all the structures compared here there is a 

particular contact with the C2 carbon atom which is a consequence of its direct 

contact with one of the fluorine atoms of the anion. This contact shows an 

appreciable ellipticiy at the BCP which might originate from the peculiarities of the 

electron density distribution in the imidazolium ring. 
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Table 2.5. Comparison of the main QTAIM parameters for MmimBF4 ion pair and its 
isolated ions calculated at different levels of theory in vacuum. 
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BF4
−     

q(F) / e −0.839 −0.839 −0.853 −0.856 
Mmim +     
q(C2) / e 0.995 0.995 1.070 0.997 
q(H2) / e 0.149 0.150 0.154 0.159 
MmimBF 4     
q(BF4

−) / e −0.969 −0.977 −0.986 −0.987 
q(C2) / e 1.018 1.029 1.110 1.044 
q(H2) / e 0.231 0.191 0.191 0.195 
BCPs     
ρ

BCP(C2···F1) / a.u. 0.0109 0.0121 0.0140 0.0133 
∆ρ

BCP(C2···F1) / a.u. 0.0429 0.0477 0.0569 0.0528 
HBCP(C2···F1) / a.u. 0.0014 0.0012 0.0011 0.0010 
ε

BCP(C2···F1) / a.u. 0.77 0.37 0.62 0.42 
ρ

BCP(H2···F2-3) / a.u. 0.0136/0.0192 0.0126 - - 
∆ρ

BCP(H2···F2-3) / a.u. 0.0744/0.0558 0.0518 - - 
HBCP(H2···F2-3) / a.u. 0.0021/0.0020 0.0018 - - 
ε(H2···F2-3) / a.u. 0.05/0.36 0.43 - - 
ρ

BCP(C2···F2-3) / a.u. - - 0.0146 0.0130 
∆ρ

BCP(C2···F2-3) / a.u. - - 0.0609 0.0547 
HBCP(C2···F2-3) / a.u. - - 0.0017 0.0016 
ε

BCP(C2···F2-3) / a.u. - - 0.65 0.60 
ρ

BCP(HMe···F2-3) / a.u. 0.0125/0.0115 0.0117 - 0.0102 
∆ρ

BCP(HMe···F2-3) / a.u 0.0461/0.0407 0.0453 - 0.0431 
HBCP(HMe···F2-3) / a.u 0.0014/0.012 0.0014 - 0.0010 
ε

BCP(HMe···F2-3) / a.u 0.01/0.07 0.35 - 0.76 
ρ

BCP(CMe···F2-3) / a.u. - - 0.0115 - 
∆ρ

BCP(CMe···F2-3) / a.u. - - 0.0500 - 
HBCP(CMe···F2-3) / a.u. - - 0.0015 - 
ε

BCP(CMe···F2-3) / a.u. - - 1.02 - 
RCPs     
ρ

RCP (imidazolium)/ a.u. 0.0545 0.0547 0.0570 0.0551 
ρ

RCP (interionic)/ a.u. 0.0065-0.0128 0.0074-0.0101 0.0094-0.0116 0.0079-0.0105 
CCPs     
ρ

CCP / a.u. - 0.0092 0.0108 0.0100 

 

Another prominent feature to mention is that the arrangement of the anion 

roughly on-top of the C2-H2 fragment is not really favorable for directional 

hydrogen bonding. As a result, the numerical QTAIM algorithm sometimes reveals 
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the corresponding bond paths terminating not at the hydrogen atoms but to the 

adjacent carbon atoms. This results in rather curved bond paths which can be 

judged by rather high values of ellipticity (Table 2.5) and visually in the 

corresponding molecular graph, i.e., a set of CPs connected via bond paths and 

BCP-to-RCP paths, shown in Figure 2.7 (note the bondpaths F3-2···C2 curved when 

approaching the carbon site). 

 
Figure 2.7. Molecular graph of the MmimBF4 ion pair obtained by means QTAIM 

analysis of its optimal structure at the MP2/6-311++g(d,p) level of theory. Bond paths for 
covalent interactions are shown as solid thick black lines, those of the weak noncovalent ones are 
thick dashed black lines. Thin dashed black lines show the RCP-to-BCP paths. CCP is shown as a 
black sphere, BCPs are light-blue, and RCPs are green. Color coding of the elements: white – H, 
orange – C, blue – N, purple – F, cyan – B. 

 

From Figure 2.7 it is also apparent that within the interionic space in addition 

to the BCPs there is a number of RCPs and a CCP in the region on top of the C2-H2 

fragment which is in accordance with the recent results of Matthews et al.75 These 

give some hints that the weak noncovalent interactions in such systems are more 

than a set of short interionic contacts. It was shown in the literature for systems, 

where hydrogen bonds are a part of a cyclic structure, that the RCP densities 

correlate well with other BCP descriptors of intramolecular hydrogen bonds.76-78 

CCPs were found to be a characteristic feature of ion adducts with aromatic π-
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substrates. The corresponding densities correlate with the interaction energies, as it 

was shown for complexes with anions79-80 and with cations.81-83 Moreover electron 

density properties at CCPs are also quite important to understand interaction in 

stacked aromatic systems.84 

As can be seen from Table 2.5 the electron density values at the interionic 

BCPs and CCPs are slightly lower than at the corresponding BCPs (ca. 0.008-

0.011 a.u.). This proves that there are multiple weak noncovalent interactions in the 

model MmimBF4 ion pair. 

2.4.4 Noncovalent interactions 

One of the drawbacks of the QTAIM approach is that the whole analysis, 

which starts with location of the CPs, relies on a numerical differentiation 

procedure which can fail to locate the CPs, particularly the BCPs corresponding to 

weak noncovalent interactions in the regions of low electron density.85 In fact, there 

are situations described in the literature, where everything points to the existence of 

a weak attractive noncovalent interaction, like the intramolecular hydrogen bond in 

ethylene glycol,85 but QTAIM does not reveal the corresponding BCP. The 

problem is that the electron density gradient in the vicinity of the anticipated BCP 

location approaches zero, but does not reach it, in terms of numerical accuracy of 

the QTAIM algorithm.  

An approach that is capable of overcoming this problem has been recently 

developed by Cotreras García and Johnson.86-89 It is called ‘noncovalent 

interactions’, or NCI, and it deals with analysis of the electron density distribution 

in molecular systems in the regions of low electron density and low gradient 

values. This approach is also often referred to as ‘reduced density gradient’ (RDG) 

analysis.74 

 
2 1/3 4/3

1 | |
RDG

2(3 )

ρ
π ρ
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When the RDG is plotted as a function of the electron density (see Figure 

2.8) several peculiar features become apparent. At nuclear sites, where the electron 

density is high, the gradient reaches the zero value leading to low values of the 

RDG at high ρ values (beyond the bottom right edge of the top left panel in Figure 

2.8). At infinite separation from the nuclei, the electron density vanishes and this 

corresponds to the region of high RDG values as ρ→0 (beyond the top left edge of 

the top left panel in Figure 2.8). The decay of electron density between these two 

limiting cases is roughly exponential. As a result, the main trend in the dependence 

of the RDG on the electron density value is of a general form ρ
−1/3.88 However, as it 

is implied in QTAIM, the bonding pattern in a molecular structure is determined by 

a set of CPs where the electron density gradient is zero. The BCPs for covalent 

bonds appear as spikes of zero RDG value at the electron density values 

corresponding to ρBCP. For systems with weak noncovalent interactions, whether 

hydrogen bonding, dispersion, or steric repulsion, the corresponding plots reveal 

similar spikes, but at much lower values of the electron density (typically, below 

0.05 a.u.). 

As it was mentioned before, it happens that the electron density gradient 

itself does not reach the zero value for the weak noncovalent interactions, however, 

the characteristic spike-like pattern is still observed. It reflects the electron density 

distribution in the vicinity of the anticipated density CP. To distinguish between the 

attractive and repulsive interactions, it was proposed to use the sign of the second 

eigenvalue of the electron density Hessian λ2.
88 For a case of two interacting atoms, 

as shown in Figure 2.6, the λ3 value is positive at the BCP, since it is a minimum of 

the electron density along the bond path. The λ2 value characterizes the distribution 

of the electron density in the plane which is orthogonal to the bond path. For 

bonding interactions where the electron density is accumulated in the vicinity of the 

BCP, the λ2 value is negative, while for the nonbonding and repulsive interactions 

λ2 > 0. The corresponding graphical representation, often called as NCI plots, is a 
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graph of the RDG value as a function of sign(λ2)ρ, which is shown in the top right 

panel in Figure 2.6. The covalent bonds, characterized by spikes reaching zero at 

rather high values of ρ, appear at the left (negative) side of the NCI plot. The RCP 

which corresponds to the imidazolium ring gives a spike at the positive side of the 

NCI plot for MmimBF4 ion pair at ca. 0.05 a.u. which perfectly corresponds with 

the results of QTAIM analysis (Table 2.5). 

The region of weak noncovalent interactions between the counterions, which 

constitutes the main point of interest for us in the present study, is shown in the 

bottom panel of Figure 2.8. The spikes reaching zero RDG values at the negative 

side of the NCI plot at around ca. 0.012-0.015 a.u. correspond to the interionic 

BCPs revealed by the QTAIM analysis (Table 2.5). Similarly, the spikes at the 

positive side of the NCI plot in this region correspond to the interionic CCP and 

RCPs with ρ values of about 0.01 a.u. 

A spike at the negative side of the NCI plot which does not reach zero RDG 

value is an example of a bonding, i.e., stabilizing weak noncovalent interaction 

which is not captured by the QTAIM analysis. In order to assign this interaction a 

visualization method is required. Within the NCI approach, this is performed by 

plotting an isosurface of the RDG which encloses the regions of space where the 

RDG values are below a given isovalue.87-88 The strength of interaction in the 

regions of noncovalent interactions highlighted by the isosurfaces can be visualized 

by coloring the surfaces in accordance with the corresponding sign(λ2)ρ values. A 

conventional palette for this color mapping of NCI is blue-green-red,87-88 that is the 

regions of bonding interactions with sign(λ2)ρ < 0 are in blue, repulsive interactions 

and steric clashes where sign(λ2)ρ > 0 are in red, and the weak dispersive 

interactions of low electron density appear as green isosurfaces. The latter type of 

interactions is characterized by the electron density values below ca. 0.01 a.u. 

However, despite rather low values of ρ they are usually rather delocalized and can 

significantly contribute to the overall pattern of noncovalent interactions.89-90 
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Figure 2.8. Reduced density gradient as a function of the electron density in MmimBF4 

ion pair structure, which was obtained at the MP2/6-311++g(d,p) level of theory (top left panel). 
Reduced density gradient of the same system as a function of the electron density multiplied by 
the sign of the second eigenvalue of the electron density Hessian (top right panel) – NCI plot. 
Enlarged portion of the NCI plot marked in red, which corresponds to the region of weak 
noncovalent interactions, is shown in the bottom panel. 

 

The NCI isosurfaces for the model MmimBF4 ion pair are shown in Figure 

2.9 along with the noncovalent BCPs, RCPs and the CCP revealed by the QTAIM 

analysis. One can see an illustrated connection between the results of QTAIM and 

NCI analyses. The BCPs are located in the center of blueish regions of the NCI 

isosurfaces, the RCPs and CCP in the region between the counterions correspond to 

green-yellow parts of the surfaces (weak van der Waals interactions). The 

imidazolium ring RCP is in between the two distinctly red colored NCI region 
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which is indicative of destabilizing crowding of the electron density due to the ring 

closure. 

 
Figure 2.9. NCI isosurfaces for the MmimBF4 ion pair structure, which was obtained at 

the MP2/6-311++g(d,p) level of theory. The reduced density gradient cut-off value is 0.6. The 
sign(λ2)ρ value is colormapped onto the isosurfaces in the region from −0.03 a.u. to +0.03 a.u. in 
the blue-green-red palette. CPs revealed by the QTAIM analysis are shown for comparison: 
BCPs as light blue spheres, RCPs as green spheres, and CCP is shown in black. Color coding of 
the elements: white – H, orange – C, blue – N, purple – F, cyan – B. The two images represent 
different points of view. 

 

The only blueish-green part of the NCI isosurface in the space between the 

counter ions, which does not contain a BCP, is the one between the F1 atom and the 

C4-5 site. This corresponds to the feature noted in the NCI plot (Figure 2.8) as a 

spike at low negative sign(λ2)ρ values that does not reach zero RDG values. 

The red traces around the B-F bonds in the anion are due to steric clashes 

between the electron shells of the electron-rich fluorine atoms. 

From this brief analysis of the electron density distribution in the model ion 

pair MmimBF4, it is apparent that due to the multiatomic nature of the counterions 

a broad and delocalized surface of weak noncovalent interactions is established in 

the interionic space. Their relative strength between selected fragments can be 

estimated via the NCI surfaces and plots. The results are not only compatible with 

the QTAIM analysis of CPs, but can also reveal stabilizing interactions which 

cannot be captured within the QTAIM approach. 

In order to assess the influence of the level of theory on the results of NCI 

analysis, as it was done for QTAIM in the previous section, the NCI plots for the 
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model ion pair obtained with different methods and the 6-311++g(d,p) basis set are 

compared in Figure 2.10. 

 
Figure 2.10. NCI plot for the MmimBF4 ion pair structures which were obtained with 

different methods coupled with the 6-311++g(d,p) basis set. 
 

Similarly to structural and QTAIM analyses, B3LYP is an outlier due to too 

poor geometry. M06-2X, which was selected as the working functional for the 

present study, slightly overestimates the electron densities in the region of bonded 

interactions, but performs well in the region of weak repulsive and van der Waals 

interactions, when referenced to MP2. 

All the NCI calculations were performed with the MultiWFN software74 

utilizing a uniform spatial grid with a step of 0.1 a.u. In order to focus on the weak 

noncovalent interactions, only the regions of ρ < 0.05 a.u. were analyzed. All the 

NCI isosurfaces were plotted with VMD.91 
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Chapter 3. Quantum Chemical Interpretation of 

the Interactions in IL-Molecular Solvent Mixtures 

In order to establish the main peculiarities of the intermolecular interactions in IL-

molecular solvent mixtures, quantum chemical calculations have been performed for a set 

of representative model molecular clusters. These calculations were coupled with the 

advanced methods of analysis of the electron density distribution aimed at deciphering of 

weak noncovalent iteractions in molecular systems, namely the quantum theory of atoms 

in molecules (QTAIM) and the noncovalent interactions (NCI) approaches. 

Model systems were constructed in order to simulate different environments at the 

lowest computational cost. IL ion pairs and ion pair dimers were considered as model 

structures for the neat ILs and large aggregates. Complexes between the solvent 

molecules and the ion pairs or individual cations were studied with respect to specific 

solvation effects. Implicit solvation effects were modeled within the PCM approach. 

Weak electrostatic hydrogen bonding has been found in the structure of ILs 

between the anions and the imidazolium ring hydrogen atoms of cations. Weaker but still 

appreciable hydrogen bonding has been also noted for hydrogen atoms of the adjacent to 

the imidazolium ring alkyl groups. The relative strength of the hydrogen bonding is 

higher for BmimTfO and BmimBF4 ILs than for BmimPF6 and BmimTFSI. BmimTfO 

and BmimTFSI, in turn, reveal higher sensitivity of hydrogen bonding at the hydrogen 

atom at position 2 of the imidazolium ring compared to those at positions 4-5. 

Taking into account the solvent effect, the native structure of ILs is perturbed and 

the new hydrogen bonding interactions are established. The strength of hydrogen bonding 

between cation and different solvent molecules follows the order AN < PC < γ-BL. 

BmimPF6 and BmimTFSI ILs are more prone to the perturbing effect of the solvent. 
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3.1. Introduction 

Quantum chemical calculations have been routinely used to study various 

properties of the IL-based systems and to help with the analysis of experimental 

results, including those obtained from NMR and vibrational spectroscopy.1-2 One 

should always be cautious when trying to connect the results obtained from 

calculations on model systems of the size of tens of atoms, often performed for the 

gas phase, to some subtle peculiarities of the macroscopic samples. It is exactly the 

case of the IL-molecular solvent mixtures. As it was mentioned in Chapter 1, it is 

only very recently that MD simulations of the IL-based mixtures of relevant size 

and trajectory length have become feasible. Nevertheless, there is still a severe lack 

of proper force field models suitable to be applied over the entire concentration 

range.3 At present, quantum chemical calculations of small model systems are 

affordable methods for the routine use in order to reveal their electronic properties 

in details. 

In this chapter we study several types of model systems, e.g., IL ion pairs and 

ion pair dimers to reveal the features that could be characteristic for the neat ILs 

and large aggregates; ion pair-solvent and ion-solvent complexes to simulate local 

microenvironments in the mixtures. Given the limited size of these model systems, 

the results obtained in this approach should be treated rather as a hint to interpret 

the experimental data than solid evidence. 

3.2. IL ion pairs and ion pair dimers 

3.2.1 Main structural features of the ion pairs 

Ion pairs are often taken as the smallest unit to represent the main features of 

the neat ILs.1,4 Ion pair structures for the studies set of imidazolium ILs obtained 

from gas-phase calculations are shown in Figure 3.1. Most of the literature studies 

on quantum-chemical calculations of the imidazolium IL ion pairs containing BF4
− 
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and PF6
− anions suggest that the configuration where the anion sits on top of the C2-

H2 fragment is the most stable one.5-18 When referencing to ‘above’ or ‘on-top’ of 

the imidazolium ring plane, it means at the same side as the alkyl chain with 

respect to the ring. This configuration was found in our optimizations even when 

other initial structures revealed by some previous investigations7,9-11,13,16,19 were 

employed, e.g., with anion positioned in front of the C2-H2 fragment or at the C5-H5 

- CαH2 site in the plane of the imidazolium ring. This can be explained as a result of 

poor performance of the B3LYP functional that was used in most of the previously 

cited studies. We also note rather rare usage of triple-zeta basis sets in these 

investigations which could lead to improper description of the potential energy 

surface. The on-top of C2-H2 arrangement of the PF6
− anion with its three fluorine 

atoms pointing towards the cation was also established by Hardacre et al. in 

neutron scattering studies on RmimPF6 coupled with MD simulations.20-21 
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Figure 3.1. Optimized in vacuum at the M06-2X/6-311++g(d,p) level of theory structures 

of the studied ion pairs. Color coding of the elements: white – H, orange – C, blue – N, purple – 
F, cyan – B, gray – P, yellow – S. 

 

Calculations on the TFSI− containing imidazolium ILs reveal two kinds of 

results. B3LYP and Hartree-Fock based studies employing rather moderate basis 

sets10,22-24 predict the anion to be in front of the C2-H2 fragment in the plane of the 

imidazolium ring. In these structures the anion was found in the trans-conformation 

with respect to its C-S-N-S-C fragment and strong directional hydrogen bonds were 

observed between the C2-H2 hydrogen and anion’s nitrogen and/or oxygen atoms.22 

On the other hand, more recent studies on EmimTFSI ion pair, employing 

MP2/aug-cc-pvtz25 and M06/6-311++g(d,p)26 levels of theory, revealed the TFSI− 

anion to be in the cis-configuration in all the stable low-energy minima and located 

on top of the C2-H2 fragment with one of its SO2 moieties. This exactly corresponds 
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to the structure found as the lowest energy minimum for the BmimTFSI ion pair 

Figure 3.1. A remarkable point in this structure is that due to the bulkiness of the 

anion the butyl chain is pushed towards the in-plane orientation. Similar feature 

was also observed for the BmimTFSI ion pair by Hunt et al. using B3LYP/6-

311++g(d,p) level of theory.11 Such orientation of the anion also agrees with the 

results of Hardacre et al.20 that for the TFSI− anion the position above/below the 

imidazolium ring is even more favored than for PF6
−. 

Raman27-28 and MD29 studies suggest a comparable population of the cis- and 

trans-conformations of the TFSI− anion in neat ILs. This contradiction can be 

resolved if one assumes that the trans-conformations, which are thermodynamically 

more stable, are more frequently found for ‘free’, or less bound configurations of 

the anion, while in tightly bound structures, like the ion pairs, the cis-conformation 

is stabilized by multiple bonding contacts with the counterions. 

Theoretical studies on the ion pair structures of imidazolium ILs with TfO− 

anions are far less ubiquitous.10,30-32 Our calculated optimal structure is in 

accordance with these reports. The strongly negatively charged SO3 group of the 

anion is positioned on top of the C2-H2 fragment with two oxygen atoms being in 

the vicinity of C2-H2 and of the NCH3 and CαH2 hydrogen atoms. Trifluoromethyl 

group CF3 of the anion is located exactly above the imidazolium ring center and the 

fluorine atoms are in close contact with the hydrogen atoms of the butyl group. 

The common property of all the revealed optimal ion pair structures is 

presented in Figure 3.2. One can easily see that the central atom of the negatively 

charged group of every anion (B for BF4
−, P for PF6

−, and S for TfO− and TFSI−) is 

positioned roughly on top of the C2-H2 fragment (the most positively charged part 

of the cation33) and its electronegative atoms are at hydrogen bonding distance 

away from the C2-H2 hydrogen and allegedly from the alkyl ones adjacent to the 

imidazolium ring. 
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Figure 3.2. Optimized in vacuum structures of the studied ion pairs, superimposed by the 

imidazolium ring carbon atoms. Red – BmimTfO, blue – BmimBF4, yellow – BmimPF6, gray – 
BmimTFSI. Dashed lines indicate short contacts between the C2H2 hydrogen atoms and the 
nearest electronegative atoms of anion. 

 

The general stability of the ion pairs in vacuum can be estimated with the 

binding energies which are shown in Figure 3.3. The relatively large values of ca. 

−360 - −380 kJ mol−1 stem from the fact that the dominant interaction in such 

systems is Coulomb attraction.10 In the studied set of ILs, absolute values of the ion 

pair binding energy follow the order 

BmimPF6 < BmimTFSI < BmimTfO <BmimBF4, which is in agreement with the 

literature results. 10 
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Figure 3.3. Binding energies of the studied ion pairs in vacuum obtained at the M06-2X/6-

311++g(d,p) level of theory. 
 

In order to estimate the stability of the revealed configurations with respect 

to the position of the anion around the imidazolium ring plane and to the rotation of 

the butyl chain. The dihedral angles which were scanned/monitored are shown in 

Figure 3.4. We perfomed relaxed potential energy scans along the selected dihedral 

angles with a step of ten degrees. A slightly smaller basis set 6-31+g(d) coupled 

with the M06-2X functional was used in these calculations. 

Position of the anion relative to the imidazolium ring plane was characterized 

via a dihedral angle φ, which the angle between the vector connecting C2 carbon 

with the central atom of the negatively charged group of aninon X and the 

imidazolium ring plane. Perfect on-top-of-C2 arrangement would correspond to the 

values of φ equal 90 degrees, an inplane arrangement is characterized by zero value 

of φ, and the configurations where anion is below the imidazolium ring plane are 

found at negative values of φ. 
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Figure 3.4. Schematic representation of the main dihedral angles defining the geometry of 

a BmimX ion pair. τ1 and τ2 determine the orientation of the butyl chain while the φ dihedral 
describes the position of anion X− relative to the imidazolium ring plane. Color coding of the 
elements: white – H, orange – C, blue – N, black – X. 

 

Such scan along the φ dihedral was performed for BmimBF4 ion pair and for 

MmimCl and BmimCl ion pairs. For the chloride containing ion pairs, the in-plane 

configuration was found to be one of the most stable in many previous 

computational studies.11,13,17,19,33-36 The results of the these potential energy scan 

calculations are shown in Figure 3.5. 

It is apparent that, indeed, both MmimCl and BmimCl reveal a minimum at 

the in-plane configuration in contrast to BmimBF4 for which it is a maximum. The 

global maximum for all three ion pairs is the on-top configuration with φ equal ca. 

80 degrees. We note that the asymmetry of Bmim+ cation is reflected in the 

asymmetry of the potential energy profile, i.e., the on-top minimum structure is 

more stable than the one below the C2-H2 fragment. This effect is more pronounced 

for BmimBF4 than for BmimCl, since in the case of chloride anion, it stabilizes the 

below-the-ring arrangement by forcing the butyl chain to be in the plane of the ring 
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and maintaining short contacts with the alkyl hydrogen atoms of the butyl chain 

(see below). 

 
Figure 3.5. The results of relaxed potential energy scan along the φ dihedral for 

BmimBF4, BmimCl, and MmimCl ion pairs obtained in vacuum at the M06-2X/6-31+g(d) level 
of theory. Top panel shows the energy variation relative to the lowest energy structures. Bottom 
panel shows how the τ1 dihedral changes as the φ is varied. 

 

While scanning the φ dihedral, we also monitored the τ1 dihedral angle which 

describes the position of the butyl chain with respect to the imidazolium ring plane. 

From the bottom panel in Figure 3.5, one can see that in both cases, when going 

from the ontop configuration to the in-plane arrangement, anion pulls the butyl 

chain to lower τ1 values, i.e., towards the in-plane orientation. After flipping of 

anion below the imidazolium ring plane, the butyl chain ultimately switches to the 
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in-plane orientation (τ1 < 0) in the case of BmimCl, but for BmimBF4 it stays 

around its equilibrium out-of-plane position above the imidazolium ring. 

This potential energy scan allowed us to claim that the on-top of C2-H2 

arrangement of a multiatomic anion in the structure of imidazolium IL ion pairs is 

rather stable and the corresponding structures obtained in our geometry 

optimizations can be considered as global minima. 

The second set of potential energy scan calculations was undertaken in order 

to find out the influence of the butyl chain rotation on the stability of the ion pair 

structure. Rotation around the τ1 dihedral was studied in detail by Hunt and 

Gould.34 They showed for BmimCl ion pair that the butyl chain strongly prefers to 

be oriented out of plane of the imidazolium ring regardless of its conformation and 

the position of anion. However, the range of values for the τ1 dihedral was found to 

be rather broad.34 Here we study the rotation along the τ2 dihedral for the optimal 

configurations of the ion pairs and of the isolated Bmim+ cation (Figure 3.6). 

The potential energy profiles, which are shown in the top left panel in Figure 

3.6, are similar between the ion pairs and the isolated cation in terms of position of 

the extrema and the barrier heights. For the isolated cation, gauche-conformation of 

the butyl chain (τ2 ≈ 300 degrees) corresponds to the global minimum, while in all 

the ion pairs the trans-conformation (τ2 ≈ 180 degrees) is the most stable. This 

result is in accordance with the literature.34,37-39 Variations of τ2 do not alter 

significantly the τ1 value for the isolated cation and all the ion pairs except for the 

BmimTFSI (bottom right panel in Figure 3.6). As it was mentioned before, due to 

the bulkiness of the TFSI− anion, the butyl chain is close to the in-plane orientation, 

however, rotation about the τ2 dihedral forces it to deviate significantly from the 

equilibrium orientation. 
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Figure 3.6. The results of relaxed potential energy scan along the τ2 dihedral for Bmim+ 

cation and the studied ion pairs obtained in vacuum at the M06-2X/6-31+g(d) level of theory. 
Top left panel shows the energy variation relative to the lowest energy structure. The variations 
of the distance C2-X (X=B for BF4

−, P for PF6
−, S for TfO−, and the nearest S for TFSI−) as a 

function of the scanned variable are given in the top right panel. Bottom right panel shows how 
the τ1 dihedral changes as the τ2 is varied. Bottom right panel present the φ dihedral as a function 
the scanned variable. 

 

Similar observations can be made for the interionic separation characterized 

as the distance between the cation C2 carbon atom and the central atom of the 

negatively charged group of anion, X (top right panel in Figure 3.6). The variations 

in the scanned variable do not induce changes in the interionic separation higher 

than 0.05 Å for BmimBF4, BmimPF6 and BmimTfO ion pairs. The distance C2-S in 

the BmimTFSI ion pair can vary by as much as 0.4 Å. 

Relative position of anion with respect to the imidazolium ring plane, in 

terms of the φ dihedral values (bottom right panel in Figure 3.6), follows the same 

trends as the interionic separation. In BmimBF4, BmimPF6 and BmimTfO anions 

remain on top of the C2-H2 fragment during the rotation of the butyl chain around 
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the Cα-Cβ bond, the corresponding dihedral variations do not exceed 10 degrees. In 

contrast, the TFSI− shows rather broad distribution of the φ dihedral 

values.Numerous Raman investigations40-44 claim the coexistence of different 

conformers stemming from the rotation around the τ2 dihedral in the neat Bmim+ 

based ILs. Our results show that the corresponding rotation of the butyl chain has 

almost the same energy profile for the studied ILs and, hence, does not depend 

markedly on the anion. Moreover, the principal position of anion on top of the C2-

H2 fragment of anion is hardly influenced by the rotation of the butyl chain around 

the Cα-Cβ bond for all the IL ion pairs except BmimTFSI. The latter exhibits 

particular behavior which reflects that its structure is rather labile and the anion is 

evidently mobile and it can change its position around the equilibrium one to a 

considerable extent already as a consequence of the butyl chain rotation. 

Altogether, these findings justify our selection of the on-top configurations 

of the ion pairs with cations in trans-conformations as the representative structures 

for subsequent analysis of weak noncovalent interionic interactions and for 

investigation of larger aggregates like ion pair dimers. Some literature reports also 

suggest that the butyl chain conformation does not influence the interionic 

interactions in analogous ion pairs, since they are mainly localized at the 

imidazolium ring.9,34 The results on the BmimTFSI ion pair should be interpreted 

cautiously though. 

3.2.2 Weak noncovalent interactions in the IL ion pairs 

Having established the most stable representative ion pair configurations and 

their main structural features, we now proceed to the analysis of the weak 

noncovalent interactions in these systems by means of the QTAIM and NCI 

approaches which were introduced in the previous chapter. 

Figure 3.7 shows the NCI surfaces and the CPs, revealed by the QTAIM 

analysis, for the studied ion pairs. Just as in the case of MmimBF4 ion pair (see 
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Chapter 2), there are broad surfaces of weak noncovalent contacts in the interionic 

space. 

 
Figure 3.7. NCI isosurfaces for the BmimPF6 (A), BmimTFSI (B), BmimBF4 (C), and 

BmimTfO (D) ion pair structures obtained at the M06-2X/6-311++g(d,p) level of theory in 
vacuum. The RDG isovalue is 0.6. The sign(λ2)ρ value is colormapped onto the isosurfaces in the 
region from −0.03 a.u. to +0.03 a.u. in the blue-green-red palette. QTAIM revealed CPs are 
depicted as light blue (BCPs), green (RCPs), and black (CCPs) spheres. Color coding of the 
elements: white – H, orange – C, blue – N, purple – F, cyan – B, gray – P, yellow – S. 

 

In all the ion pairs, the most blueish regions and the corresponding BCPs are 

observed in the zones of multiple contacts between the most electronegative atoms 

of anions (F in BF4
− and PF6

−, and O in TfO− and TFSI−) and the C2-H2 fragment. 

Less intense interactions, which appear as cyan or blue-green regions of the NCI 

surfaces, are observed for the contacts between anions and the alkyl hydrogen 

atoms of the NCH3 and CαH2 groups. 

The general extent of the NCI surfaces corresponding to the same RDG 

isovalue for all the ion pairs presented in Figure 3.7, i.e., the area of noncovalent 

contacts, is higher for larger anions. For example, for the region of interaction 
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between the anion and the C4-5 site, in the case of small BF4
− anion and the slightly 

larger PF6
−, there is only a small part of green NCI isosurface typical for van der 

Waals like weak interaction, while for the larger TfO−, the isosurface extends closer 

to the C4-5 side of the imidazolium ring and even several CPs are found. For the 

largest anion studied here, TFSI−, the NCI isosurfaces covers the entire 

imidazolium ring and the corresponding BCPs with the C4-5 fragment are in the 

light blue region of the surface, indicating a weak attractive bonding interaction. 

We also note that in the NCI isosurfaces, that build up between the butyl 

chain and anions, the regions of weak dispersive contacts, where there are no CPs, 

are found. 

Quantitative results of the QTAIM analysis of the weak noncovalent 

interactions between the counterions in the strudied IL ion pairs are collected in 

Table A 3.1. The main BCP characteristics, such as the electron density (ρ
BCP), the 

electron density Laplacian (∆ρBCP), and the total electronic energy density (HBCP) 

values are plotted as a function of interatomic distance in Figure 3.8. 

Two types of BCPs are observed. The first is between the electronegative 

atoms of the anions and the hydrogen atoms of the cation. The second corresponds 

to the distortions of the bondpaths of the first type where the BCP connects anion 

not with a hydrogen atom, but with the adjacent carbon atoms. Direct bonding 

noncovalent contacts between nonhydrogen atoms, e.g., F1’-C2 in BmimBF4, fall in 

this category as well. 

The BCPs of the second type are logically found at slightly higher 

interatomic distances (Figure 3.8). Almost linear correlations between the selected 

BCP descriptors and the corresponding distances are observed for both types of 

contacts (somewhat worse for HBCP). 
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Figure 3.8. The BCP electron density (top panel), electron density Laplacian (middle 

panel), and total electron energy density (bottom panel) values for the weak noncovalent 
interactions as a function of distance between the interacting atoms, as revealed in the structures 
of the studied ion pairs by means of QTAIM analysis. 

 

Also, both types of contacts have very close range of the electron density 

values at the BCPs, though somewhat higher for the contacts with hydrogen atoms. 

Given the values of ρBCP, as well as the signs of ∆ρBCP and HBCP, these contacts 

should be classified as weak bonding contacts of electrostatic nature. The contacts 

with the hydrogen atoms can thus be classified as weak hydrogen bonds.45-46 For 

the sake of clarity, hereafter, we will only use the ρ
BCP values to characterize the 

strength of these interactions within the QTAIM approach. The range of the ρ
BCP 
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values agrees with that obtained for other IL ion pairs of similar nature like 

EmimB(CN)4
47 and EmimBF3R.48 

As it was noted before, BmimTFSI reveals the broadest interatomic NCI 

surface. This is naturally reflected in the higher number of BCPs revealed. We also 

note that it exhibits the shortest (≈ 2.1 Å) and strongest (ρBCP ≈ 0.019 a.u.) 

hydrogen bond within the studied set of ILs. It is established between the C2-H2 

hydrogen atom of the cation and the O1’ oxygen atom of the anion and can be noted 

as the most blueish zone in the corresponding NCI isosurface. Neverthelless, we 

consider the occurrence of this BCP rather as an artifact than a strong persistent 

interaction, if one takes into account the mentioned above lability of the structure 

of this ion pair. 

3.2.3 The effect of implicit solvation 

In order to model the nonspecific solvation effects which always accompany 

the dilution in polar molecular solvents we have performed the same analysis for 

the ion pair structures optimized within the PCM solvation. With respect to the 

mixtures of ILs with molecular solvents, this effect can be thought of as a general 

dilution of the IL network in a dielectric continuum that leads to the screening of 

the Coulomb interionic interactions. 

The structures of the ion pairs obtained within the PCM approach with 

different values of the relative static dielectric permittivities of the solvents 

employed in this study are shown in Figure 3.9. The corresponding vacuum 

structures are shown as well for the sake of comparison. It is apparent that inclusion 

of the implicit solvation effects does not markedly distort the structures obtained in 

vacuum. A general effect of slight stretching, i.e., interionic separation, is observed, 

which is typical for polar and ionic solutes when immersed in a polar medium. We 

also note that there is no apparent difference between the structures calculated in 

different solvent environments. 
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Figure 3.9. Structures of the studied ion pairs optimized in vacuum and in polar media 

within the PCM approach, superimposed by the imidazolium ring carbon atoms. 
 

The relative stability of the ion pairs in the polar medium can be assessed in 

several ways. First, the conventional electronic ion pair binding energies calculated 

on the basis of PCM results for the ion pairs and the isolated counterions. These 

values are compared in the negative part of the left panel in Figure 3.10 
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Figure 3.10. Electronic binding energy (negative part of the left panel) and free energy of 

ion pair formation (positive part of the left panel) of the studied IL ion pairs obtained by 
calculation in polar media within the PCM approach Competition energy, as defined by Hu et 
al.18, calculated within the PCM approach (right panel). 

 

The ion pair binding energies, estimated in this manner, are an order of 

magnitude lower than the corresponding gas phase values estimated in vacuum 

calculations (Figure 3.3). For a given IL ion pair, the more polar the solvent the less 

it favors the ion pair formation. This result is in accordance with the calculations on 

MmimPF6
5 and EmimBF4/CF3CO2/OAc18 ion pairs in various polar media. 

As a second way to assess the tendency to ion pairing in polar media, 

Palomar et al.5 also proposed to use the Gibbs free energies of ion pair formation 

estimated via standard statistical mechanics relations.49 The corresponding values 

are shown in the positive part of the left panel in Figure 3.10. The positive sign of 

the Gibbs free energies of ion pair formation in the polar media implies that the 

association equilibrium is shifted towards dissociated ions for all the presented 

systems. This conclusion is in contradiction with experimental results on 

conductivity measurements of dilute solutions of imidazolium ILs in AN and other 

polar molecular solvents.50-51 The standard Gibbs free energies of association 
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calculated from the thermodynamic association constants are around −5-

10 kJ mol−1. Moreover, both ion pair binding energies and the Gibbs free energies 

of ion pairing predict the following order of ion pairing tendency: 

BmimTfO ≈ BmimTFSI > BmimPF6 >BmimBF4. This is also strikingly different 

from the gas-phase results (Figure 3.3) and from the experimental order of the 

association constants.50-51 We note, however, that the differences in the calculated 

ion pair binding energies and Gibbs free energies are rather low (< 10 kJ mol−1) 

between the ion pairs and can be considered as negligible. 

The third way to assess the ion pair stability in a polar medium, which was 

proposed by Hu et al.18, uses a combination of implicit and explicit solvation 

models. Competition energy was defined by the authors as the difference between, 

from one side, the sum of binding energies of an isolated cation and anion with a 

solvent molecule and the binding energy of the ion pair, from the other side, all 

being calculated within the PCM framework. The positive values of the 

competition energy indicate higher stability of the ion pair while the negative ones 

imply that the stabilizing effect of solvation of the individual ions outweighs that of 

the ion pair formation. Competition energies calculated for the studied systems are 

shown in the right panel in Figure 3.10. The results suggest a clear tendency 

towards ion pairing in AN (positive values above 15 kJ mol−1) and an effective 

competition between the two ion salvation and association in the case of γ-BL and 

PC (the values are in the range ± 5 kJ mol−1). 

The mentioned above increase of the interionic separation, when going from 

the gas phase ion pair structures to those calculated within the PCM approach, 

leads to the rupture of the weakest and the most unstable noncovalent interionic 

interactions and to the weakening of the major ones. This can be tracked in Figure 

3.11 when comparing the results for vacuum and PCM-calculated structures by the 

disappearance of the BCPs at low values of the electron density and by the shift of 

the rest of the BCPs to larger distances (by ca. 0.1-0.2 Å) and lower ρBCP values (by 
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ca. 0.003-0.005 a.u.). The largest shifts are observed in the case of BmimTFSI 

which agrees with its high liability to structural perturbations mentioned before. 

 
Figure 3.11. The BCP electron density values for the weak noncovalent interactions as a 

function of distance between the interacting atoms, as revealed by means of QTAIM analysis in 
the structures of the studied ion pairs obtained in vacuum and in polar media within the PCM 
approach. 

 

Similar conclusions may be drawn from analysis of the results given in 

Figure 3.12, where the corresponding NCI plots are shown. In the region of 

bonding interactions (sign(λ2)ρ < 0) the spikes shift to lower values of the electron 

density. These regions become narrower, i.e., the corresponding NCI surfaces (not 

shown) would enclose smaller volume of space. The number of spikes and the 
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general density of points is also apparently reduced in the region of very weak 

dispersive interactions (ρ < 0.01 a.u.). 

 
Figure 3.12. The NCI plots for the structures of the studied ion pairs obtained in vacuum 

and in polar media within the PCM approach. 
 

3.2.4 Ion pair dimers 

In several theoretical studies,15-16,31-32,35-36,52-53 it has been claimed that the 

smallest unit capable to represent the main structural features of neat ILs is not the 

ion pair but rather its dimmer. Taking these considerations into account, we have 

also undertaken a study on the ion pair dimers in order to model IL network 

structures and to understand the possible changes in the electronic structure when 

the size of ion aggregates is decreased upon dilution.54 Given that the possible 

number of stable ion pair dimer structures is rather high and their extensive search 

is rather computationally expensive and, in fact, out of scope of this study, we took 
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advantage of the results of Matthews et al.32,36 who performed a systematic study 

on the ion pair dimers of MmimCl/BF4/NO3/CH3SO4/TfO at the B3LYP-D3/6-

311+g(d,p) level of theory. The most stable structures were found to be with 

imidazolium cations in a stacked antiparallel arrangement and each anion 

interacting with the C2-H2 site of one cation and C4-5H4-5 of the other one. Cations 

can be offset from the perfect stacked antiparallel arrangement rather easily 

depending on anion. 

We have constructed the initial configurations of the ion pair dimers in 

accordance with the results of Matthews et al.32,36 The optimized structures are 

shown in Figure 3.13 along with the corresponding NCI surfaces. The structures of 

the ion pair dimers revealed in our calculations at the M06-2X/6-311++g(d,p) level 

of theory are in good agreement with the results of Danten et al.15,31,52 obtained for 

the same set of ion pair dimers at the B3LYP/6-31+g(d) level of theory. 

Upon inspection of the NCI surfaces depicted in Figure 3.13 several features 

become apparent. In addition to the obvious increase of area of weak nonvocalent 

interactions between the ions, there are some areas of contact between the cations. 

Particularly, in the case of BmimTfO cations are the least displaces from the 

stacked arrangement and the corresponding NCI surface of weak dispersion 

interaction extends over the whole space between the imidazolium rings. We also 

note the increased number and strength of the cation-anion bonding contacts and 

hydrogen bonds seen as blueish regions. This is a result of expelling of the anions 

from the on top of C2 arrangment, compared to ion pair structures, towards more in-

plane like positions where the hydrogen bond like directional arrangements are 

more favored. These contacts are also observed at the C4-5-H4-5 sites. 
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Figure 3.13. NCI isosurfaces for the BmimPF6 (A), BmimTFSI (B), BmimBF4 (C), and 

BmimTfO (D) ion pair dimer structures obtained at the M06-2X/6-311++g(d,p) level of theory in 
vacuum. The RDG isovalue is 0.6. The sign(λ2)ρ value is colormapped onto the isosurfaces in the 
region from −0.03 a.u. to +0.03 a.u. in the blue-green-red palette. Color coding of the elements: 
white – H, orange – C, blue – N, purple – F, cyan – B, gray – P, yellow – S. 

 

The electron density values of the BCPs revealed by the QTAIM analysis of 

the ion pair dimer structures are plotted as function of the distance between the 

interacting atoms in Figure 3.14. The most important interactions with the 

imidazolium ring atoms are marked. The noted above increase of the number of 

bonding contacts is reflected in the higher number of BCPs found. This is 

particularly apparent for the weak contacts of low electron density (ρ < 0.01 a.u.) 

for all the investigated ILs. 
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Figure 3.14. The BCP electron density values for the weak noncovalent interactions as a 

function of distance between the interacting atoms, as revealed by means of QTAIM analysis in 
the structures of the studied ion pairs (open symbols) and ion pair dimers (filled symbols). X 
indicates any nonhydrogen atom of the cation, i.e., carbon or nitrogen. 

 

As for the BCPs involving the imidazolium ring sites, we note that for 

BmimBF4 and BmimPF6 ion pair dimers the BCPs with the C2-H2 fragment are 

insignificantly influenced in terms of the corresponding distances and the electron 

density values, whereas the newly revealed bonding contacts with the C5-H5 site are 

of comparable or even slightly higher strength. In contrast, in the case of BmimTfO 

and BmimTFSI ion pair dimers a remarkable number of BCPs are revealed at 

significantly higher ρBCP values compared to the corresponding ion pairs. This 

enhancement of the strength of hydgron bonding is particularly prominent for the 

C2-H2 hydrogen while the hydrogen bonds with the C4-5-H4-5 sites are only slightly 

stronger than the hydrogen bonds in the parent ion pairs. 
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All the bonding contacts between the counterions in the ion pair dimer 

structures fall on the same trend lines that were established for the corresponding 

ion pairs (Figure 3.14). The BCPs that do not obey these trends are related to the 

very weak contacts like H-H between the cations (squares in Figure 3.14) and to the 

stacking interactions in the case of BmimTfO (down triangles in Figure 

3.14).Figure 3.15 presents the NCI plots of the ion pairs and the corresponding ion 

pair dimers. Main conclusions correspond to the results of the QTAIM analysis. 

 
Figure 3.15. The NCI plots for the structures of the studied ion pairs (open symbols) and 

ion pair dimers (filled symbols). 
 

The higher number of spikes and data points in the region of weak 

nonbonding interactions (ρ < 0.01 a.u.) observed for the ion pair dimers is the 

reflection of the broader extent of the corresponding NCI surfaces. The strongest 

bonding interactions are of comparable strength between the ion pairs and ion pair 

dimers in the case of BmimBF4 and BmimPF6. A significant increase of the 
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strength is observed for BmimTfO. For BmimTFSI, given that the spike at ca. 

−0.019 a.u. stems from the allegedly unstable hydrogen bond at the C2-H2 site in 

the ion pair structure and should be thus neglected, the enhancement of the strength 

of the bonding interactions is also noticed. 

As it was mentioned in Chapter 2 when the QTAIM approach was outlined, 

it can also produce atomic charges. In particular, the charges on the hydrogen 

atoms can be used to additionally characterize hydrogen bonding as it is usually 

accompanied with the increase of charge on the hydrogen atoms involved. The 

results are presented in Figure 3.16 

 
Figure 3.16. QTAIM charges of the hydrogen atoms of Bmim+ cations for the studied ion 

pairs and ion pair dimers referenced to the charge of the hydrogen atoms of the terminal methyl 
group of the butyl chain. Charges of the chemically equivalent hydrogen atoms of CH2 and CH3 
groups are averaged. 

 

We note that in view of the analysis of NMR chemical shifts which is 

presented in Chapter 4, the atomic charges are referenced to the atomic charges of 

the corresponding atoms of the terminal methyl group of butyl chain. In fact, the 
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absolute QTAIM atomic charges of this group are essentially zero (less than 0.02 e 

for hydrogen atoms on average and less than 0.025 e for the carbon atoms). 

As can be seen from Figure 3.16, for all the ionic liquids the charges of the 

C4-5-H4-5 hydrogen atoms significantly increase of when going from ion pairs to the 

corresponding ion pair dimers. This is a direct consequence of the hydrogen 

formation at these sites. For the C2-H2 hydrogen a slight decrease of the atomic 

charge is observed for BmimBF4 and BmimPF6. This is rather a result of electron 

density redistribution when the strength of the hydrogen bond at the C2-H2 is not 

altered but the new ones are formed at the C4-5-H4-5 sites. 

BmimTfO constitutes another case. The QTAIM atomic charge of the C2-H2 

hydrogen is also significantly increased in the ion pair dimer compared to the ion 

pair. This means that the hydrogen bonds at this site is particularly sensitive to ion 

aggregation. Atomic charges in BmimTFSI are difficult to interpret given the 

mentioned above concerns. 

The charges on the alkyl hydrogen atoms adjacent to the imidazolium ring 

also increase when going from ion pairs to the corresponding ion pair dimers but to 

a much lesser extent compared to the imidazolium ring hydrogen atoms. This can 

be rationalized as a result of both the formation of new interionic hydrogen bonds 

involving these hydrogen atoms and the electron density redistribution due to 

hydrogen bonding at the imidazolium ring. 

3.3. IL-solvent complexes 

In order to establish the effects of explicit solvation on the structure and the 

electron density distribution in mixtures ILs-molecular solvents, we performed the 

calculations on the complexes of IL ions and ion pairs with solvent molecules. 

Given the fact that implicit solvation effects modeled within the PCM framework 

do not bring about any significant changes in the structures and in the overall 

pattern of weak intermolecular interactions, as it was established for the IL ion 
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pairs in section 3.2.3, here we will discuss the results for the gas phase optimized 

structures. As for the results of the analysis of electron density distribution, we will 

concentrate here only on those relevant for the IL cations as these are highly 

relevant for interpretation of the NMR chemical shift data in the following chapter. 

Several studies report on quantum-chemical calculations of the complexes of 

imidazolium ILs with different solvent molecules.14-16,18,31,55-58 It was established 

that in the most stable structures of the complexes of ion pairs with aprotic polar 

molecular solvents, e.g., AN16,18 or DMSO14, the solvent molecule is found at the 

C2-H2 site of the cation where it establishes a directional interaction between its 

donor atom and the C2H2 hydrogen atom of the cation. Weaker interaction of the 

solvent molecule with anion, which is located on top of the C2-H2 fragement, was 

also noted.16,18 

3.3.1 Explicit solvation in AN 

In a recent study on the BmimBF4-AN system, Zheng et al.16 claimed that 

cation-solvent complex was irrelevant to interpret the observed variations in 1H-

NMR chemical shifts and IR spectra in the region of the imidazolium ring 

stretching vibrations as a function of mixture composition. Keeping this in mind, 

we still included the cation-solvent complexes in our calculations as model of a 

limiting case of infinitely dilute solutions. 

The structures of the complexes of AN with the Bmim+ cation and with all 

the investigated ion pairs are shown in Figure 3.17 along with the corresponding 

NCI surfaces and CPs. 

The cation-solvent complex (Figure 3.17, A) shows almost a linear hydrogen 

bond of considerable strength between the nitrogen atom of AN and the C2-H2 

hydrogen of the Bmim+ cation. A weaker bonding contact is observed with one of 

the alkyl hydrogen atoms of the NCH3 group. 
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Figure 3.17. NCI isosurfaces for the complexes of Bmim+ (A), BmimPF6 (B), BmimTFSI 

(C), BmimBF4 (D), and BmimTfO (E) with AN molecule obtained at the M06-2X/6-311++g(d,p) 
level of theory in vacuum. The RDG isovalue is 0.6. The sign(λ2)ρ value is colormapped onto the 
isosurfaces in the region from −0.03 a.u. to +0.03 a.u. in the blue-green-red palette. QTAIM 
revealed CPs are depicted as light blue (BCPs), green (RCPs), and black (CCPs) spheres. Color 
coding of the elements: white – H, orange – C, blue – N, purple – F, cyan – B, gray – P, yellow – 
S. 

 

In the structures of the complexes between the ion pairs and AN molecule 

(Figure 3.17, B-E), the solvent molecule is aligned parallel to the line connecting 

the C2 atom of the cation and the central atom X of the anion. The nitrogen atom of 
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the AN molecule is located in front of the C2-H2 fragment of the anion and the 

hydrogen bond is established similar to what was observed for the Bmim+···AN 

complex, but of lower strength. There is a broad continuous NCI surface between 

the methyl group of the AN molecule and the anion with blue zones corresponding 

to the weak bonding interactions of the methyl hydrogen atoms of AN and the 

electronegative atoms of the anion. 

We note that, in comparison with the unperturbed geometries of the ion pairs 

(Figure 3.1), addition of the AN molecule moves the anion to more on-top-of-C2 

like configuration. As a result, the strength of the weak noncovalent interactions 

between the counterions in the structure of complexes of the ion pairs with the AN 

molecule is reduced. BmimPF6 and BmimTFSI are particularly prone to this effect 

which is a consequence of their lower ion pair binding energies (Figure 3.3). 

Another result of such shift of the anions towards the on-top arrangement is that the 

QTAIM analysis does not reveal the interionic BCPs with the C2-H2 hydrogen since 

they are turned into interactions with the C2 carbon atom. 

In a more quantitative manner, these interactions can be analyzed in the 

corresponding plots of the ρBCP values (Figure 3.14) and the NCI plots (Figure 

3.15). One can see from Figure 3.14 that the hydrogen bond C2-H2···N which is 

formed in the solvated ion pairs (depicted as a black star) is weaker than the one 

found in the cation-solvent complex (blue star). This hydrogen bond in the solvated 

ion pairs is weaker than the interionic one in the native ion pair structures, marked 

with arrows in Figure 3.14, for BmimTfO and BmimBF4. It is somewhat stronger 

for BmimPF6, while for BmimTFSI its strength is comparable with that of C-H···O 

hydrogen bonds with the alkyl hydrogen atoms. The hydrogen bonds between the 

AN molecule and the ILs fall on the same trend line with the interionic hydrogen 

bonds found in the IL ion pairs. 
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Figure 3.18. The BCP electron density values for the weak noncovalent interactions as a 

function of distance between the interacting atoms, as revealed by means of QTAIM analysis in 
the structures of the studied ion pairs, their complexes with AN molecule and the cation···AN 
complex. X indicates any nonhydrogen atom of the cation, i.e., carbon or nitrogen. 

 

From the NCI plots presented in Figure 3.19 similar conclusions on the 

relative strength of the strongest hydrogen bonding interactions occurring at the C2-

H2 site can be drawn. Indeed, in the case of BmimTfO and BmimBF4, the spikes for 

the ion pairs are found at more negative sign(λ2)ρ values than for the ion pair 

solvates. For BmimPF6 and BmimTFSI (apart from the mentioned before spike at 

−0.019 a.u.) the spikes corresponding to the bonding interactions 

(sign(λ2)ρ < 0.01 a.u.) are very similar for both ion pairs and ion pair solvates. 
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Figure 3.19. The NCI plots for the structures of the studied ion pairs, their complexes with 

AN molecule and the cation···AN complex. 
 

Additional spikes found in the region of very weak interactions (ρ ≈  0.005-

0.010 a.u.) for the ion pair solvates correspond to the NCI surfaces of anion-solvent 

contact. 

Figure 3.21 shows the QTAIM charges for the hydrogen atoms in the studied 

ion pairs and the corresponding complexes with the AN molecule. In general, the 

differences in charges between the different types of structures are rather 

negligible. For all the studied ILs, an increase of charge is observed for the C2-H2 

hydrogen atom when going from ion pairs to ion pair solvates due to additional 

hydrogen bonding. The corresponding charge in cation-solvent complex is lower 

than in the ion pair solvate, but higher than in the ion pairs. This is an indication of 

higher strength of the C2-H2···N hydrogen bond compared to the C2-H2···F/O 

hydrogen bonds in the ion pairs. 
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Figure 3.20. QTAIM charges of the hydrogen atoms of Bmim+ cations for the studied ion 

pairs, their complexes with AN molecule and the cation···AN complex referenced to the charge 
of the hydrogen atoms of the terminal methyl group of the butyl chain. Charges of the chemically 
equivalent hydrogen atoms of CH2 and CH3 groups are averaged. 

 

Similarly, for the QTAIM charges of cation’s carbon atoms, which are 

shown in Figure 3.21, the only appreciable difference is observed for the C2 carbon 

which gains electron density when going to the cation-AN complex. 
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Figure 3.21. QTAIM charges of the carbon atoms of Bmim+ cations for the studied ion 

pairs, their complexes with AN molecule and the cation···AN complex referenced to the charge 
of the carbon atom of the terminal methyl group of the butyl chain. 

 

3.3.2 Explicit solvation in γ-BL 

As in the case of the complexes with AN, we explored the properties of the 

complexes of the Bmim+ cation and of the IL ion pairs with the γ-BL molecule 

located at the C2-H2 site of the cation. The corresponding optimized structures are 

shown in Figure 3.22 along with the NCI surfaces and CPs. 

As can be seen, the γ-BL molecule is arranged in the structure of solvates so 

that its carbonyl oxygen atom is in front of the C2-H2 fragment and establishes 

rather strong hydrogen bond. Weaker, but still noticeable as blueish regions on the 

NCI surfaces, interactions are established with the adjacent alkyl hydrogen atoms. 

The ester oxygen also participates in the latter type interactions with the hydrogen 

atoms of the butyl chain. 
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Figure 3.22. NCI isosurfaces for the complexes of Bmim+ (A), BmimPF6 (B), BmimTFSI 

(C), BmimBF4 (D), and BmimTfO (E) with γ-BL molecule obtained at the M06-2X/6-
311++g(d,p) level of theory in vacuum. The RDG isovalue is 0.6. The sign(λ2)ρ value is 
colormapped onto the isosurfaces in the region from −0.03 a.u. to +0.03 a.u. in the blue-green-red 
palette. QTAIM revealed CPs are depicted as light blue (BCPs), green (RCPs), and black (CCPs) 
spheres. Color coding of the elements: white – H, orange – C, blue – N, purple – F, cyan – B, 
gray – P, yellow – S. 

 

In the structure of the ion pair solvates, apart from the mentioned above weak 

noncovalent interactions between the γ-BL molecule and the cation, the γ-BL 

molecule also interacts with the anions via its methylene hydrogen atoms. 
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Addition of the γ-BL molecule to the IL ion pairs leads to more pronounced 

distortions of the parent ion pair structures than it was observed in the case of AN. 

For example, for BmimBF4 and BmimPF6 solvates with γ-BL, this can be noted by 

the fact that the interionic NCI surfaces extend further away towards the C4-5 site, 

compared to the analogous structure with the AN molecule, and even several RCPs 

and CCPs are observed in this region. As a result, the γ-BL molecule in the solvates 

with these ILs can more efficiently compete with the anions for the interaction with 

the C2-H2 hydrogen and the corresponding NCI zones are more blueish compared 

to the solvates of BmimTfO and BmimBF4. 

The electron density values at the BCPs for the solvates with the γ-BL are 

shown in Figure 3.23 while the corresponding NCI plots are presented in Figure 

3.24. We note that the hydrogen bond formed between the Bmim+ cation and the γ-

BL molecule is significantly stronger than the one in the case of AN. This is true 

both for the cation-solvent complex and for the ion pair-solvent complexes. As a 

result, the higher strength of the C2-H2···Oγ-BL hydrogen bonds in the complexes of 

BmimPF6 and BmimTFSI with the γ-BL molecules compared to the hydrogen 

bonds with the C2-H2 hydrogen atom in the corresponding ion pairs is even more 

evident. For the cases of BmimBF4 and BmimTfO, the corresponding hydrogen 

bonds at the C2-H2 site in the ion pairs and the ion pair-solvent complexes are of 

comparable strength. Between the four complexes ion pair-solvent, the hydrogen 

bond C2-H2···Oγ-BL is stronger in the case of the BmimTfO and BmimTFSI ILs 

than in the case of BmimBF4 and BmimPF6. 
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Figure 3.23. The BCP electron density values for the weak noncovalent interactions as a 

function of distance between the interacting atoms, as revealed by means of QTAIM analysis in 
the structures of the studied ion pairs, their complexes with γ-BL molecule and the cation···γ-BL 
complex. X indicates any nonhydrogen atom of the cation, i.e., carbon or nitrogen. 

 

Similarly, from Figure 3.24, we note that for BmimTfO and BmimBF4 the 

spikes corresponding to the strongest bonding noncovalent interactions in the ion 

pairs and their complexes with the γ-BL molecule almost coincide. At the same 

time, for BmimTFSI and BmimPF6 the corresponding spikes in the solvates 

correspond to distinctly stronger interactions than in the ion pairs. 
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Figure 3.24. The NCI plots for the structures of the studied ion pairs, their complexes with 

γ-BL molecule and the cation···γ-BL complex. 
 

The QTAIM atomic charges of hydrogen and carbon atoms of the cation in 

the complexes with the γ-BL molecules are presented in Figure 3.25 and Figure 

3.26, respectively. The C2-H2 hydrogen atom charge for the cation-solvent complex 

is very close to its value in the ion-pair solvent complex. However, the QTAIM 

atomic charge of the corresponding C2 carbon atom in the cation-solvent complex 

is lower than in the ion pair-solvent complex, which, in turn, is lower or close to the 

charge in the ion pair. The high atomic charge of the C2-H2 hydrogen atom in the 

complexes with the γ-BL molecule definitely points to enhanced hydrogen bonding 

at this site. The variations of charges at other sites, particularly, the C2 carbon, are 

subject to much more complex effects of charge redistribution. Moreover, the shape 

and volume of the atomic basins which are used for integration of the atomic 

charge can be significantly different for different representative structures. 
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Figure 3.25. QTAIM charges of the hydrogen atoms of Bmim+ cations for the studied ion 

pairs, their complexes with γ-BL molecule and the cation··· γ-BL complex referenced to the 
charge of the hydrogen atoms of the terminal methyl group of the butyl chain. Charges of the 
chemically equivalent hydrogen atoms of CH2 and CH3 groups are averaged. 

 
Figure 3.26. QTAIM charges of the carbon atoms of Bmim+ cations for the studied ion 

pairs, their complexes with γ-BL molecule and the cation··· γ-BL complex referenced to the 
charge of the carbon atom of the terminal methyl group of the butyl chain. 

3.3.3 Explicit solvation in PC 
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The complexes with the PC molecule mostly resemble those with γ-BL 

which were discussed above. Hence, here we will mark only the main features and 

peculiarities. 

The structures of the cation-solvent and ion pair-solvent complexes are 

shown in Figure 3.27 along with the corresponding NCI surfaces and CPs. The 

presence of two ester oxygen atoms next to the carbonyl fragment of the PC 

molecule leads to increased repulsion between the ester fragment and the 

negatively charged group of the anion. This results in slightly larger distances 

between the solvent molecule and cations and, hence, longer and weaker hydrogen 

bonds compared to the case of γ-BL. The perturbing effect of the solvent molecule 

on the ion pair structure and the corresponding pattern of weak noncovalent 

interactions between the ions are less pronounced in the case of ion pair complexes 

with the PC molecule than with the γ-BL. It is still much more evident though than 

in the case of complexes with AN. 

The electron density values at the BCPs corresponding to the weak 

noncovalent interactions in the studied systems are plotted as a function of distance 

between the interacting atoms in Figure 3.28. The NCI plots for the complexes with 

the PC molecule are shown in Figure 3.29. 

The results suggest that, similarly to the complexes with the γ-BL molecule, 

for the BmimTFSI and BmimPF6 ILs, addition of the PC molecule enhances 

hydrogen bonding at the C2-H2 site compared to the ion pairs, while for BmimTfO 

and BmimBF4 the hydrogen bonds cation-solvent are comparable in strength with 

the interionic hydrogen bonds. 
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Figure 3.27. NCI isosurfaces for the complexes of Bmim+ (A), BmimPF6 (B), BmimTFSI 

(C), BmimBF4 (D), and BmimTfO (E) with PC molecule obtained at the M06-2X/6-311++g(d,p) 
level of theory in vacuum. The RDG isovalue is 0.6. The sign(λ2)ρ value is colormapped onto the 
isosurfaces in the region from −0.03 a.u. to +0.03 a.u. in the blue-green-red palette. QTAIM 
revealed CPs are depicted as light blue (BCPs), green (RCPs), and black (CCPs) spheres. Color 
coding of the elements: white – H, orange – C, blue – N, purple – F, cyan – B, gray – P, yellow – 
S. 
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Figure 3.28. The BCP electron density values for the weak noncovalent interactions as a 

function of distance between the interacting atoms, as revealed by means of QTAIM analysis in 
the structures of the studied ion pairs, their complexes with PC molecule and the cation···PC 
complex. X indicates any nonhydrogen atom of the cation, i.e., carbon or nitrogen. 
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Figure 3.29. The NCI plots for the structures of the studied ion pairs, their complexes with 

PC molecule and the cation···PC complex. 
 

The QTAIM atomic charges of the hydrogen and carbon atoms of the Bmim+ 

cation in the studied systems are shown in Figure 3.30 and Figure 3.31, 

respectively. The increase of charge of the C2-H2 hydrogen atom when going from 

the ion pair to the corresponding complex with the PC molecule is similar to what 

is observed for the solvates with γ-BL and reflects enhanced hydrogen bonding at 

this site. The lower value of the charge of the C2-H2 hydrogen atom in the cation-

PC complex compared to the case of γ-BL can be related the relative strengths of 

the corresponding hydrogen bonds. 

The QTAIM charges of the carbon atom C2 slightly decreases and no 

effective change is observed for the others when going from the ion pair to the 

complexes with the PC molecule. This result is also very similar to the case of the 

complexes with γ-BL. 
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Figure 3.30. QTAIM charges of the hydrogen atoms of Bmim+ cations for the studied ion 

pairs, their complexes with γ-BL molecule and the cation···γ-BL complex referenced to the 
charge of the hydrogen atoms of the terminal methyl group of the butyl chain. Charges of the 
chemically equivalent hydrogen atoms of CH2 and CH3 groups are averaged. 

 
Figure 3.31. QTAIM charges of the carbon atoms of Bmim+ cations for the studied ion 

pairs, their complexes with γ-BL molecule and the cation··· γ-BL complex referenced to the 
charge of the carbon atom of the terminal methyl group of the butyl chain. 
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3.4. Conclusions 

Quantum chemical calculations of the representative structures of model 

clusters of ILs and their complexes with the solvent molecules have been used to 

analyze the main structural features and interactions. These systems are considered 

as model ones which, despite limited size, can help to gather the most relevant 

information for subsequent interpretation of spectroscopic data on IL-molecular 

solvent mixtures. 

Advanced methods of analysis of the electron density distribution and of the 

weak noncovalent interactions have been employed to capture the details and 

relative strength of hydrogen bonds and other types of weak interactions in the 

studied systems. 

All the studied ILs reveal the ion pair configuration with anion positioned on 

top of the C2-H2 fragment as the most stable one. In this configuration anions form 

weak interionic electrostatic hydrogen bonds with the C2-H2 imidazolium ring 

hydrogen atom. Slightly weaker hydrogen bonds are also established with the 

hydrogen atoms of the adjacent alkyl groups. In larger aggregates, hydrogen 

bonding at the C4-5-H4-5 sites is observed. In BmimTfO and BmimTFSI, the higher 

strength of the hydrogen bond at the C2-H2 site is more apparent than in the case of 

BmimBF4 and BmimPF6. Apart from the localized hydrogen bonding interactions, 

there are multiple delocalized weak noncovalent interactions between the 

counterions. 

Upon addition of a solvent molecule the native ion pair structure becomes 

distorted. The interionic interactions with the C2-H2 fragment of the cation are 

weakened and the new hydrogen bonds with the solvent molecule are established. 

Solvent molecules also interact with the alkyl hydrogen atoms adjacent to the 

imidazolium ring. Among the selected solvents, the magnitude of this effect 
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follows the order AN < PC <γ-BL. BmimPF6 and BmimTFSI ILs are found to be 

more sensitive compared to BmimBF4 and BmimTfO. 

Strengthening of hydrogen bonding at a given site leads to the increase of the 

charge of the corresponding hydrogen atom. A complex pattern of redistribution of 

the electron density on the adjacent groups can also be observed. Particularly, the 

charge of the C2 carbon atom decreases when hydrogen bond is formed at the C2-H2 

site. 
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3.6. Chapter 3 appendix 

Table A 3.1. The main parameters of weak noncovalent interactions as obtained by means 
of QTAIM analysis of the optimized in vacuum ion pair structures of the studied ILs 

 
Interacting atoms Interatomic distance 

/ Å 
Angle (C-H···X) / 

deg 
ρ / 
a.u. 

∆ρ / 
a.u. 

H / 
a.u. 

ε 

RCP 1.079  0.2878    
N1-C2-N3-C4-C5   0.0567 0.4175 0.0063  

 

 
Interacting atoms Interatomic distance 

/ Å 
Angle (C-H···X) / 

deg 
ρ / 
a.u. 

∆ρ / 
a.u. 

H / 
a.u. 

ε 

BCPs       
Cβ-Ha···F1’ 2.435 144.279 0.0089 0.0325 0.0010 0.0203 
Cβ-Ha···F3’ 2.435 112.897 0.0106 0.0411 0.0012 0.3467 
NCH3···F2’ 2.851 - 0.0111 0.0486 0.0015 1.3671 
Cα-Ha···F3’ 2.385 108.679 0.0119 0.0478 0.0013 0.3231 
C2···F1’ 2.729 - 0.0139 0.0552 0.0011 0.4213 
C2-H2···F3’ 2.333 103.181 0.0144 0.0597 0.0018 0.4261 
C2-H2···F2’ 2.301 104.268 0.0150 0.0622 0.0018 0.4382 
RCPs       
F1’-C2-N1-Cα-Cβ-CβHa   0.0059 0.02424 0.0009  
F3’-CβHa-F1’-B   0.0076 0.0340 0.0013  
F3’-CαHa-Cα-N1-C2-H2   0.0087 0.0417 0.0017  
F2’-NCH3-N

3-C2-H2   0.0087 0.0425 0.0018  
F3’-CβHa-Cβ-Cα-CαHa   0.0091 0.0432 0.0017  
F3’-H2-C2-F1’-B   0.0106 0.0516 0.0019  
F2’-H2-C2-F1’-B   0.0107 0.0517 0.0018  
F2’-H2-C3-F3’-B   0.0117 0.0571 0.0020  
N1-C2-N3-C4-C5   0.0570 0.4191 0.0063  
CCPs       
H2-C2-N1-Cα-CαHa-Cβ-CβHa-
F1’-F3’-B 

  0.0055 0.0260 0.0012  

H2-C2-F1’-F2’-F3’-B   0.0106 0.0528 0.0020  
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Table A 3.1 continued. 

 
Interacting atoms Interatomic distance 

/ Å 
Angle (C-H···X) / 

deg 
ρ / 
a.u. 

∆ρ / 
a.u. 

H / 
a.u. 

ε 

BCPs       
Cβ-Ha···F1’ 2.395 131.466 0.0099 0.0359 0.0010 0.0203 
NCH3···F2’ 2.864 - 0.0107 0.0476 0.0016 0.3467 
Cβ-Ha···F3’ 2.431 121.928 0.0112 0.0440 0.0012 1.3671 
CαHa···F3’ 2.355 104.894 0.0124 0.0521 0.0015 0.3231 
C2-H2···F2’ 2.362 95.826 0.0135 0.0548 0.0015 0.4213 
C2···F3’ 2.747 - 0.0151 0.0617 0.0016 0.4261 
C2···F1’ 2.676 - 0.0152 0.0616 0.0010 0.4382 
RCPs       
C2-N1-Cα-Cβ-CβHa- F1’   0.0064 0.0271 0.0010  
CβHa-F1’-P- F3’   0.0081 0.0355 0.0011  
C2-C2H2-F2’-NCH3-N

3   0.0082 0.0408 0.0017  
C2-N1-Cα- CαHa- F3’   0.0091 0.0454 0.0018  
C2-C2H2-F2’-P-F1’   0.0095 0.0457 0.0014  
CαHa -Cα-Cβ-CβHa-F3’   0.0096 0.0472 0.0018  
C2-F1’-P- F3’   0.0100 0.0475 0.0014  
C2-C2H2-F2’-P-F3’   0.0104 0.0506 0.0016  
N1-C2-N3-C4-C5   0.0570 0.4191 0.0063  
CCPs       
C2-N1-Cα-Cβ-CαHa-CβHb-P-
F1’-F3’ 

  
0.0059 0.0284 0.0012 

 

C2-C2H2-P-F1’-F2’-F3’   0.0090 0.0482 0.0019  
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Table A 3.1 continued. 

 
Interacting atoms Interatomic 

distance / Å 
Angle (C-

H···X) / deg 
ρ / 
a.u. 

∆ρ / 
a.u. 

H / 
a.u. 

ε 

BCPs       
CβHa···F6’ 2.663 168.107 0.0051 0.0197 0.0008 0.2697 
CβHa···F4’ 2.613 143.468 0.0061 0.0228 0.0008 0.0643 
N3···F4’ 2.980 - 0.0083 0.0360 0.0012 7.4919 
CβHa···O3’ 2.511 110.432 0.0109 0.0384 0.0012 0.3117 
NCH3···O2’ 2.889 - 0.0112 0.0486 0.0018 1.5216 
CαHa···O3’ 2.360 111.419 0.0131 0.0515 0.0018 0.3185 
C2Ha···O3’ 2.382 104.222 0.0151 0.0564 0.0016 0.6318 
C2Ha···O2’ 2.346 105.354 0.0159 0.0595 0.0017 0.6176 
RCPs       
N1-Cα-Cβ-CβHa   0.0045 0.0185 0.0008  
F4’-CβHa-F6’-C   0.0048 0.0211 0.0010  
O2’-CβHa-O3’-S-C   0.0050 0.0207 0.0009  
N3’-C2-C2H2-O2’-S-C-F4’   0.0062 0.0256 0.0010  
CαHa-C2-C2H2-O2’-NCH3   0.0091 0.0420 0.0017  
C2-N1-Cα- CαHa-O3’-C2H2   0.0092 0.0421 0.0016  
F4’-Cα-Cβ-CβHa-O3’   0.0094 0.0427 0.0017  
N3-C2H2-O3’-S   0.0120 0.0522 0.0016  
N1-C2-N3-C4-C5   0.0569 0.4182 0.0062  
CCPs       
C2-N1-C2H2-Cα-Cβ-CαHa-CβHa-N3-
C-S-O3’-O2’-F4’ 

  
0.0042 0.0180 0.0008 
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Table A 3.1 continued. 

 
Interacting atoms Interatomic 

distance / Å 
Angle (C-H···X) 

/ deg 
ρ / 
a.u. 

∆ρ / 
a.u. 

H / 
a.u. 

ε 

BCPs       
CδHc···O2’ 3.010 141.817 0.0030 0.0115 0.0006 0.9248 
NCH3

a···O1’ 2.707 136.817 0.0063 0.0209 0.0006 0.0994 
NCH3

b···O4’ 2.612 122.244 0.0079 0.0274 0.0008 0.3453 
CβHb···O3’ 2.565 122.829 0.0088 0.0296 0.0009 0.2085 
NCH3···N11’ 3.116 - 0.0093 0.0350 0.0013 1.1857 
C2···N11’ 3.176 - 0.0094 0.0280 0.0007 0.9552 
C4···O4’ 3.038 - 0.0095 0.0319 0.0008 3.1725 
CβHb···O2’ 2.482 162.811 0.0095 0.0291 0.0008 0.1036 
N1···O3’ 2.911 - 0.0114 0.0405 0.0010 0.6375 
C2H2···O1’ 2.117 142.100 0.0187 0.0709 0.0024 0.0261 
RCPs       
Cβ-CβHb-O2’-CδHc-Cδ-Cγ   0.0029 0.0117 0.0006  
N11’-S-C-F7’-F9’-C-S   0.0038 0.0190 0.0010  
N1-C5-C5H5-O1’-S-O2’-CβHb-Cβ-
Cα 

  
0.0051 0.0171 0.0006 

 

NCH3-NCH3
a-O1’-S-N11’   0.0055 0.0212 0.0007  

C2-N3-NCH3- NCH3
a-O1’-C2H2   0.0056 0.0218 0.0009  

CβHb-O2’-S-N11’-S-O3’   0.0056 0.0200 0.0007  
NCH3-NCH3

b-O4’-S-N11’   0.0065 0.0265 0.0010  
N11’-S-O2’-F9’-C-S   0.0066 0.0286 0.0009  
N1-Cα-Cβ-CβHb-O3’   0.0070 0.0324 0.0013  
N3-C4-O4’-NCH3

b-NCH3   0.0073 0.0289 0.0009  
C2-N3-C4-O4’-S-N11’   0.0077 0.0286 0.0010  
C2-C2H2-O1’-S-N11’   0.0080 0.0300 0.0010  
N1-C2-N11’-S-O3’   0.0080 0.0293 0.0011  
C2-N3-NCH3-N

11’   0.0081 0.0315 0.0011  
N1-C2-N3-C4-C5   0.0571 0.4191 0.0061  
CCPs       
N1-C2-Cα-Cβ-C2H2-CβHb-N11’-S-
S-O2’-O1’-O3’ 

  
0.0039 0.0136 0.0006 

 

C2-N3-NCH3-C
2H2-NCH3

a-N11’-
S-O1’ 

  
0.0051 0.0216 0.0009 

 

C2-N3-C4-NCH3-NCH3
b-N11’-S-

O4’ 
  

0.0063 0.0277 0.0011 
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Chapter 4. Chemical Shift Variation in IL-

Molecular Solvent Mixtures 

In order to address the intermolecular interactions the chemical shift variation of 
1H and 13C nuclei was followed in mixtures of imidazolium ILs 1-n-butyl-3-

methylimidazolium tetrafluoroborate (BmimBF4), 1-n-butyl-3-methylimidazolium 

hexafluorophosphate (BmimPF6), 1-n-butyl-3-methylimidazolium 

trifluoromethanesulfonate (BmimTfO) and 1-n-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (BmimTFSI) with acetonitrile (AN), γ-butyrolactone 

(γ-BL), and propylene carbonate (PC) molecular solvents over the entire composition 

range at 300 K. The concept of relative chemical shift variation is proposed to assess on a 

unified and unbiased scale the observed effects of electron density redistribution at 

different atomic sites of ILs with changing mixture composition. 

It was established that hydrogen bonds between the imidazolium ring hydrogen 

atoms and electronegative atoms of anions are stronger for BmimBF4 and BmimTfO ILs 

than those in BmimTFSI and BmimPF6. Hydrogen at position 2 of the imidazolium ring is 

particularly more sensitive to interionic hydrogen bonding than those at positions 4-5 in 

the case of BmimTFSI and BmimTfO ILs. These hydrogen bonds are disrupted upon 

dilution in molecular solvents due to ionic dissociation which is more pronounced at high 

dilutions. 

Solvation in γ-BL and PC leads to the formation of hydrogen bonds between the 

solvent molecules and the imidazolium ring hydrogen atoms which are of comparable 

strength with the interionic ones. Hydrogen at position 2 of the imidazolium ring is more 

sensitive to the solvation effects for all the studied ILs. Solvation of the cations of ILs in 

AN is poorly manifested. 

Relative tendencies for ion-pairing and hydrogen bond strengths between the ILs 

as well as solvating capabilities of the solvents are interpreted with the help of quantum 

chemical calculations and literature data. 
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4.1. Introduction 

From the very beginning of extensive research on the first generation of 

chloroaluminate ionic liquids in 1980s1-3 composition dependent chemical shift 

variation has been used to address various specific interactions (mainly hydrogen 

bonding, but also stacking and C-H···π interactions). Wilkes et al. studied mixtures 

of 1-ethyl-3-methylimidazolium chloride (EmimCl) with varying amounts of AlCl3 

by following the evolution of 1H-NMR chemical shifts,1 as well as 27Al and 13C 

chemical shifts.2 The observed significant decrease of the chemical shifts of the 

imidazolium ring atoms, specifically at the position 2, was assigned to the drastic 

changes in interionic interactions when going from ‘hard’ Cl− anion to ‘soft’, 

weekly coordinating AlCl4
− and Al2Cl7

− anions upon addition of AlCl3. 

The same authors also studied this system in the presence of LiCl, N-

butylpyridinium chloride and of various molecular solvents.3 They rationalized the 

observed diminution of chemical shifts of the imidazolium ring protons and to a 

lesser extent of the adjacent alkyl protons upon addition of a third component as a 

result of binding of Cl− (in case of LiCl) or due to the screening effect of molecular 

solvent. 

The first thorough investigation of variation of chemical shifts in mixtures of 

imidazolium ILs with molecular solvents was done by Avent et al.4 They studied 

Emim+ halides in deuterated acetonitrile (AN-d3) and dicholoromethane (CD2Cl2) 

over a wide range of concentrations, as well as solutions in deuterated chloroform 

(CDCl3) at a fixed concentration of 2 mol dm−3. It was found that for CDCl3 

solutions that the H2 signal and the corresponding carbon signal were the most 

sensitive to the nature of anion, whereas the variations for the other ring sites 

(hydrogen atoms at positions 4 and 5) were also significant but of lower magnitude. 

Concentration studies on AN-d3 solutions revealed for all the halides a 

maximum of chemical shift with a drastic decrease at very high dilutions. The 
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effect was more pronounced for the ring hydrogen atoms, specifically for the H2 

site, but it was still noticeable for the adjacent alkyl protons (CαH2 and NCH3). The 

largest variation was observed in the case of the chloride anion. In contrast to 

cation signals, 35Cl and 127I chemical shifts revealed monotonic decrease upon 

dilution at all studied concentrations. The observed variations were interpreted in 

terms of disruption of interionic hydrogen bonds, especially at high dilutions. 

Chemical shift variation in a low-polar CD2Cl2 revealed distinctly different 

trends. H2 and H4-5 signals showed the opposite direction of chemical shift drift 

upon dilution: a decrease for H4-5 and an increase for H2. These observations were 

interpreted in terms of the model of strong aggregation of ion pairs implying anti-

parallel stacking of cations, where intermolecular effects of the aromatic ring 

shielding cone play the main role. 

Another important study to mention was conducted by Bonhôte and 

colleagues5 on a series of Emim+ salts with anions of different basicity in 

deuterated acetone (Ac-d6) over a wide range of concentrations. They discovered 

that for anions of high basicity (containing carboxylic group COO−) dilution leads 

to a slight increase of the H2 chemical shift at high concentrations followed by a 

drastic decrease at high dilutions while H4-5 chemical shifts monotonically decrease 

over the whole course of dilution. Solutions of ILs containing weakly coordinating 

anions, in contrast, showed slight monotonic increase of chemical shifts of the 

imidazolium ring hydrogen atoms upon dilution with Ac-d6. At the same time, the 

alkyl protons’ signals were found to move to higher chemical shift values with 

decreasing IL concentration independent on the nature of anion. 

The observations were rationalized by a model where alkyl hydrogen atoms 

are only prone to the general dilution effects leading to effective deshielding. 

Anions of low basicity are considered not to form hydrogen bonds, thus the 

corresponding imidazolium ring protons follow the same non-specific trend which 

is observed for the alkyl protons. In contrast, the ring protons of ILs with basic 
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anions exhibit specific pattern of hydrogen bonding and ionic association which is 

reflected in the slight shielding of H2 proton upon at low dilution due to aromatic 

stacking effects and strong deshielding at low concentrations due to ionic 

dissociation effects. The latter are the only one leading to the decrease of the 

chemical shifts for H4-5. 

In the mentioned above studies where the chemical shift variations in IL-

solvent mixture was interpreted as a reflection of ionic association equilibria, there 

was typically a single observed signal that was treated as a population averaged one 

between the associated and ‘free’ species. This seems logical since tentative ion-

pair lifetimes are considered to be in the (sub)nanosecond range,6 while a signal 

separation of 0.1 ppm in 1H-NMR spectrum recorded on a 400 MHz instrument 

would require the corresponding species lifetime to be not less than ca. 6 ms.7 

Nevertheless, Tubbs and Hoffmann8 observed two sets of signals in 1H-NMR 

spectrum of EmimTFSI dissolved at a fixed concentration in a mixed solvent 

CDCl3-CCl4 or CDCl3-Ac-d6 with variable composition. Effective static relative 

dielectric permittivity of solution was changed from 4.3 to 5.62 by varying the 

composition of the mixed solvent which led to redistribution of intensities between 

the two sets of signals. The authors considered the two sets of signals to originate 

from ‘free’ and ion paired species. Subsequent study by the same group on 

RmimTFSI in CDCl3 by means of calorimetric and NMR diffusion measurements9 

revealed that the two kinds of species distinguished in the NMR spectrum are rather 

ion pairs and larger aggregates than ion pairs and ‘free’ ions as it was initially 

assumed. Two-sets of signal were also observed for solutions of BmimBF4 in low 

polar solvent dioxane (ε = 2.22).10 

Most of the mentioned above studies (as well as other studies revealed during 

the literature survey) dealing with concentration dependence of chemical shifts in 

mixtures ‘imidazolium IL-molecular solvent’ did not cover wide range of systems 

in a systematic manner. Among the most remarkable investigations on the 
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influence of IL (imidazolium cation alkyl chain length and/or nature of anion) on 

the concentration trends of the chemical shifts of cations over the whole range of 

compositions it is worthy to mention studies on RmimBF4/PF6 with thiophene,11 

RmimPF6 in Ac-d6,
12 RmimBF4/Cl in H2O,13 RmimTFSI in MeOH-d4,

14 

RmimBF4/MeSO4/OctSO4/Cl in D2O,15, RmimMeSO4/MeSO3/Cl in H2O,16 

RmimBF4/OctSO3/MeSO4/Cl in ethylene glycol,17-18 BmimHal/BF4 in D2O.19 Main 

studies concerning the effect of the nature of solvent on the same issue were 

conducted on mixtures of RmimTFSI with aromatic solvents,20-22 BmimBF4 with 

alcohols and amines,23 BmimPF6 in a set of polar aprotic solvents.24 As a result, 

there is still no clear and comprehensive understanding of the influence of the 

nature of constituents of IL-solvent mixtures on the concentration trends in 

chemical shifts and, subsequently, on the underlying intermolecular interactions. 

This applies, particularly, for the mixtures selected for the present study 

(imidazolium IL with perfluorinated anions + polar molecular solvents). 

4.2. Problems of chemical shift referencing 

The lack of a unified model, mentioned in the previous paragraph, stems not 

only from rather scattered and poorly systematized literature data but also from 

different chemical shift referencing techniques employed. The latter issue causes 

significant problems in comparing different results if one wishes to rationalize them 

in a single framework. 

Even though 1H-NMR chemical shift measuring has become a common 

technique to assess interactions in IL based systems, their accuracy has rarely been 

discussed. The main issue concerns chemical shift referencing. Since the 

concentration studies on mixtures of ILs with molecular solvents usually imply 

rather high concentrations, neither signal of a solvent nor of a reference compound, 

tetramethylsilane (TMS) or any other, cannot be regarded as non-influenced by 

intermolecular interactions in the system and hence they cannot serve as an 
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absolute reference in the so-called internal referencing procedure. Despite this 

obvious limitation there is an appreciable amount of studies based on interpreting 

the concentration induced variation of chemical shifts with internal referencing 

approach. Among the employed internal reference compounds and studied systems 

to mention there are chlorotrimethylsilane in EmimCl-AlCl3,
1 TMS in RmimBF4-

Ac-d6,
25 RmimPF6/HexmimBF4-Ac-d6,

12 HexmimBr-Ac-d6,
26 

RmimPF6/HexmimBr/HexmimBF4-Ac-d6,
27 EmimEtSO4-D2O (though solubility of 

TMS in D2O is highly questionable),28 BmimCF3CO2-D2O/CD3OD,29 RmimTFSI-

Ac-d6,
30 residual protonated solvent in BmimX-CD2Cl2,

31 RmimCl/RmimOAc-

DMSO-d6/D2O/CD3OD/CDCl3,
32 BmimX-CD2Cl2,

33 and water-soluble analogues 

of TMS in BmimTFSI-D2O,34 BmimBF4-D2O.35 In order to avoid the problems of 

internal referencing and also when a researcher wishes to avoid using deuterated 

solvents, but the experiment requires it for the so-called lock (a special procedure 

to maintain the constant magnetic field strength during measurements), an external 

referencing technique is the most frequently used one. In this technique, a coaxial 

capillary containing the reference compound and lock-solvent is inserted into the 

NMR tube containing the sample itself (see Figure 4.1). Just as in internal 

referencing, the deuterated solvent can serve as both lock-compound and chemical 

shift reference (due to residual protonated solvent molecules for 1H-NMR). 
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Figure 4.1. Schematic representation of the external referencing setup with a coaxial 

capillary containing a reference compound/lock-solvent inserted into the NMR tube. The external 
magnetic field created by spectrometer, characterized by its induction vector B0, is aligned with 
the central axis of the acquisition zone. 

 

However, chemical shifts referenced in this way are inaccurate due to 

differences in bulk magnetic properties of the sample (see Figure 4.1) and of the 

contents of the capillary.36-37 The observed chemical shift, δobs, can be presented as 

following: 

 ( )obs real
sample referencekδ δ χ χ= + −  (4.1) 

One can see that correction that connects δ
obs with the real value of chemical shift, 

δ
real, which reflects only the differences in shielding between the sample and 

reference nuclei, depends on geometrical properties of the insert, expressed as a 

geometrical factor, k, and on the difference in volume magnetic susceptibilities, χ, 

of the sample and reference media. In general, both geometrical factor and 

magnetic susceptibility differences are sample-specific. Indeed, the value of k is 

known a priori  only for ideal geometrical shapes (sphere, infinite cylinder etc.) and 

in practice it is unique for each capillary and can be estimated in a separate 

experiment. At the same time, sample’s magnetic susceptibility is a function of the 
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composition and it may vary significantly.* Unfortunately, to the best of our 

knowledge, at present no systematic data can be found in the literature on magnetic 

susceptibilities of any ILs except for a narrow class of magnetic ionic liquids, 

where χ is one of the main characteristics,38 and for EmimTFSI where it was 

estimated on purpose to correct for the magnetic susceptibility effects.39 

As a result, one should be very cautious when interpreting concentration 

induced drifts of chemical shifts obtained in external referencing approach as they 

contain also contribution due to variation of the magnetic susceptibility correction. 

For the studies of ILs with molecular solvents, to the best of our knowledge, the 

magnetic susceptibility correction has been explicitly taken into account only in 

studies done by Takamuku et al.14,21-22,39-41 They employed so-called ‘external 

double reference’ method42-44 in which a special capillary insert with a sphere 

blown out at its bottom is used. Reference compound gives two signals coming 

from molecules contained in the spherical and cylindrical parts of the capillary.45 If 

the geometrical factor k of a given capillary has been calibrated in advance, then 

the separation between the two reference signals can be used to correct for the 

sample’s magnetic susceptibility.14,21-22,39-41 

An approach which is free of magnetic susceptibility correction is based on 

referencing the chemical shifts to one of the signals from the sample without 

addition of internal reference compound. In this framework the observed chemical 

shift variation will reflect the relative concentration drift of the shielding of a given 

nucleus (i.e., the real chemical shift) with respect to the reference one. Hoffmann 

and co-workers16,46-48 used the terminal CH3 of alkyl chain of Rmim+ cation to 

reference proton chemical shifts in various mixtures of imidazolium IL with 

                                         
* In private communications with Professor T. Takamuku it was mentioned that for certain mixtures 

IL+solvent the observed concentration trend of chemical shifts changes its direction after correction for bulk 

magnetic susceptibility. It is thus evident that the magnitude of the correction can be at least on the order of tens of 

ppm. 
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molecular solvents. They assumed on the basis of several conventional external 

referencing studies that the terminal methyl hydrogen atoms are the least 

polarizable and do not experience significant changes in microenvironment upon 

dilution (less than 0.1 ppm), as a result, the observed chemical shifts of the rest of 

the signals can be considered as close to the real ones when referenced to the 

terminal methyl group signal. In another work NCH3 hydrogen atoms of Emim+ 

cation were considered as unperturbed with addition of solvent and the 

corresponding signal was taken as reference.49 

Indeed, the real chemical shifts of terminal CH3 and of NCH3 hydrogen 

atoms that were measured by Takamuku and his colleagues vary by 0.3 ppm and 

1.0 ppm, respectively, in DodecmimTFSI-C6H6 mixture,21-22 by less than 0.05 ppm 

each in DodecmimNO3-D2O/C6D6
41 and in EmimTFSI-H2O,39 by 0.05 ppm and 

0.15 ppm in EmimCl-AN and by 0.07 ppm each in EmimTFSI-MeOH mixtures.40 

The corresponding 13C real chemical shifts, where they were reported,21-22 exhibited 

variations of similar magnitude. Thus we may conclude that the choice of terminal 

methyl hydrogen atoms of Rmim+ cations as internal 1H and 13C references is 

credible for a broad set of combinations ‘imidazolium IL-molecular solvent’. 

Nevertheless, it is only better than conventional internal referencing approach in 

the sense that the studied system is not perturbed by addition of a reference 

compound. 

With respect to interpretation of such an internally referenced chemical shift 

variations with changing concentration, it is noteworthy to mention work of Li et 

al.50 who clearly introduced and illustrated for EmimBF4-H2O system the concept 

of ‘relative chemical shift’ as the difference in chemical shifts between two 

different signals originating from the same compound at a given concentration. The 

corresponding concentration dependence of the relative chemical shift shows 

whether the nuclei of interest and reference ones experience the same changes in 

shielding when concentration is varied or there is some asynchronicity in the 
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occurring changes of microenvironment of various nuclei. The same strategy was 

also used by Lyčka et al.51 to follow the relative changes of 15N chemical shifts of 

the imidazolium ring nitrogens for several neat RmimX ILs and for BmimBF4 in 

several molecular solvents. 

This approach is free of doubts and does not require the reference to be an 

absolute one (i.e., to be unaffected by changes in concentration). In contrast, the 

concentration trend in the relative chemical shift changes is in essence interpreted 

as a signature of discrepancy in behavior of nuclear shieldings of a given signal and 

the reference one as a function of concentration. 

However, if one needs to address the concentration induced chemical shift 

variation for the entire set of signals of particular molecule this approach is 

impractical since the relative chemical shifts span over a broad range of values (1-

10 ppm for 1H and 10-150 ppm for 13C for representative imidazolium IL-based 

systems) whereas the variations rarely exceed 1 ppm. In order to compare 

variations of all the signals, i.e., to put them on the same scale, it is proposed to 

present chemical shifts (either relative or absolute) after subtraction of the 

corresponding values of chemical shifts at some reference concentration. The 

reference concentration can be chosen arbitrarily, so far the following options were 

proposed in the literature: a virtually intermediate concentration,5 the lowest 

employed concentration,52-53 or the highest one.12,24,26,49,54 However, from the point 

of view of interpretation, the most relevant reference concentration is that of the 

corresponding neat compound, and it was the most used whenever a reference 

concentration approach was employed to address chemical shift variation upon 

changes in concentration.10-11,23,28-29,55-59 

Summarizing the proposed methodologies of analysis of concentration 

induced chemical shift variations in mixtures of imidazolium ILs with molecular 

solvents, we come up to the following recommendations:  
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(i) If possible, one should use the external double reference method to 

determine concentration dependent chemical shifts of each non-equivalent nuclei i 

with respect to the corresponding reference compound which are corrected for 

sample’s magnetic susceptibility ( )corr
i xδ . In order to carefully examine these 

chemical shift variations, a reference (subtraction) should also be made with 

respect to chemical shifts of the neat substance ( ) ( ) ( 1)corr corr corr
i i ix x xδ δ δ∆ = − = . 

This value expresses the concentration dependent variation of the real chemical 

shift, i.e., direct measure of shielding. 

The main disadvantage of this method apart from the high cost and fragility 

of the special capillary insert is that due to the complex shape of the insert magnetic 

field homogeneity in the acquisition zone is significantly reduced which leads to 

strong distortion of the signal shapes and, hence, makes it difficult to determine the 

actual peak positions.† 

(ii) If the double external reference capillary insert is not available, then a 

simple cylindrical capillary (Figure 4.1) with a deuterated solvent should be used to 

provide for deuterium field-lock. To avoid magnetic susceptibility issues, initial 

referencing should be done to one of the sample molecule’s signal, terminal CH3 

for Rmim+ cation and the most shielded group for a solvent (e.g., CH3 in AN, 

MeOH) 

 3

3 3

CH
CH CH( ) ( ) ( ) ( ) ( )obs obs real real

i i ix x x x xδ δ δ δ δ∆ = − = −  (4.2) 

We note that our raw experimental data, which was initially externally 

referenced to the residual HDO in D2O contained in the capillary insert, showed 

monotonic increase of 1H and 13 C NMR chemical shifts of the terminal methyl 

                                         
†At the end of this experimental stage Professor Takamuku generously provided us with the special capillary 

inserts for the external-double reference method. In our trial experiments in addition to the mentioned in the text 

significant signal distortion we could not capture the deuterium lock signal from the insert due to very low volume of 

the lock/reference-compound contained in the insert inside the acquisition zone of spectrometer. 
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group upon dilution in all the 12 studied systems by ca. 0.3-0.6 ppm. However, the 

magnitude of magnetic susceptibility correction contributing to this value is 

unknown. 

In mixtures of imidazolium ionic liquids with molecular solvent, upon 

varying the concentration, it is the ion-ion and the ion-solvent interactions that 

mainly govern changes in electron density redistribution at molecular level. It is 

rather well established that these interactions are preferentially located at the 

imidazolium ring of cations while terminal methyl hydrogen atoms are hardly 

influenced. An additional indirect proof of inertness of the terminal methyl group 

of the alkyl chain in Rmim+ is given by results of Cremer et al.60 whose 

calculations of natural population analysis (NPA) charges for a family of 1-octyl-3-

methylimidazolium salts with different anions revealed a rapid exponential decay 

of the charges of methylene group down to zero when going away from the 

imidazolium ring. 

As it was mentioned above, thus referenced difference in the observed 

chemical shifts equals to the difference in real chemical shifts. These relative 

chemical shifts are then put on the same scale by subtracting the corresponding 

values of the neat substances: 

 3 3CH CH( ) ( ) ( 1)i i ix x xδ δ δ∆∆ = ∆ − ∆ =  (4.3) 

Thus obtained values reflect how the real chemical shift difference between a 

given signal and the reference one (originating from the same molecule) changes 

with concentration. In fact, the relative order of referencing procedures does not 

matter. Indeed, one can rewrite the expression for ( )i xδ∆∆  in the following way: 
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From this expression it is clear that the value of ( )i xδ∆∆  can be obtained by 

initial subtraction of the observed chemical shift values for the corresponding 

signal of neat component followed by the calculation of difference between the 

obtained values for a given signal and the reference one (e.g., terminal CH3). It is 

worth mentioning again that such treatment of the observed chemical shifts, which 

are normally referenced to residual protonated species of the lock compound 

contained in the external capillary, lead to results which are free of magnetic 

susceptibility correction. 

The second representation of the ( )i xδ∆∆  values shows that they can be 

regarded as the chemical shift drift of a given signal relative to the drift of a 

reference signal originating from the same molecule and we propose to stick to this 

style of interpretation. 

Within the proposed approach of looking at the chemical shift changes we 

have summarized the literature observations on ‘imidazolium IL-molecular solvent’ 

systems which can be analyzed in this way (i.e., where the observed absolute 

chemical shifts of the signals of interest, like those of the imidazolium ring 

hydrogen atoms, are published along with the terminal methyl group chemical 

shifts). The relative chemical shift variations ( )i xδ∆∆  of the imidazolium ring 

hydrogen atoms were found to be negative in most of the studies which concern the 

following systems: RmimHal-H2O,13,16,19,54,58 BmimCF3CO2-MeOH/H2O,29 

EmimOAc-H2O,49 RmimMeSO3-H2O,16,46,48 EmimEtSO4-H2O,28 BmimBF4-

H2O,35,53,61 HexmimBr-Ac-d6,
26 EmimTfO-Ac-d6,

5 BmimBF4-MeOH,23 

BmimOctSO4-ethylene glycol,17 BmimBF4-AN,59 EmimHal-AN,4,40 RmimBF4/PF6-

thiophene,11 DodecmimTFSI/NO3-C6H6.
22,41 Nevertheless, there are as well reports 

where the imidazolium ring hydrogen atoms exhibit more significant deshielding 

than the terminal methyl ones, i.e., positive relative chemical shift variations are 

observed: EmimTFSI-Ac-d6,
5 RmimPF6/BF4-Ac-d6,

12 EmimTFSI-MeOH,40, 

EmimTFSI-H2O.39 For some systems, however, there was no appreciable difference 
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in chemical shift variation for the ring hydrogen atoms and the terminal methyl 

which resulted in roughly zero values of the relative chemical shift variations like 

in BmimBF4-H2O (note that there is a number of reports for this system concerning 

negative values of the relative chemical shift variation),13,19 and RmimBF4-ethylene 

glycol.17 There are several examples of rather peculiar behavior when H2 and H4-5 

show opposite trends in their relative chemical shift variations. For HexmimTFSI 

in CDCl3, H
2 was found to exhibit high positive values of ( )i xδ∆∆  and moderate 

negative values for H4-5,47 similar observations were reported for EmimBF4 in 

CD2Cl2,
62 while for BmimCl in DMSO the situation was inverse in signs.54 

One can see, that negative values of the relative chemical shift variation for 

the imidazolium ring hydrogen atoms are typically observed for ILs with rather 

basic anions which tend to form strong directional hydrogen bonds, like e.g., 

halides Hal−, substituted sulfonates RSO3
− and sulfates RSO4

−, carboxylates RCO2
− 

in various molecular solvents and for tetrafluoroborate BF4
− based ILs. A separate 

class of systems which falls into this category deals with imidazolium ILs mixed 

with aromatic solvents where the negative relative chemical shift variations stem 

from significant shielding of the imidazolium hydrogen atoms interacting with 

aromatic π-electron density of the solvents.11,22,41 Positive values are, in turn, 

observed for ILs with rather ‘soft’ large anions which have delocalized charge 

distribution like bis(trifluoromethylsulfonyl)imide TFSI−, or hexafluorophosphate 

PF6
− mixed with highly polar and donating solvents like MeOH, Ac or H2O. 

A common observation for all of the mentioned above studies on chemical 

shift variation in IL-solvent mixtures is that the most significant changes occur at 

low IL content (typically at xIL < 0.1-0.2). Even more drastic changes were 

observed at higher dilutions (xIL < 0.05-0.01) where the corresponding 

concentration range was studied.16,21,41,46-47,50,54 As it was already mentioned by 

Dupont63 under such high dilution regime the inherent IL-like ionic network is 

disrupted to ion pairs and other small aggregates and full dissociation into 
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individual ions is occurring at the infinite dilution limit. In other words, under such 

conditions IL switch to conventional electrolyte-like behavior that is governed by 

the interplay between ion-ion and ion-molecular interactions. 

Speculating about chemical shift variation in mixtures of imidazolium ILs 

with molecular solvents, particularly with polar aprotic ones, three main effects 

may be put forward in order to explain the observed chemical shift variations which 

may be linked to distinct underlying intermolecular interactions. Firstly, general 

dilution effect, when a solvent is regarded as a structureless medium which 

‘lubricates’ the IL native network structure and then dilutes it producing 

progressively smaller aggregate units up to full dissociation limit. 5,63 This effect is 

non-specific and it is equally applicable to all the atoms of IL over the entire 

concentration range. In terms of electronic effects, the increase of effective 

separation between IL ions caused by dilution should result in a general deshielding 

of the hydrogen atoms, i.e., an increase of chemical shifts. However, as can be 

judged from the results of Takamuku et. al.21-22,39-41 this effect rarely exceeds 

0.05 ppm. Secondly, the effect associated with the specific interionic interactions. 

Indeed, for ILs these interactions are hydrogen bonds between the imidazolium ring 

hydrogen atoms, and to a lesser extent between the adjacent alkyl hydrogen atoms, 

from one side and electronegative atoms of anions from the other side.64-65 When 

these interactions are progressively disrupted by dilution, this leads to shielding of 

the hydrogen atoms involved. The magnitude of this effect correlates with the 

strength of the hydrogen bond.66 Thirdly, solvation of IL cations in polar molecular 

solvents can be mediated via formation of hydrogen bonds with donor atoms of the 

solvent molecules (e.g., oxygen in alcohols, DMSO, Ac etc.; nitrogen in AN, 

amines etc.) in addition to non-specific ion-dipole interactions. Formation of such 

cation-solvent hydrogen bonds upon dilution of IL would contribute to deshielding 

of the imidazolium ring and of the adjacent alkyl hydrogen atoms. 
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Apparently, the third and second effects are opposing each other and they are 

localized at the imidazolium ring and the adjacent hydrogen atoms. Hence, when 

referencing to the terminal methyl hydrogen atoms which are only prone to the first 

effect, the net observation on the relative chemical shift variation of the hydrogen 

atoms of interest should reflect the balance between the second and third effects. In 

particular, when ∆∆δi(xIL) > 0 is observed for the imidazolium ring hydrogen atoms, 

i.e., effective deshielding, this can be interpreted as that hydrogen bonds 

established with solvent molecules are stronger than those broken down between 

the IL conterions. If the relative chemical shift values are close to zero (as a 

tentative threshold we propose to use ±0.05 ppm as estimated for the real chemical 

shift drift of terminal methyl group of Rmim+ by Takamuku et al. 21-22,39-41), then 

the hydrogen bonds of cations with solvent molecules and with anions are of 

comparable strength. A situation in which neither the cation-solvent hydrogen 

bonds are formed nor the cation-anion ones are disrupted is hardly plausible for 

mixtures of imidazolium ILs with polar aprotic solvents. Last but not the least, 

negative relative chemical shift variation values ∆∆δi(xIL) < 0 suggest that the 

interionic hydrogen bonds are stronger than cation-solvent ones. We stress, that this 

conclusion has nothing to do with ‘absolute’ strength of the corresponding 

hydrogen bonds. Indeed, this conclusion can be drawn, for example, when a strong 

interionic bond is disrupted and an intermediate one is established with solvent and, 

equally, when a moderate hydrogen bond between the counterions is replaced with 

a very weak one with solvent. There is a particular case of large negative values 

∆∆δi(xIL) << 0 which can be attributed to the very strong interionic hydrogen bonds 

and rather weak ones between cation and solvent molecules. This is exactly the 

case of many systems with ILs with highly basic anions which form rather strong 

hydrogen bonds mentioned above. 

In this study we apply this framework to study the interplay of interionic 

interactions in mixtures of imidazolium IL with polar aprotic solvents as a function 
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of composition over the entire concentration range. The selection of the systems is 

aimed at establishing the effect of IL anion structure and basicity (BF4
−, PF6

−, TfO−, 

TFSI−) and of polarity and donicity of the molecular solvent (AN, γ-BL, PC). 

4.3. Results and discussion 

4.3.1 Relative chemical shift variation in AN 

The relative chemical shift variations in 1H-NMR spectra of mixtures of 

BmimBF4, BmimPF6, BmimTfO, BmimTFSI with AN referenced to the chemical 

shift of terminal methyl group of cation’s butyl chain as a function of IL mole 

fraction xIL are shown in Figure 4.2. Our data on BmimBF4-AN system agrees very 

well with the recently published results of Zheng et. al.59 

 

Figure 4.2. Relative 1H chemical shift variation in mixtures of imidazolium IL with AN. 
Left panel shows the values for the imidazolium ring hydrogen atoms H2/4/5 and the values for the 
alkyl hydrogen atoms are presented on the right panel. 

 

In AN all the relative chemical shift variations of the hydrogen atoms in the 

studied set of systems are negative. This implies that the effect of ionic dissociation 

accompanied with the rupture of interionic hydrogen bonds overwhelms the 

specific solvation effects. This is not surprising since AN is only moderately polar 

donating. 

The most significant effects are observed for the imidazolium ring hydrogen 

atoms, particularly at high dilutions. As discussed in the previous chapter, this 

 137



 

finding can be connected to the fact that interionic hydrogen bonds with the alkyl 

hydrogen atoms are rather weak compared to that with the imidazolium ring 

hydrogen atoms. BmimBF4 and BmimTfO show the largest negative values, that is 

a clear indication of the interionic hydrogen bond rupture in these systems. 

For a given IL, H2 hydrogen revealed to be the most sensitive one among the 

imidazolium ring hydrogen atoms (this is especially well pronounced for 

BmimTFSI and BmimTfO). Particular sensitivity of the H2 site was noticed in most 

of the mentioned above studies and was related to the higher positive charge and 

acidity of the C2-H2 fragment compared to the C4-H4 and C5-H5 fragments and, 

hence, to the higher strength of the corresponding hydrogen bonds.40,58 The fact that 

this enhanced sensitivity of the H2 chemical shift is much less pronounced for 

BmimBF4 and BmimPF6 also agrees with the literature data on systems containing 

these ILs. The difference in relative chemical shifts between H2 and H4-5 signals did 

not exceed 0.1 ppm at highest dilution.11-13,15,17,23,35,50,59,61 At the same time, for 

mixtures containing imidazolium ILs with anions of low symmetry (TFSI−, TfO−, 

RSO3
−, RCO2

−) H2 was found to be exceptionally sensitive just as in the present 

study.5,14,16,29-30,40,46,48-49 This can be related to differences in strengths of the 

hydrogen bonds present in ionic aggregates at H2 and H4-5 sites as it was noted in 

the previous chapter. 

A notable effect is also observed for CαH2 and NCH3 protons (which are 

adjacent to the imidazolium ring) and even for CβH2. This agrees well with the 

results of our model calculations that in the most stable arrangement of the ion 

pairs and ionic aggregates the multiatomic anions are located above the C2-H2 

fragment which allows them to form hydrogen bonds with the adjacent alkyl 

hydrogen atoms of the Bmim+ cation. These hydrogen bonds are considerably 

weaker than those with the imidazolium ring hydrogen atoms. 

In the studied set of ILs for the case of mixtures with AN the magnitude of 

relative chemical shift variations of the imidazolium ring hydrogen atoms 
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followsTfO− ≥ BF4
− > PF6

− ~ TFSI−. The difference between the ILs for the relative 

chemical shift variations of the alkyl hydrogen atoms is much more difficult to be 

discerned but also agrees with the proposed trend. This sequence correlates rather 

with the relative hydrogen bond strengths revealed by our quantum chemical 

calculations shown in Chapter 3 than with the estimated in vacuum interaction 

energies.67 Relative tendency to ion-pairing as estimated with the help of 

thermodynamic constants of ionic association derived from accurate conductivity 

measurements of the corresponding dilute solutions of BmimX ILs in AN68-69 fits 

the trend much better. The values of KA
298.15 in dm3 mol−1 are 24.069 for BmimTfO, 

18.1569 or 15.768 for BmimBF4, 15.668 for BmimPF6, 12.6768 for HexmimTFSI (for 

BmimTFSI there is no literature data but it is expected to be higher by ca. 0.1-0.2 

dm3 mol−1). Other reported values of the association constant of these ILs in AN 

seem to be much both less accurate and credible: 27.0 dm3 mol−1for BmimPF6,
70 ca. 

700 dm3 mol−1 for BmimBF4 and BmimPF6,
71 205±20 dm3 mol−1 for BmimTFSI 

and 46±7 dm3 mol−1 for BmimTfO.72 

Another observation that the difference between the ILs becomes more 

pronounced with dilution and even shows some enhancement at the lowest 

employed concentrations (xIL < 0.05) serves as additional hint that is in this 

concentration range where the ultimate disruption of ionic associates down to the 

individual ions takes place. 

In contrast to 1H-NMR discussed above, studies on the concentration induced 

variations of 13C-NMR chemical shifts in mixtures of imidazolium ILs with 

molecular solvents are rather scarce.12,14,21-22,26 Since 13C-NMR goes as a 

supplement to more elaborated 1H-NMR investigation, the comments are usually 

limited to general statements that carbon shifts roughly follow the trends 

established for hydrogen atoms, which is not always true though.12,26 Indeed, 

interpretation of the variations in 13C chemical shifts is not that straight forward 

since they are not involved explicitly into the intermolecular interactions even 
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though the observed variations are close in magnitude to those found for 1H 

chemical shifts.12,14,21-22,26 Another difficulty in interpretation of the chemical shift 

variations for carbons is that apart from the effects established for the adjacent 

hydrogen atoms they are also liable to the effects of electron density redistribution 

along the skeleton of Rmim+ cation. As the observed chemical shift change reflects 

only the net effect of electron density gain/loss at a given atom, it is rather 

challenging to track all the pathways of electron density redistribution and to assign 

it to distinct intermolecular interactions. 

Figure 4.3 shows the relative 13C chemical shift variations in mixtures of the 

studied ILs with AN. Apparently, they do not follow the patterns observed for the 

corresponding 1H relative chemical shift variations. One can see from Figure 4.3 

that most of the carbon atoms show positive or essentially zero values, whereas C2 

carbon for all the studied ILs and C4, Cα, Cβ, Cγ of BmimTFSI show negative 

values. Between the alkyl carbons of a given IL the effect is most pronounced for 

the ones adjacent to the imidazolium ring (NCH3 and Cα). 

 

Figure 4.3. Relative 13C chemical shift variation in mixtures of imidazolium IL with AN. 
Left panel shows the values for the imidazolium ring carbons C2/4/5 and the values for the alkyl 
carbons are presented on the right panel. 

 

The observed effective deshielding of most of the carbon atoms (as 

referenced to the terminal methyl one, ∆∆δi(xIL) > 0) is essentially opposite to what 

has been established for the corresponding hydrogen atoms. At the same time C2 
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carbon behaves in accordance with H2 hydrogen (Figure 4.2) and reveals almost the 

same trend in the magnitudes of the relative chemical shift variation 

(TfO− > BF4
− > PF6

− ~ TFSI−). 

Keeping in mind the mentioned above complexity in interpretation of the 13C 

relative chemical shift variations, here we will only mention that significant 

shielding of C2 carbon upon dilution in AN agrees well with the results of partial 

charge assessment described in the previous chapter. Particular behavior of the 

relative chemical shift of this carbon atom can be also related to another fact 

revealed by accurate analysis of electron density distribution in model 

representative structures. In contrast to other carbon atoms, C2 explicitly interacts 

with anion which is located on top of the C2-H2 fragment and the strength of this 

interaction is quite similar to that with the H2 hydrogen atom.As for the other 

imidazolium ring carbons and the alkyl ones, these relative chemical shift changes 

presumably result from rather complex effects of electron density redistribution. 

4.3.2 Relative chemical shift variation in γ-BL and PC 

Polar molecular solvents γ-BL and PC are different from AN in term of their 

solvating abilities due to different nature of the polar donating group. The carbonyl 

group C=O present in γ-BL and PC is more polar and donating than the cyano 

group C≡N of AN. This is reflected in their polarity and, hence, the capacity to 

establish specific interactions with the cations. 
1H-NMR relative chemical shift variations in mixtures of the studied set of 

ILs with γ-BL and PC are shown in Figure 4.4. The most apparent change when 

comparing with similar representation for the mixtures with AN (Figure 4.2) is that 

all the data sets are shifted towards more positive values (by ca. 0.2-0.25 ppm in γ-

BL and 0.1-0.15 ppm in PC at highest dilution). As a result, for the ILs which form 

weaker interionic hydrogen bonds (i.e., BmimTFSI and BmimPF6) the ∆∆δi(xIL) 

values of the imidazolium ring hydrogen atoms are essentially neutral in PC and 
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positive in γ-BL. This clearly indicates (as it is mentioned in Chapter 3) the high 

capacity of these solvents to form hydrogen bonds with the imidazolium ring 

hydrogen atoms which are stronger (γ-BL) or of comparable strength (PC) than the 

inherent interionic ones in these ILs. For BmimBF4 and BmimTfO, which were 

found to have stronger interionic hydrogen bonds, the relative chemical shift values 

for the imidazolium ring hydrogen atoms are still negative though less negative 

than it was observed in AN (they are less negative in PC than in γ-BL). Thus, we 

conclude that hydrogen bonds established between the γ-BL and PC solvent 

molecules and cations of BmimTfO and BmimBF4 ILs are stronger than those 

existing in the native structure of these ILs. 

Such trend of solvent capabilities for specific cation solvation, AN < PC < γ-

BL, correlates not only with the results of model calculations but also with their 

Gutmann’s donor numbers (see Table 2.2). The fact that the relative 1H-NMR 

chemical shift variations are determined by solvating properties of the solvents 

towards cations but not by their polarity (in terms of static relative dielectric 

constant polarity varies as follows: PC > γ-BL > AN) corroborates that it is rather 

relative hydrogen bond strength which is probed than the tendency to ion-pairing. 

Another feature to note is that H2 is more sensitive than H4-5 to the shift to 

more positive values of the relative chemical shift variation when going from AN 

to γ-BL and PC. Indeed, while in AN the relative chemical shift variation of H2 for 

BmimTfO was remarkably more negative than that of H4-5, in γ-BL and PC this 

effect is much more moderate. Similarly, but to a greater extent this is observed for 

BmimTFSI, where in PC H2 shows almost the same neutral values of the relative 

chemical shift variation as for H4-5 and in γ-BL they are distinctly more positive 

than the corresponding values for the hydrogen atoms at positions 4-5. For ILs that 

did not reveal any specificity of the H2 site under conditions of the interionic 

hydrogen bond rupture (i.e., BmimBF4 and BmimPF6 in AN), solvation in γ-BL 
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and PC reveals H2 to be particularly sensitive to establishing H-bonds with the 

solvent molecules which is reflected in its more positive values compared to H4-5. 

 

 
Figure 4.4. Relative 1H chemical shift variation in mixtures of imidazolium ILs with γ-BL 

and PC. 
 

For the alkyl hydrogen atoms, the observed in γ-BL and PC relative chemical 

shift variations follow the same trends as for the imidazolium ring ones but to a 

lesser degree. This finding is absolutely logical, since it is the ring hydrogen atoms 

which are the primary solvation sites, while the adjacent alkyl ones establish 

weaker hydrogen bonds, mainly, with the ester oxygen atoms of the γ-BL and PC 

molecules as revealed in our calculations on model representative structures (see 

Chapter 3). 
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Concerning the 13C relative chemical shift variations in mixtures of the 

studied ILs with γ-BL and PC, which are shown in Figure 4.5, they are very similar 

to those observed for the corresponding mixtures with AN (Figure 4.3). An obvious 

difference is that for the carbons which show appreciable negative values of the 

relative chemical shift variations (namely, C2 for all the ILs and the adjacent alkyl 

ones for BmimTFSI), they are even more negative in γ-BL and PC than what was 

observed in AN. This can be related to the stronger solvation effects anticipated in 

γ-BL and PC, particularly at C2 site. However, there are still some discrepancies, 

such as why for 13C chemical shifts the effect is more pronounced for PC than for 

γ-BL in contrast to the results of 1H chemical shift analysis, while the calculations 

predict this effect to be of comparable strength for the solvated structures with all 

the solvent molecules. 
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Figure 4.5. Relative 13C chemical shift variation in mixtures of imidazolium ILs with γ-

BL and PC. 
 

4.3.3 13C relative chemical shift variations of anions in mixtures containing 

BmimTfO and BmimTFSI 

Anions of BmimTfO and BmimTFSI ILs contain carbon atoms which 

allowed us to follow their 13C chemical shifts in the framework of the relative 

chemical shift variations, i.e., referenced to the terminal carbon of cation’s butyl 

chain. Previously, an effective deshielding of the carbon atoms of the anions of 

RmimTFSI (when referenced to the terminal alkyl one) was observed for 

EmimTFSI upon heating73 and for DodecmimTFSI upon dilution in C6H6.
22 In a 

recent study on EmimTFSI in DMSO and AN the relative chemical shift of TFSI− 

carbons was found to be negative upon dilution, however, the real chemical shift 

variation of the reference terminal carbon was unusually highly positive and the 

 145



 

real chemical shift variation of TFSI− carbons was indicative of its deshielding 

upon dilution.74 This was attributed to the effect of electron density redistribution 

upon loosening of the interionic interactions. Nothing was found in the literature on 
13C NMR chemical shift variations with concentration in RmimTfO-based systems. 

Figure 4.6 shows the relative chemical shift variations of the carbon atoms of 

anions in mixtures of BmimTfO and BmimTFSI with AN, γ-BL, and PC. One can 

see that carbon atoms of the trifluoromethyl groups CF3 behave differently in these 

ionic liquids: an apparent deshielding is observed for BmimTfO in all three 

solvents, while for BmimTFSI the relative chemical shift values are negative, 

which reflects effective shielding of the corresponding carbons upon dilution in 

three solvents. 

 
Figure 4.6. Relative 13C chemical shift variation for CF3 carbons of anions in mixtures of 

BmimTfO and BmimTFSI with AN, γ-BL and PC. 
 

This difference between the two anions can be rationalized as follows. As it 

was established in the previous chapter devoted to quantum-chemical calculations 

of the representative model molecular clusters, ion pair structure of BmimTfO is 

much more persistent than that of BmimTFSI when a solvent molecule is added. 

This is an indication of the relative stability of the ion pairs of these ILs. As a 

result, the main effect in solvation of BmimTFSI ion pair is the weakening of 
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interionic interactions due to structural distortion and increased separation (this 

reduces Coulomb attraction and weakens noncovalent interactions, e.g., interionic 

hydrogen bonds). In BmimTfO, in contrast, the anion maintains its rather strong 

interactions with the cation upon addition of a solvent molecule and also 

establishes remarkable interactions with the solvent molecules via free sites of its 

SO3 moiety. Generalizing these effects, one can suggest that upon solvation of 

BmimTfO the main effect experienced by the anion is the reinforcement of the 

intermolecular interactions in which it participates, while for BmimTFSI the net 

effect is the overall weakening of interactions involving the anion. 

The effect of charge redistribution, which is, in fact, monitored by the 

relative chemical shift variation, is that for BmimTFSI electron density relaxes 

towards it unperturbed state which is accompanied with the decrease of charge of 

the corresponding carbon atoms, while for BmimTfO, strengthening of the 

interactions with the anion leads to its polarization enhancement which is 

manifested in the increase of the charge of the carbon atom. This idea agrees well 

with the results of the charge calculations in the QTAIM framework (see Chapters 

2-3 for details) presented in Figure 4.7. 

 
Figure 4.7. QTAIM-derived charges of CF3 carbons of anions in BmimTfO and 

BmimTFSI ion pairs and their complexes with AN, γ-BL, and PC. 
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As for the effect of solvent on the 13C relative chemical shift variation of 

anion’s carbons, as seen from Figure 4.6, for BmimTFSI the magnitude of the 

shielding effect follows the sequence AN < γ-BL <PC, while for BmimTfO the 

deshielding magnitude is in the order PC < γ-BL ≈AN. These tendencies are not 

captured by the calculations, however, they can be interpreted implicating the 

previously mentioned general explanations of the phenomena. Indeed, if one 

assumes that in case of BmimTFSI it is only the overall weakening of interionic 

interactions which determines the observed relative chemical shift variations of 

anion’s carbons, and then this effect should be modulate by polarity of the solvent 

medium. The extent of the shielding for TFSI− carbons upon dilution of the IL in 

different solvents agrees with their relative polarity expressed as static relative 

dielectric permittivity (Table 2.1). On the other hand, as it was stated above, for 

BmimTfO we assume the solvent-anion interaction in the structure of ion-pair 

solvates to play a role. This can be indirectly assessed via their electrophylic 

capabilities which are quantified by means of Gutmann’s acceptor numbers.75 From 

the corresponding values collected in Table 2.1 it is evident that is not the best 

descriptor for this effect (the corresponding values follow the order γ-

BL < PC <AN). A more detailed investigation of this issue is needed. 

4.4. Conclusions 

Chemical shift variation in mixture of imidazolium ILs with polar molecular 

solvents can be used to follow the balance between interionic and ion-solvent 

interactions. 

An approach based on referencing 1H and 13C NMR chemical shifts in the 

studied mixtures to the signal of terminal methyl of cation’s butyl chain in the neat 

ILs is proposed. The variations in thus introduced relative chemical shifts as a 

function of mixture composition and depending on the nature of its constituents are 

interpreted in terms of specific and nonspecific intermolecular interactions. 
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BmimTfO and BmimBF4 ILs are found to establish interionic hydrogen 

bonds involving the imidazolium ring hydrogen atoms and the hydrogen atoms of 

the adjacent alkyl groups, which are stronger than in the case of BmimPF6 and 

BmimTFSI. Upon dilution in molecular solvents, these hydrogen bonds are 

progressively disrupted as a result of weakening of interionic interactions and ionic 

dissociation which is particularly pronounced at high dilutions (xIL < 0.1). For 

BmimTfO and BmimTFSI ILs, the interionic hydrogen bond with the imidazolium 

ring hydrogen at position 2 (H2) is revealed to be stronger than with the hydrogen 

atoms at positions 4-5. The relative strengths of hydrogen bonding correlate well 

with the results established by quantum-chemical calculations set forth in the 

previous chapter. 

Apart from the general dilution effect of the employed molecular solvents, 

they are also capable of establishing specific interactions with ILs, namely, 

hydrogen bonds with the imidazolium ring hydrogen atoms of cations. This is 

particularly prominent in PC and, to a greater extent, in γ-BL and H2 shows 

enhanced sensitivity to this effect in all the studied ILs. Solvation in AN is not 

accompanied by formation of hydrogen bonds solvent-cation of an appreciable 

strength. 

The solvation of anions was investigated for BmimTfO and BmimTFSI ILs 

by following the corresponding 13C relative chemical shifts. TFSI− is considered to 

experience only the nonspecific effects of weakening of interionic interactions 

upon dilution in molecular solvents which is modulated by their polarity. In case of 

BmimTfO, due to its higher propensity to ionic association compared to 

BmimTFSI, solvent molecules interact not only with the cation but also with the 

anion and the strength of this interaction follows the order PC < γ-BL ≈AN. 
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Chapter 5. Translational Diffusion in IL-Molecular 

Solvent Mixtures 

The material presented in this chapter forms the basis of publication  
Marekha, B. A.; Kalugin, O. N.; Bria, M.; Buchner, R.; Idrissi, A. Translational Diffusion 

in Mixtures of Imidazolium ILs with Polar Aprotic Molecular Solvents. J. Phys. Chem. B, 2014, 
118, 5509–5517. 

 

Self-diffusion coefficients of cations and solvent molecules were determined with 
1H-NMR in mixtures of 1-n-butyl-3-methylimidazolium (Bmim+) tetrafluoroborate 

(BF4
−), hexafluorophosphate (PF6

−), trifluoromethanesulfonate (TfO−) and 

bis(trifluoromethylsulfonyl)imide (TFSI−) with acetonitrile (AN), γ-butyrolactone (γ-BL), 

and propylene carbonate (PC) over the entire composition range at 300 K. The relative 

diffusivities of solvent molecules to cations as a function of concentration were found to 

depend on the solvent but not on the anion (i.e.,, IL). In all cases the values exhibit a 

plateau at low IL content (xIL < 0.2) and then increase steeply (AN), moderately (γ-BL), 

or negligibly (PC) at higher IL concentrations. This behavior was related to the different 

solvation patterns in the employed solvents. In BmimPF6-based systems, anionic 

diffusivities were followed via 31P 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. 
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5.1. Introduction 

In contrast to conventional nonaqueous electrolyte solutions, where salt 

concentrations rarely exceed 0.2-0.3 in mole fraction units, imidazolium ILs are 

fully miscible with most nonaqueous polar solvents. This gives an opportunity to 

follow the variation of many physicochemical properties, diffusivity in particular, 

over a much broader range of compositions: from very dilute solutions of ILs 

through concentrated ones (which roughly corresponds to ‘conventional electrolyte 

solution’ regime) up to IL-rich mixtures where the molecular component is 

dispersed in the supramolecular ionic network. 

Diffusion is a decisive factor not only for electrochemical applications but 

also for chemical reactions as well. Moreover, modern NMR methods allow 

observation of self-diffusion coefficients, Di, for chemically nonequivalent species 

i.1 Such data can serve as a basis for developing a comprehensive picture of 

dynamics in such systems. 

Since much attention in the field of IL-solvent mixtures has been paid to 

aqueous systems2-8 experimental diffusion-related studies on mixtures of ILs with 

nonaqueous molecular solvents are rather scarce. 

At present, there is still lack of microscopic information not only on the 

structure but also on the dynamics of ionic subsystem in mixtures of ILs with 

nonaqueous (mid)polar aprotic solvents. This chapter presents the results of a 

NMR-diffusometrical study on mixtures of 1-n-butyl-3-methylimidazolium 

(Bmim+) based ILs, namely 1-n-butyl-3-methylimidazolium 

trifluoromethanesulfonate (triflate) BmimTfO, 1-n-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide BmimTFSI, 1-n-butyl-3-methylimidazolium 

hexafluorophosphate BmimPF6, and 1-n-butyl-3-methylimidazolium 

tetrafluoroborate BmimBF4, with AN, PC and γ-BL (see Figure 1.1 for chemical 

structures) over the entire composition range. The rest of the chapter is organized 
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as follows: general trends in experimental data are given a brief overview in 

Section 5.2.1; the data is rationalized in terms of relative diffusion coefficients in 

Section 5.2.2; Section 5.2.3 is devoted to the discussion of counterion diffusion in 

BmimPF6-based mixtures and the conclusions are outlined in the section 5.3. 

5.2. Results and Discussion 

5.2.1 Absolute self-diffusion coefficients as a function of mixture 

composition 

The composition dependence of diffusion coefficients for liquid mixtures, 

including electrolyte solutions, can be interpreted with various approaches.9 

Currently, no strict theoretical framework is available that would predict and 

explain diffusivities of the constituents in ion-molecular systems over a broad range 

of concentration. As a result, most studies concerning diffusion in conventional 

electrolyte solutions and mixtures of ILs with molecular solvents almost 

exclusively operate with general considerations and/or employ very simplistic 

models that hardly represent all the complexity and peculiarities of such systems. 

For all 12 mixtures studied, the self-diffusion coefficients of all species 

(cations, anions, and solvent molecules) roughly follow a linear behavior in a 

semilogarithmic representation at the molar fraction scale (see sample data sets for 

BmimPF6–AN, BmimPF6–PC, and BmimBF4–AN systems in Figure 5.1, all data 

are collected in Table A 5.1 of the Appendix for this chapter), i.e., diffusivities 

exponentially decrease with increasing IL mole fraction. Over the entire 

composition range solvent molecules move several times faster than the ionic 

species. On the other hand, cations and anions exhibit comparable mobilities. The 

latter observation is usually considered as a manifestation of strong correlation in 

ionic motion due to high density of charged species.5,10 It should also be pointed out 
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that the diffusion coefficients of all particles vary over 1.5–2 orders of magnitude 

with concentration. 

For comparison, data of Hsu et al.11 and the very recent results from Liang et 

al. 12 are included in Figure 5.1. Absolute values of our diffusion coefficients for 

cations and solvent molecules compare very well with the literature, and this 

agreement becomes excellent when relative diffusion coefficients are considered 

(see Figure 5.2 and discussion in Section 5.2.2). 

For an empirical description of the concentration dependence experimental 

logarithmic diffusion coefficients were fitted to a third-order polynomial in 

accordance with eq (5.1): 

 
3

0

log i
i IL

i

D a x
=

=∑  (5.1) 

Fitted parameters along with raw experimental data are collected in Table A 

5.2 of the Appendix for this chapter. 
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Figure 5.1. Experimental self-diffusion coefficients of the solvent molecules Dsolv, cations 

D+ and anions D− as a function of IL molar fraction in mixtures BmimPF6 –AN (top), BmimPF6 
–PC (middle), and BmimBF4 –AN (bottom). Lines represent cubic fits of experimental data to eq 
(5.1). Solid symbols show data from Hsu et al.,11 while the crossed ones are from Liang et al.12 
for comparison. Note logarithmic scaling in diffusion dimension. 

 

At first glance, the observed trend, decreasing self-diffusion coefficients with 

increasing IL concentration, is a consequence of the exponential viscosity increase 
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upon IL addition.13-14 Scharf and co-workers10 studied HexmimTFSI in the low-

polarity and thus strongly ion-pairing solvent CDCl3 and in moderately polar 

DMSO-d6 at rather high dilutions (xIL < 0.1) by following the self-diffusion 

coefficients of the constituting ions, D+ and D−, over a broad temperature range 

(288–318 K). In DMSO-d6, the ions were found to diffuse independently, with the 

respective diffusion coefficients being practically insensitive to changes in 

temperature and/or concentration. In contrast, motions of cations and anions in 

CDCl3 revealed to be highly correlated. The values of D+ and D− were very close 

and exhibited a simultaneous rapid increase at very high dilutions opposite to the 

monotonous decrease of viscosity. These observations not only imply strong ion-

pairing but significant ionic aggregation towards even bigger clusters. 

5.2.2 Relative self-diffusion coefficients solvent-cation as a function of 

mixture composition 

In their numerous studies on NMR-diffusometry of nonaqueous aprotic 

electrolyte (mainly Li+-based) solutions,15-20 Hayamizu and colleagues used the 

concept of proportionality between ionic and solvent diffusion coefficients as an 

indication for the validity of the Stokes-Einstein relation (i.e., that particle diffusion 

is only modulated by macroscopic viscosity changes). This idea is based on the 

generally observed proportionality between the diffusion coefficients of neat 

solvents and their fluidity (= η−1). Viscosity, in turn, is considered to increase with 

concentration due to enhanced ion-molecular interactions. Any deviations from 

such proportionality were attributed to ionic association phenomena without 

detailed discussion. For the visual inspection of such details they proposed to plot 

the ratio of the diffusion coefficient of solvent molecules to that of ions as a 

function of concentration. It was anticipated that specific changes in ion-molecular 

and interionic interactions, if present, would cause an offset from a constant value. 
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In accordance with the Stokes-Einstein relation, the ratio should be defined by the 

inverse ratio of the hydrodynamic radii of the diffusing species. 

This methodology of using the ratio of diffusion coefficients, introduced by 

Hayamizu et al.,15-20 has been used for several diffusion studies of aqueous 

mixtures of ILs3,6 over a broad range of concentrations. In their study of BmimPF6 

mixed with various nonaqueous solvents, Hsu et al.11 pushed this approach further 

by proposing the so-called ‘aggregation index’, defined as the diffusion ratio 

solvent-ion divided by the reciprocal of the corresponding radii ratio. The latter was 

estimated on the basis of quantum-mechanical calculations. They discovered that 

on dilution and/or heating, the aggregation index decreases but never reaches the 

limiting value of unity. The highest extent of screening of the interionic interactions 

(i.e., the smallest aggregation index) was observed for PC and DMSO, while AN 

was found to weaken ionic association only poorly. On the other hand, from the 

slope of the corresponding concentration trends an opposite conclusion can be 

reached: The steepest change in aggregation index was found for AN, whereas for 

PC it varied only slightly. This suggests that AN-based systems experience more 

pronounced changes when their composition is changed than those containing PC. 

In order to avoid using poorly proven approaches, namely the highly 

questionable applicability of the Stokes-Einstein relation to IL-based systems21-23 

(vide infra) and the concept of hydrodynamic radius for such nonspherical particles 

as IL ions, which can also bear some degree of conformational flexibility, we will 

stick here to the diffusion ratios of Hayamizu and disregard the aggregation index 

of Hsu. 

Figure 5.2 depicts the solvent-cation diffusion ratios as a function of mixture 

composition. Several clear observations should be pointed out. First, within 

experimental certainty, the ratio is practically independent of the anion for all three 

employed solvents. Despite the anticipated significant anion influence on the 

studied dynamical properties due to substantial diversity of anion sizes, shapes, 
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symmetries and charge distribution, it is not confirmed in the present study. This 

can be an indication of either negligible or less probable, non-negligible but 

indistinguishable influence of different anions on the solvation pattern of the 

cations which is indirectly probed by the ratio of corresponding diffusion 

coefficients. This finding, however, does not rule out probable differences in ion-

pairing tendencies of the studied ILs that could be probed by other more accurate 

techniques. Second, in all three employed solvents, the ratio scatters around some 

solvent-specific constant value at low IL content (xIL < 0.2) before rising with 

increasing IL concentration. Following Hayamizu, such concentration dependence 

is a sign of strong interionic interactions leading to ionic aggregation at higher 

concentrations. The low concentration plateau regime, in turn, corresponds to a 

state where the major factors determining particle diffusivities, namely their 

hydrodynamic size, mode of interaction with the microenvironment and 

microviscosity of the surrounding medium, either do not change or change 

simultaneously for cations and solvent molecules. This can be treated as a range of 

compositions, where dilute solution-like solvation pattern is maintained, which is 

modulated only by the general viscosity increase with increasing IL content. Third, 

the rise at high IL concentrations is most pronounced for AN (at xIL ≈ 0.85, solvent 

molecules diffuse 4–5 times faster than cations compared to Dsolv/D+ = 2.5 at xIL < 

0.2), whereas it is less significant in γ-BL and almost negligible in PC. The same 

order is observed for the magnitude of the low-concentration plateau value. This 

can be rationalized when comparing relative sizes of the solvent molecules and neat 

solvent properties. AN has the smallest molecule which results in higher value of 

the corresponding plateau value at xIL < 0.2, as it is mainly determined by the 

relative sizes of the cation-solvent pair. γ-BL and PC have somewhat bigger 

molecules (see the Appendix for this chapter) and, hence, lower Dsolv/D+ plateau 

values. Also AN is the least polar and least donating solvent among the studied set, 

which suggests that its interaction with ILs is more easily weakened with 
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increasing IL concentration when compared to the cases of γ-BL and PC. This 

could be the reason for the steeper slope of the high concentration part of the 

relative diffusion coefficient dependence AN-cation as it implies more significant 

changes in the diffusion-determining factors with concentration. Thus, our 

observations are perfectly in line with those of Hsu et al. for BmimPF6-based 

systems.11 The fact that relative diffusion coefficients from different investigations 

agree better than the corresponding absolute values probably stems from probe 

calibration errors.24 
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Figure 5.2. Ratio of self-diffusion coefficients for solvent molecules and cations as a 

function of IL molar fraction (open symbols). Solid symbols show results of Hsu et al.58, while 
the crossed ones are from Liang et al.44 for comparison. 

 

When considering diffusion models, the Stokes-Einstein (SE) relation (eq 

(5.2)) is probably the most popular. It relates the self-diffusion coefficient, D, of a 
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particle to its hydrodynamic radius, r, a factor, A, determining the hydrodynamic 

boundary conditions (stick, slip or intermediate) and the medium viscosity, η. 

 
π

kT
D

A rη
=  (5.2) 

Accurate absolute values of the hydrodynamic radii of diffusing species can 

be estimated from data obtained by NMR experiments only if the gradient 

calibration of the probe was properly performed and the SE relation holds its 

relevance.25 Originally, the SE relation was derived under the assumption of a large 

sphere moving in a structureless continuum whose molecules are negligible in size 

with respect to the diffusing particle. In mixtures of molecular solvents with ILs the 

representative diffusing species are of comparable sizes, so one has to expect that 

generally the SE relation would not be satisfied. Indeed, usually unrealistically low 

values of the hydrodynamic radii of individual ions are found no matter how the 

boundary condition is set.12,21-23 

In an attempt to check the applicability of eq (5.2) to the studied systems we 

plot in Figure 5.3 for selected systems the effective Stokes radius (Ar)i = 

kT(Diηπ)
−1 for cations and solvent molecules as a function of IL mole fraction. 

Viscosities were interpolated from experimental data by fitting logarithmic excess 

viscosities to a Riedlich-Kister type polynomial (see the Appendix for this chapter 

for details). This representation, based on experimentally accessible quantities only, 

was chosen since there is no a priori knowledge of the hydrodynamic factor, A, for 

these systems. Moreover, it cannot be excluded that A varies with composition due 

to possible changes of diffusion mechanism, solution structure, and/or boundary 

condition. Figure 5.3 provides strong evidence that for the studied mixtures 

viscosity grows faster than particle diffusivities decrease when the IL concentration 

is increased. According to theory, the A factor in eq (5.2) equals four for slip26 and 

six27 for stick hydrodynamic boundary conditions. Taking this into account, 

reasonable values of the hydrodynamic radii of cations and solvent molecules 
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(3.65 Å for Bmim+ cation and 2.52, 2.95, and 3.06 Å for AN, γ-BL, and PC 

molecules, respectively, as estimated from quantum-chemical calculations of 

molecular volumes, see Appendix for this chapter for details) can only be expected 

at very low IL content. Moreover, predicted effective radii of the ion pairs range 

from ca. 4.0 to 4.5 Å (see Table A 5.4) suggesting that it is rather individual cations 

than the ion pairs which are the representative diffusing entities containing cation at 

these mole fractions. At higher concentrations, the apparent hydrodynamic sizes 

progressively decrease down to unphysical values <2 Å. We consider this as strong 

evidence for the inadequacy of the SE relation in concentrated mixtures of ILs with 

molecular solvents and a clear indication of severe changes in solution 

microstructure and associated dynamics. 
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Figure 5.3. Estimated effective Stokes radii, Ar, for cations (black circles) and solvent 

molecules (blue down-triangles) in selected mixtures as a function of the IL mole fraction. 
 

Such a monotonic decrease of effective radii with IL concentration was also 

observed in BmimBF4/PF6–PEG28 and in RmimMeSO3–H2O mixtures.4,7 In the 

latter case, this was interpreted as an increase in the size of non-polar domains 

formed by cation aggregates induced by the added solvent. In another recent study 

by Scharf et al.29 on EmimTFSI dissolved in organic solvents of different polarity 

at very high dilutions (xIL < 0.005) the results of a Stokes-Einstein analysis of the 

observed ionic diffusivities were interpreted in terms of weighted averages of 

dissociated and ion-paired species. For the least polar employed solvent (CDCl3) 
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the authors even detected a second set of resonances that was attributed to large 

ionic aggregates with aggregation numbers reaching 10–20.29 

5.2.3 Relative self-diffusion coefficients as a function of mixture 

composition 

In case of BmimPF6-based systems we were also able to follow anion 

diffusion by means of 31P nuclei. The so obtained D− values allowed us to calculate 

corresponding diffusivity ratios of solvent/anion and anion/cation which are plotted 

together with already discussed solvent/cation ratios in Figure 5.4. 

In contrast to the latter, solvent/anion ratios do not show a plateau at low 

concentrations (though more points are needed to prove this) and rise more steeply. 

This results in an inversion of ionic diffusivities, i.e., at xIL < 0.3-0.4 anions diffuse 

faster than cations, whereas in concentrated solutions and in neat ILs the opposite is 

observed. Interestingly, the inversion trend is very similar for all the three solvents. 

 

 
Figure 5.4. Ratio of diffusion coefficients for solvent molecules, cations and anions in 

BmimPF6-based mixtures vs IL mole fraction. 
 

To the best of our knowledge, Hsu et al.11,30 were the first to pay attention to 

the observation that the unexpectedly low diffusivity of the smaller anions in pure 
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ILs can be enhanced more efficiently than that of the bigger cations by heating 

and/or dilution with molecular solvent. In other words, at a certain degree of 

dilution/heating an inversion is expected. On the basis of their various observations, 

mainly on BmimPF6-based systems,11 Hsu et al. proposed and later30 claimed the 

hypothesis of hyper-anion prevalence. The hypothesis implies that in pure ILs and 

in concentrated solutions along with neutral ion aggregates, there are also 

(predominantly singly) charged associates. In accordance with this hypothesis, 

these charged aggregates are preferably enriched with anions. In other words, 

positively charged aggregates should be generally smaller in size than those with 

negative excess charge. Since NMR-diffusometry operates at a timescale of tens to 

hundreds of milliseconds, the observed self-diffusion coefficient is an apparent 

value averaged over all diffusing species. Thus, if one follows the hypothesis, 

anions are mainly localized in larger aggregates, which diffuse slower than the 

smaller cation-enriched aggregates. As a result, in pure ILs and in concentrated 

solutions (where the native supramolecular network structure of the neat ILs is 

maintained) D+ > D−, despite the opposite prediction from ion size. Upon dilution 

and/or heating, the aggregates get smaller and smaller until complete dissociation is 

reached and individual ions are the representative diffusing species. At this stage, 

the anticipated relative order of diffusion coefficients is found. This approach has 

also been used to explain similar observations on aqueous systems.3 

There are other explanations of the anomaly of ionic diffusion coefficients in 

pure ILs in the literature. Stark et al., in their studies on RmimMeSO3–H2O 

mixtures,4,10 employed ideas of fast fluctuating nonpolar domains existing in neat 

ILs and in concentrated solutions. The domains are considered to be composed of 

the alkyl moieties of the cations and to have a pseudomicellar structure. It was 

claimed that at the same hopping rate for counterions, cations have to pass longer 

distances between different aggregates than the anions which diffuse in between the 

aggregates. This should result in higher values for cation self-diffusion coefficients. 
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We believe that any speculation on details of ionic motions in such complex 

systems as ILs and their mixtures with molecular components of different 

compositions should be based on some strong knowledge of diffusion mechanism. 

This can be achieved by means of complementary use of rather sophisticated 

experimental, e.g., quasi-elastic scattering techniques, and simulation, e.g., well-

parametrized molecular dynamics (MD), methodologies which is still likely a 

‘tabula rasa’ in the field of ILs. Urahata and Ribeiro31 used equilibrium MD with 

nonpolarizable force-field for singly charged ILs of RmimHal and RmimPF6 type 

to elucidate that cation diffusion is strongly anisotropic: compared to anion 

diffusion it is significantly enhanced in the direction perpendicular to the line 

connecting the imidazolium-ring nitrogen atoms in the ring plane. However, these 

results should be considered with caution as it has been frequently shown that 

significant polarization phenomena have to be taken into account to accurately 

capture dynamical properties of IL-based systems by means of MD simulations.32-33 

Similar, but somewhat different results concerning the anisotropy of cation 

diffusion were obtained by Liu and Maginn34 from MD simulations of BmimTFSI 

where ionic charges were downscaled by 20%. We stress the urgent need of such 

studies to shed light on the diffusion mechanism and on the nature of the diffusing 

particles. Our results prove that the inversion of diffusion coefficients is a kind of 

universal behavior in mixtures of ILs with molecular solvents. 

5.3. Conclusions 

In the present study, mixtures of BmimBF4, BmimPF6, BmimTfO, and 

BmimTFSI with AN, γ-BL, and PC were studied over the entire composition range 

by means of NMR-diffusometry at 300 K. Diffusion coefficients of the solvent 

molecules, cations, and anions progressively decrease with IL addition, roughly 

following the exponential viscosity increase. In a given solvent, the relative 

diffusion coefficients of solvent/cation (Dsolv/D+) are independent of the anion. 
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Data scatter around a constant value at xIL < 0.2 and increase at higher 

concentrations. This increase is most pronounced for AN, less significant in γ-BL, 

and almost negligible in PC and may be an indication of rather strong cation 

solvation (both individual and/or in ionic aggregates) in γ-BL and PC over the 

entire composition range employed in this study. 

From the observed variation of the effective hydrodynamic radius with 

composition, a significant change in solution structure and dynamics is expected 

for the mixtures of all three studied solvents. For the BmimPF6-based system, a 

solvent-independent inversion of ionic diffusivities is observed around xIL ≈ 0.3-

0.4. At low IL content anions diffuse faster than cations as anticipated from their 

relative sizes, whereas at high concentrations and in neat ILs anion diffusion is 

slower. A separate study on the diffusion mechanism is needed to explain this 

rather universal behavior for IL-solvent mixtures. 
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5.5. Chapter 5 Appendix 

Table A 5.1 Experimental self-diffusion coefficients of molecules and ions Di (10−10 m2 
s−1) in mixtures of imidazolium ILs with polar molecular solvent as a function of IL mole fraction 
xIL 

xIL Dsolv D+ xIL Dsolv D+ xIL Dsolv D+ 
BmimTfO – AN BmimTfO – γ-BL BmimTfO – PC 

0.0514 36.0 12.5 0.0502 7.9 4.4 0.0486 5.15 3.3 

0.0725 36.0 12.5 0.0756 7.0 3.9 0.0747 3.89 2.45 

0.0996 26.9 12.0 0.1010 6.3 3.4 0.1019 3.5 2.17 

0.1244 23.9 10.6 0.1241 5.9 3.2 0.1510 2.9 1.8 

0.1514 21.4 9.2 0.1499 5.2 2.8 0.1755 2.7 1.66 

0.1753 18.8 8.5 0.1746 4.7 2.6 0.1982 2.51 1.51 

0.2004 16.6 7.7 0.2005 4.3 2.3 0.3512 1.57 0.91 

0.3574 6.5 2.0 0.3500 2.53 1.25 0.4995 1.15 0.68 

0.5029 3.8 1.05 0.4992 1.75 0.84 0.6487 0.7 0.4 

0.6465 2.3 0.59 0.8419 0.72 0.3 0.8464 0.48 0.26 

0.8392 1.3 0.31       

BmimTFSI – AN BmimTFSI – γ-BL BmimTFSI – PC 
0.0492 39.0 19.0 0.0500 5.5 3.3 0.0100 4.7 2.9 

0.0746 32.0 13.0 0.0754 4.89 3.0 0.0489 4.11 2.65 

0.0991 27.2 11.6 0.1005 4.6 2.7 0.0738 3.97 2.6 

0.1237 24.0 9.1 0.1253 4.73 2.84 0.0990 3.35 2.2 

0.1475 21.1 7.95 0.1500 4.1 2.28 0.1234 3.2 2.06 

0.1724 18.0 6.75 0.1749 3.81 2.11 0.1495 2.9 1.83 

0.1986 16.0 6.15 0.2000 3.26 1.77 0.1739 2.69 1.7 

0.5144 4.62 1.38 0.3492 2.13 1.13 0.2004 2.44 1.55 

   0.5033 1.51 0.834 0.3506 1.62 1.0 

   0.6504 1.25 0.78 0.5013 1.14 0.688 

   0.8433 0.76 0.373 0.7056 0.88 0.537 

      0.8414 0.63 0.38 
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Table A 5.1 continued 

xIL Dsolv D+ xIL Dsolv D+ xIL Dsolv D+ 
BmimBF4 – AN BmimBF4 – γ-BL BmimBF4 – PC 

0.0095 41.8 21.0 0.0497 7.9 4.4 0.0099 4.97 3.35 

0.0751 27.5 12.7 0.1240 6.1 3.3 0.0778 3.8 2.4 

0.0997 25.7 12.6 0.1505 4.37 2.42 0.1019 3.5 2.2 

0.1512 17.2 6.85 0.1757 4.01 2.2 0.1501 3.0 1.85 

0.1745 15.3 5.9 0.3503 2.19 1.14 0.1751 2.76 1.7 

0.3486 6.94 2.33 0.5020 1.39 0.695 0.3503 1.51 0.91 

0.5047 4.9 1.2 0.6525 0.888 0.417 0.6491 0.66 0.377 

0.6434 2.22 0.62 0.8454 0.571 0.255 0.8517 0.395 0.218 

0.8434 1.18 0.282       

 

xIL Dsolv D+ D− xIL Dsolv D+ D− xIL Dsolv D+ D− 

BmimPF6 – AN BmimPF6 – γ-BL BmimPF6 – PC 
0.0504 30.0 20.0 22.6 0.0100 7.0 3.7 5.7 0.0514 4.8 3.2 3.9 

0.0735 32.0 14.0 18.05 0.0496 7.7 4.2 5.5 0.0751 4.4 2.9 - 

0.1002 27.0 12.0 14.05 0.0750 5.35 3.05 3.8 0.0991 3.97 2.54 - 

0.1247 21.0 9.4 11.26 0.1003 4.88 2.72 3.3 0.1240 3.6 2.3 2.6 

0.1511 19.0 8.0 8.9 0.1243 5.3 3.0 3.5 0.1506 2.6 1.65 1.87 

0.1733 18.0 7.6 7.4 0.1495 3.9 2.19 2.55 0.1761 2.35 1.48 1.62 

0.1987 13.0 5.7 6.0 0.1745 3.5 1.95 2.16 0.2007 2.15 1.34 1.45 

0.3040 8.0 2.7 2.7 0.1996 3.17 1.73 1.93 0.3505 1.18 0.71 0.736 

0.4985 3.5 0.95 0.826 0.3491 1.74 0.892 0.935 0.5025 0.78 0.46 0.44 

0.6479 1.8 0.44 0.38 0.5018 1.2 0.55 0.51 0.6443 0.41 0.235 0.216 

0.8469 0.84 0.17 0.145 0.6483 0.583 0.266 0.22 0.8428 0.26 0.14  

    0.8431 0.31 0.123 0.1     
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Table A 5.2 Third order polynomial fitting coefficients ai and standard deviations σ for 
logarithmic diffusion coefficients (log (Di / m

2 s−1)) as a function of IL mole fraction (xIL) 
system a0 a1 a2 a3 σ 

BmimTfO – AN      
solv −8.28 −2.8 1.1 0 0.026 

cation −8.71 −2.3 −1.0 1 0.068 

BmimTfO – γ-BL      
solv −8.99 −2.18 1.7 −0.9 0.008 

cation −9.25 −2.25 1.5 −0.8 0.011 

BmimTfO – PC      
solv −9.22 −2.3 2.2 −1.2 0.031 

cation −9.42 −2.3 1.9 −0.9 0.032 

BmimTFSI – AN      
solv −8.24 −3.7 6 −5 0.006 

cation −8.56 −4.2 4.3 −2.0 0.028 

BmimTFSI – γ-BL      
solv −9.16 −1.8 1.5 −0.8 0.027 

cation −9.37 −2.0 1.6 0 0.051 

BmimTFSI – PC      
solv −9.29 −1.9 1.7 −0.8 0.017 

cation −9.50 −1.7 0.8 −0.8 0.023 

BmimBF4 – AN      
solv −8.35 −3.0 2.7 −1.6 0.047 

cation −8.64 −3.6 2.4 −0.9 0.040 

BmimBF4 – γ-BL      
solv −8.97 −2.7 2.3 0 0.036 

cation −9.23 −2.6 1.7 −0.7 0.029 

BmimBF4 – PC      
solv −9.29 −1.68 5 0 0.006 

cation −9.47 −1.83 5 0 0.012 

BmimPF6 – AN      
solv −8.33 −2.8 0 0 0.036 

cation −8.53 −4.1 2.8 −1.3 0.026 

anion −8.417 −4.68 3.43 −1.52 0.002 

BmimPF6 – γ-BL      
solv −9.09 −2.2 0 0 0.049 

cation −9.36 −1.8 0 0 0.046 

anion −9.21 −2.5 0 0 0.044 

system a0 a1 a2 a3 σ 
BmimPF6 – PC      

solv −9.16 −2.9 2.4 −1.1 0.037 

cation −9.33 −3.1 2.7 −1.3 0.034 

anion −9.26 −3.3 2.6 −1.3 0.041 
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Details of viscosity calculations 

The mixture viscosities that were taken to calculate the effective 

hydrodynamic radii of the diffusing particles (Figure 5.3) were interpolated from 

published experimental data (for BmimBF4 – ANA5.1, BmimTFSI – ANA5.2, and 

BmimTFSI – PCA5.3) or from our own measurements (for BmimPF6 – solv 

systems), both obtained at 298.15 K. The latter were carried out at Regensburg 

University with an Anton Paar AMVn rolling-ball microviscometer. Results of 

eight repetitive measurements at two tilt angles of the capillary were averaged for 

each sample. Every employed set ‘capillary – rolling ball’ was preliminary 

calibrated with degassed Millipore water and suitable calibration oils (supplied by 

Cannon Instrument Company) at exactly the same experimental conditions. 

Densities of the mixtures needed to convert rolling time to dynamic viscosity were 

measured with an Anton Paar DMA 5000 M vibrating-tube densimeter. We 

estimate that errors due to temperature mismatch (our diffusion measurements were 

performed at 300 K) are comparable or smaller than those due to interpolation 

errors and the well-known scattering of pure-IL viscosities in the literature. 

Viscosity values at desired mixture compositions, ηmix(xIL), were calculated 

following the methodology described by Canongia Lopez et al.A5.2 who used an 

extended empirical Grunberg-Nissan equation A5.1 

 
1( ) IL ILx x ex

mix IL solv ILxη η η η−=  (A5.1) 
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where ηsolv and ηIL correspond to the viscosities of pure solvent and IL, 

respectively, while an excess term, η
ex, was estimated via a third-order Redlich-

Kister type interpolation polynomial (A5.2). 

 ( )
2

0

ln ( ) (1 ) (2 1)ex i
IL IL IL i IL

i

x x x A xη
=

= − −∑  (A5.2) 

The fit parameters Ai of eq A5.2 are collected in Table A 5.3. 

Table A 5.3. Redlich-Kister polynomial fitting coefficients Ai for the logarithmic excess 
dynamic viscosities (ln(η / mPa s)) as a function of IL mole fraction (xIL) for selected mixtures 
and the standard deviations of the fits σ 

system A0 A1 A2 σ 
BmimPF6 – AN 1.89 −0.40 −0.13 0.03 

BmimPF6 – γ-BL 0.79 −0.03 0.00 0.006 

BmimPF6 – PC 1.04 −0.13 −0.07 0.008 

BmimBF4 – AN 2.05 −1.05 0.76 0.015 

BmimTFSI – AN 3.50 −1.18 0.32 0.008 

BmimTFSI – PC 1.53 −0.47 0.19 0.008 

Estimation of radii of particles 

Effective radii of the solvent molecules, cations and selected ion pairs were 

recalculated in terms of spherical approximation from molecular volumes. The 

latter were estimated as the amount of space enclosed within the 0.001 a.u. 

electronic density isosurface obtained for the corresponding minimal energy 

geometries at the M06-2X/6-311++G(d,p) level of theory using GAUSSIAN 09 

program suiteA5.4. In order to reduce erros in the estimation of molecular volume an 

increased density of integration points was employed (keyword Volume=Tight) 

along with averaging over 15 values. The anticipated uncertainty in thus calculated 

effective radii is asumed to be within 0.05 Å. 
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Table A 5.4. Effective radii of the solvent molecules, cation and selected ion pairs as 
estimated from quantum-chemical calculations 

Particle Effective radius, Å 
AN 2.52 

γ-BL 2.95 

PC 3.06 

Bmim+ 3.65 

BmimBF4 3.97 

BmimPF6 4.08 

BmimTFSI 4.53 
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Chapter 6. Intermolecular Interactions in a 

Representative System IL-Molecular Solvent as Seen 

from Raman Spectroscopy 

The material presented in this chapter forms the basis of publication  
Marekha, B. A.; Koverga, V. A.; Moreau, M.; Kiselev, M.; Takamuku, T.; Kalugin, O. 

N.; Idrissi, A. Intermolecular Interactions, Ion Solvation and Association in Mixtures of 1-n-
Butyl–3-methylimidazolium Hexafluorophosphate and γ-Butyrolactone: Insights from Raman 
Spectroscopy. Accepted for publication in J. Raman Spectrosc. 

 

By means of Raman spectroscopy coupled with DFT calculations and Perturbation 

Correlation Moving Window two-dimensional correlation spectroscopy intermolecular 

interactions were assessed in mixtures of ionic liquid (IL) 1-n-butyl-3-methylimidazolium 

hexafluorophosphate (BmimPF6) with polar aprotic solvent γ-butyrolactone (γ-BL) over 

the entire range of compositions. Symmetrical P-F stretching vibration of IL anion was 

found to be insensitive to changes in mixture concentration in contrast to C=O stretching 

vibration of γ-BL and imidazolium ring C-H stretching vibrations of IL cation. Each of 

these vibrational profiles was decomposed in various spectral contributions and their 

number was rationalized by the results of quantum-chemical calculations and/or by 

previous controversial published data. Progressive redshift of the ring C-H stretching 

wavenumbers was referred to pronounced solvation of cation at the imidazolium ring site 

accompanied with hydrogen bond formation. This is especially pronounced at xIL < 0.18. 

Complicated variations in intensities of individual spectral contributions of the C=O 

profile were treated as a manifestation of the changing with concentration pattern of 

intermolecular interactions. Self-association of γ-BL molecules and distinct cation 

solvation as dominant intermolecular interactions at low IL content are replaced with 

weaker cation solvation and ion association at high concentrations of BmimPF6. Possible 

representative molecular structures are proposed on the basis of DFT calculations. 
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6.1. Introduction 

Vibrational spectroscopy techniques (ATR and transmission IR as well as 

Raman scattering) have been widely used to study intermolecular interactions in 

mixtures of imidazolium ILs with molecular solvents (hereafter we will generally 

refer to intermolecular interactions both in the sense of interactions between neutral 

solvent molecules and interactions involving molecular ions, i.e. ion-ion and ion-

molecule).1 Due to traditional interest and ubiquitous use of aqueous systems, the 

vast majority of published to date reports on IR or Raman studies on mixtures of 

ILs with molecular solvents concern those with H2O or D2O.2-13 The main topics 

covered by Raman spectroscopy are conformational isomerism along the Cα-Cβ 

torsion (see Figure 6.1 for numbering) of the alkyl side chain of Rmim+ cation 

manifested in a set of bands in the region 500-700 cm−1 9-10,13-15 and hydrogen 

bonding at imidazolium ring reflected in the stretching region of C(2,4,5)-H 

vibrations at 3000-3300 cm−1.11,16 The latter issue was much more thoroughly 

studied by means of IR spectroscopy where the corresponding ring C-H stretching 

bands are significantly more intense and show higher sensitivity to variations in the 

microenvironment induced by the change in concentration.2-9,17-19 

Nevertheless, a number of studies (mainly using IR) have also dealt with 

mixtures of imidazolium ILs with such protic non-aqueous solvents as ethanol,20 

methanol,5,17,20-26 and ethylene glycol27-28 as well as with aprotic ones like 

DMSO,29-32 AN,26,33-35, acetone36 or chloroform.37 

Taking into account the complexity of the anticipated spectral changes as a 

function of mixture composition it has become a common practice to complement 

conventional spectra examination and band fitting steps with two-dimensional 

correlation spectroscopy (2DCoS)4,7-8,22,29,31 and/or quantum chemical calculations 

of some representative model systems.2,5,7-8,13,19,21-22,25,29,31-33,37-42 These techniques 

can significantly facilitate detailed analysis of spectral changes in the systems by 
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suggesting tentative number and approximate position of individual spectral 

contributions, their assignment and anticipated behavior with changing 

concentration. 

It was reported for the mixture of BmimPF6 with γ-BL that cooling produces 

crystal phase of the molecular solvent only at xIL < 0.18 whereas at higher IL 

content only amorphous phase could be obtained.43 This result was interpreted as 

the lack of free solvent molecules at high concentrations of IL and the critical 

number of γ-BL molecules solvating cation was thus estimated to be around 4.6. In 

the same study the authors observed similar behavior for BmimBF4–γ-BL mixture 

and the lower value of solvation number of 3.6 was related to higher propensity of 

BmimPF6 to dissociate and, hence, to accumulate higher number of solvent 

molecules in the cation’s solvation shell compared to BmimBF4. 

In this chapter we tackle the BmimPF6-γ-BL system (see Figure 6.1 for 

molecular structures), from the point of view of prevailing interactions via their 

manifestation in Raman spectra. This mixture is known to exhibit particular 

concentration behavior reflected in its thermophysical43 and dynamical properties 

(as shown in Chapter 5) and here we are seeking for spectroscopic evidence to 

justify the previously proposed explanations of concentration regime crossover at 

xIL~0.2. 

 
Figure 6.1. Molecular structures of BmimPF6 and γ-BL. Nomenclature for carbon atoms 

of γ-BL as well as of the imidazolium ring and butyl chain of Bmim+ is also given. 
 

We treat our results in terms of competition between solvation and ion 

association. Microscopic structural patterns deduced from the results presented here 
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will contribute to the general understanding of binary systems composed of ILs and 

polar aprotic molecular solvents. Quantum-chemical investigations and 2DCoS 

techniques were additionally used to help with data treatment and interpretation. 

The rest of the chapter is organized as follows: Section 6.2 presents details of two-

dimensional correlation techniques used to help with analysis of the spectra; 

selection of bands for analysis is justified in section 6.3.1, the most important 

information relevant for the present analysis as derived from quantum-chemical 

calculations is presented in section 6.3.2, experimental results of each particular 

region selected for analysis are discussed in details in section 6.3.3. Conclusions 

are outlined in the last section of this chapter. 

6.2. Advanced methods of Raman spectra analysis 

General aspects of sample preparation and experimental procedure are 

outlined in Chapter 2. We will only reiterate here that we employed non-uniform 

concentration grid putting more concentrations in the range of IL mole fractions 

between 0.1 and 0.2 where we anticipated some significant changes in solution 

structure hinted by peculiar crystallization behavior,43 by the occurrence of 

conductivity maximum in this range of compositions,44-46 and by the crossover of 

diffusion regimes (Chapter 5). 

Apart from proper sampling of the concentration range of interest, the 

efficiency of spectral analysis by means of band fitting severely depends on a 

justified and unbiased selection of initial guess, i.e., peak positions, widths, 

amplitudes. This is where advanced methods of spectra analysis, e.g., 2DCoS and 

more elaborated ones come into play. 

6.2.1 Two-dimensional correlation spectroscopy (2DCoS) 

Generalized two-dimensional correlation spectroscopy (2DCoS) introduced 

by Noda47 can enhance spectral resolution by probing spectral response to an 
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arbitrary external perturbation (temperature, sample composition etc.). This method 

is useful in discovering and assigning of hidden or strongly overlapping bands as it 

reveals correlations in perturbation induced variations between different spectral 

regions without a priori knowledge of the number of independent spectral 

contributions. 

Calculation relies on some arbitrarily selected reference state and it is the 

variation of the dataset with respect to this reference which is plotted in 

synchronous and asynchronous spectra. For data that is unevenly spaced along the 

perturbation variable, which is our case since we used non-uniform concentration 

grid, the average reference spectrum ( )y νɶ  in a given data set of m spectra (where 

m < n, n being the total number of recorded spectra) was calculated as follows 
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where cj stands for the corresponding concentrations. Two additional virtual 

concentrations outside the sampled region have to be defined as 

 0 1 22c c c= −  (6.2) 

 1 12m m mc c c+ −= −  (6.3) 

Thus obtained reference spectrum was then subtracted from original dataset 

( , )jy cνɶ  to obtain so-called dynamic spectrum ( , )jy cνɶɶ : 

 ( , ) ( , ) ( )j jy c y c yν ν ν= −ɶ ɶ ɶɶ  (6.4) 

Synchronous 1 2( , )ν νΦ ɶ ɶ  and asynchronous 1 2( , )ν νΨ ɶ ɶ  spectra were subsequently 

calculated as 
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In synchronous spectra peaks at the same wavenumbers on both axes 

(diagonal or auto-peaks) show relative sensitivity of a given band to the applied 

perturbation. These peaks are always positive and their intensity reflects magnitude 

of the intensity variation. Symmetrical off-diagonal (also often called as cross-) 

peaks at a pair of wavenumbers 1 2( , )ν νɶ ɶ  indicate that in the corresponding spectral 

regions intensity changes are coherent and the higher the intensity of a cross-peak 

the higher the synchronicity between the two contributions. Positive and negative 

cross-peaks indicate same or opposite direction of intensity variation at a given pair 

of wavenumbers. 

Asynchronous spectra have no peaks at diagonal, hence, only cross-peaks 

can be observed and they are antisymmetric with respect to it. An asynchronous 

peak at 1 2( , )ν νɶ ɶ  would mean that the corresponding spectral contributions vary out-

of-phase when external application is applied. Typically, spectral contributions are 

neither purely synchronized nor asynchronized, i.e. they can show both 

synchronous and asynchronous peaks simultaneously. It is then possible to 

establish relative sequence of changes in accordance with Noda’s rules47: a positive 

asynchronous peak at 1 2( , )ν νɶ ɶ  indicates that the contribution at 1νɶ  varies prior to that 

at 2νɶ  if the corresponding synchronous cross-peak is positive and vice versa if it is 

negative. 

2DCoS can help to reveal hidden peaks and shoulders which are not readily 

visible by inspection of 1D spectra. Moreover, some specific spectral changes such 

as wavenumber shift and bandwidth change can be recognized via characteristic 

patterns which are present in correlation spectra in such cases.48-49 When 

concentration is used as a perturbing factor and it is varied significantly, most of 

the observed spectral intensity variation would be caused mainly by the change of 
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the number of absorbing/emitting/scattering species. In order to reveal more details 

such as deviation from simple intensity scaling with concentration and other 

spectral effects, the spectra are normalized by concentration, by the area of internal 

reference band or by the total area of the spectrum. This allows one, in particular, 

to remove the general concentration effect.50-53 In our investigation prior to 2DCoS 

analysis baseline corrected spectra were normalized by the fitted area of a ring 

breathing vibration mode of γ-BL at 931 cm−1 as it was suggested in a Raman study 

on LiN(CF3SO2)2 in γ-BL.54 Our results show that peak position and full width at 

half height of this band vary by less than 0.5 cm−1 (see Chapter 6 Appendix) 

suggesting that this band is indeed hardly specifically affected by changing the 

concentration and, hence, can be reliably used for normalization. 

6.2.2 Perturbation-correlation moving window 2DCoS 

One of the drawbacks of conventional generalized two-dimensional 

correlation spectroscopy is that it probes the spectral response over the entire 

course of perturbation variable without giving any additional information if some 

spectral regions are particularly sensitive only at specific range of values of the 

perturbation variable. Moreover, if the same spectral region behaves strikingly 

different at various perturbation values a conclusion drawn from the correlation 

maps obtained for the entire dataset can be simply erroneous.55-56 It is possible 

though to split the entire dataset into smaller segments56 and to apply classical 

2DCoS for each segment with subsequent comparison of two-dimensional 

correlation maps between the data-segments. In order to overcome the ambiguity in 

proper selection of the segments, e.g., the border between them, an approach called 

perturbation-correlation moving-window two-dimensional correlation spectroscopy 

(PCMW2DCos) introduced by Morita et al.57 is highly useful56 and it has already 

been applied for such purpose for IL-based system.58 Briefly, the algorithm scans 

the dataset by small portions (‘moving windows’) inside each of which the 
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correlation between spectral variation and the perturbation change is calculated in a 

manner similar to classical 2DCoS. As an output such analysis provides a 

synchronous and asynchronous correlation maps with spectral (wavenumber, 

frequency, wavelength etc.) and perturbation variables (temperature, concentration 

etc.) at the axes. Synchronous PCMW spectrum shows positive peaks in the regions 

where the spectral intensity varies in the same direction with the perturbation 

variable while the negative peaks represent regions with the opposite trends in 

changes of spectral intensity and perturbation variable. Simultaneously, signs of the 

peaks in corresponding asynchronous spectra show the convexity of these 

perturbation-induced variations. In a rough analogy, synchronous and 

asynchronous PCMW spectra correspond to derivative spectra with regard to 

perturbation variable of the first and second order, respectively.57 

In the present study we examined only synchronous PCMW spectra. In the 

total data set of n spectra for each moving window i which consists of 2l + 1 

spectra the calculation protocol requires to define the average ic  and dynamic mcɶ  

concentrations as follows: 
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where, for a given l value, m is the running index in each window and it changes 

from i − l to i + l while the number of windows is n − 2l and the window index i 

takes integer values from l + 1 to n − l. Synchronous PCMW spectrum is then 

calculated for each window using the equation: 
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6.3. Results and Discussion 

6.3.1 Selecting bands for analysis 

Figure 6.2 shows Raman spectra of the neat components of the studied 

mixture. It is apparent that in the lower wavenumber region (below 1600 cm−1) 

there is significant overlap between the spectral contributions of the IL and the 

solvent. This makes this spectral region not informative and difficult to study apart 

from a couple of strong spectral features: a contribution at around 741 cm−1 due to 

symmetrical P-F stretching vibration mode of the anion of BmimPF6
59 (region III  in 

Figure 6.2) and a ring breathing mode of γ-BL54 / CH2 rocking60 at 931 cm−1. 

 
Figure 6.2. Raman spectra of BmimPF6 (top) and γ-BL (bottom). The band at 931 cm−1 

which was used for normalization is marked with asterisk. Shaded areas indicate spectral regions 
of interest corresponding to III  – P-F s. str. of BmimPF6, II  – C=O str. of γ-BL, and I – ring C-H 
str. of BmimPF6. 

 

The 741 cm−1 band was shown to be rather sensitive to interionic interactions 

both in IR59 and in Raman61-62 and was thus selected for consideration in the present 

study, at the same time the latter is known to be insensitive to intermolecular 

interactions54 and it was used in the normalization procedure. Figure 6.3 shows that 

the corresponding vibration mainly involves the methylene groups of the lactone 

ring but not the polar ester fragment and thus it should not be prone to 

intermolecular interactions. 
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Figure 6.3. Scaled vectors of atomic displacements corresponding to ring breathing mode 

of γ-BL molecule. This band was used for the normalization procedure. Calculated wavenumber 
value at the M06-2X/6-311++G(d,p) level of theory is 952.5 cm-1. Color coding of the elements: 
white – H, orange – C, red – O. 

 

Region II  in Figure 6.2 highlights the C=O stretching mode of γ-BL at ca. 

1760 cm−1.63 This donating group is known to be quite sensitive IR and Raman 

probe for solvation interactions in different electrolyte solutions.64-66 Taken 

together with the fact that there are no interfering bands due to BmimPF6 it makes 

this region interesting to follow. 

In this investigation we used the imidazolium ring C-H stretching at 3050-

3300 cm−1 (highlighted as region I in Figure 6.2) as a probe of the interactions in 

BmimPF6-γ-BL mixture though it is still not so well explored by Raman 

spectroscopy.11,62 Some IR studies suggest as well that alkyl C-H stretching region 

2800-3050 cm−1 could also be sensitive to modulation of interionic interactions 

induced by dilution with molecular solvent22,25,31,38-39,67 despite it often remains 

intact under such perturbation.4,21,30 However, due to severe overlap with broad and 

complex profile of C-H stretching vibrations of γ-BL (Figure 6.2) here we will 

abstain from analysis of this spectral region. 

6.3.2 Model molecular clusters structures 

Scaled vibrational frequencies of the studied vibrational modes as well as 

binding energies revealed by means of quantum-chemical calculations of the most 
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stable structures of the representative molecular clusters (ion pairs of IL, solvent 

dimers, and IL-solvent solvates) in vacuum and in polar medium are collected in 

Table 6.6. 

6.2.3.1 γ-BL dimers 

Due to high electric dipole moment of γ–BL molecule (4.19 Debye as 

estimated from dielectric studies upon dilution in benzene,68 4.9 and 6.3 Debye 

according to our calculations in vacuum and polar medium respectively) this 

solvent is prone to self-association similarly to other polar aprotic solvents.69 

Several experimental63,70-72 and theoretical60,70-72 investigations on γ–BL have 

claimed that its monomeric molecules tend to be in equilibrium with more than one 

type of dimeric forms and, presumably, even bigger aggregates. Remarkably strong 

tendency of γ–BL to self-association can be noted by occurrence of IR spectral 

bands associated with dimers on high dilution in CCl4
63,70-71 and in jet-cooled inert 

gas matrix.72 

Considering molecular structure of γ-BL dimers there have been proposed 

several types of arrangements. Perelygin and Itkulov tentatively suggested a cyclic 

in-plane dimer with antiparallel orientation of dipole moments and a chain-like 

linear structure with parallel arrangement of molecular dipoles.63 More recent 

studies employing DFT and/or perturbation theory quantum-chemical 

calculations70-72 have revealed a set of low-energy γ-BL dimers whose energy 

ordering depends on the used level of theory.71-72 All these computational studies 

discovered stacked antiparallel dipoles as one of the most stable structures. It is 

stabilized by both dipole-dipole interactions and symmetrical hydrogen bonding 

between carbonyl oxygen of one molecule and the methylene hydrogens of the 

neighbor. However, there are some discrepancies among other dimer structures 

revealed in previous computational studies on γ-BL. Aparicio and Alcalde70 found 

cyclic in-plane structure to be 6 kJ mol−1 higher in energy than the antiparallel one 
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at B3LYP/6-311++G(d,p) level of theory whereas Hesse and Suhm72 using MP2 

and B3LYP coupled with different basis sets reported a series of stacked 

configurations rotated from antiparallel arrangement with asymmetric hydrogen 

bonding pattern between the monomers involving both carbonyl and ester oxygen 

atoms. Vaz and Ribeiro-Carlo71 discovered both rotated stacked and cyclic in-plane 

configurations in addition to the antiparallel one at B3LYP/6-31G(d) and MP2/6-

31G(d,p) levels of theory. Our studies only revealed rotated stacked configuration 

(referred to as ‘rotated’, see Figure 6.4) as minimum both in vacuum and polar 

medium. Implicit solvation does not bring about any significant structural 

distortions except for common slight intra- and intermolecular stretching of the 

structure. The stacked antiparallel dipoles structure was also obtained in our 

calculations both in vacuum and polar medium (depicted as ‘antiparallel’ in Figure 

6.4). Introduction of polar medium leads to slight distortion of the antiparallel 

arrangement. As a result molecules are oriented to favor hydrogen bonding with 

CαH2 hydrogen atoms and a non-zero dipole moment of 1.9 Debye is observed in 

contrast to non-polar vacuum structure. 

 
Figure 6.4. Optimized in vacuum geometries of γ-BL dimers. Notation reflects mutual 

orientation of carbonyl groups. Short stabilizing C-H···O contacts are shown with blue dashed 
lines. Color coding of the elements: white – H, orange – C, red – O. 
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Furthermore, our result is in close agreement with reference72. We consider 

that discovery of the cyclic in-plane structure in previous studies is rather 

unreliable due to poor description of long-range dispersive interactions either due 

to selected functional70 or because of modest basis set employed.71 Moreover, in the 

latter study the cyclic in-plane structure was found to be the least stable compared 

to antiparallel and rotated ones. Molecular dynamics simulations of neat γ-BL by 

Masia and Rey60 also suggest that there is no preferential orientation of molecular 

dipoles since there were no maxima in the radial distribution functions between the 

atoms of carbonyl fragments. However, rather well pronounced maxima in the 

radial distributions between carbonyl oxygen and Cα,βH2 groups of hydrogen bond 

like character were noted.60 

From Table 6.6 one can see that both self-association and immersion into 

polar medium induce a remarkable redshift of the carbonyl stretching vibration. It 

is worth mentioning that once immersed into polar medium wavenumber shift due 

to dimerization is much less significant than in vacuum. Also polarized continuum 

favors the more polar rotated configuration of γ-BL dimer (dipole moment 3.5 and 

5.7 Debye in vacuum and γ-BL medium, respectively) by ~4 kJ mol−1 while they 

were almost isoenergetic in vacuum. 
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Table 6.6. Calculated harmonic wavenumbersa (νɶ ) of the selected vibrations and binding energies (Ebind) of representative model 
clusters 

 νɶ , cm−1 Ebind, kJ mol−1 

 P-F s. str. C=O str. C2-H str. C(4-5)-H as. str. C(4-5)-H s. str.   

 vacuum PCM vacuum PCM vacuum PCM vacuum PCM vacuum PCM vacuum PCM 

γ-BL   1883 1814                

2γ-BL                     

Rotated                 -44.7 -22.6 

Two-bondedb    1858  1811         

One-bondedb   1869 1816                

Antiparallel                 -44.1 -18.5 

In-phase   1833 1801         

Anti-phase (Raman forbiddenc)   1859 1812                

Bmim+      3240 3250 3241 3246 3258 3264    

Bmim+···γ-BL                     

at C2-H/ CαH2 (Figure 6.6 B)   1830 1803 3213 3194 3243 3250 3261 3267 -76.4 -21.6 

at C2-H/NCH3 (Figure 6.6 C)   1832  3196  3243  3261  -73.3  

at C(4-5)-H (Figure 6.6 D)   1855   3241   3233   3263   -60.3  

PF6
− 721 725                   

PF6
−···γ-BL 721 725 1843 1808             -59.2 -10.5 

BmimPF6···γ-BL                     

at C2-H 722 725 1822 1794 3213 3231 3252 3251 3272 3268 -438.3 -64.9 

at C(4-5)-H 721   1830  3260   3255   3274   -433.0  

BmimPF6 718 723   3257 3262 3249 3251 3268 3270 -359.9 -32.5 

2BmimPF6 722    
3256 
3262   

3246 
3253   3267   -826.7  

aCalculated wavenumbers are scaled by a factor 0.983 corresponding to the selected level of theory.73 bSee details in Figure 6.4. cIn PCM-optimized antiparallel 

structure due to slight distortion from perfect antiparallel arrangement the anti-phase vibration becomes allowed but its intensity is still negligible compared to the in-

phase C=O stretching. 
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Despite experimental63,72 and computational72 predictions of possible 

existence of aggregates larger than dimers they are out of scope of our model 

calculations due to the large variety of possible configurations to explore. 

Nevertheless, it is expected that high-order aggregates would show even larger 

redshifts in the C=O stretching region compared to dimers.72 

6.2.3.2 BmimPF6 

It is a common approach in computational studies on ILs to take ion pair as 

the smallest representative structural unit even for condensed phase predictions.74-75 

To the best of our knowledge all the published to date reports on computational 

studies of RmimPF6 ion pairs have declared that configuration in which anion is 

located above imidazolium ring (i.e. at the same side with respect to imidazolium 

ring where the alkyl chain of Rmim+ cation points to) next to C2-H fragment is the 

dominating, if not the unique, low-energy structure.19,40-41,76-83 Within this structure 

PF6
− is oriented with a face of its quasi-octahedron (i.e. with three fluorine atoms) 

towards the C2-H moiety. The latter serves as the main interaction site of Rmim+ 

cation due to localization of the highest positive charge.84 Despite Coulomb 

interaction being the deciding one, our calculations show that there are multiple 

stabilizing short contacts C-H···F not only with C2-H hydrogen but also with 

adjacent alkyl hydrogen atoms NCH3 and Cα-βH2.
78,81 Our calculations also reveal 

this configuration as the most stable one (see Figure 6.5). Moreover, initial 

configurations with anion located in-plane at C(4-5)-H site, in front of C2-H, between 

butyl chain and C5-H or between the methyl group and C4-H all converge to the on-

top C2-H configuration. When PCM is applied the ion pair becomes slightly more 

on-top like: dihedral angle φ (see Chapter 3 for definition) changes from 74.3 to 

77.7 degrees (perfect in-plane and on-top of C2 arrangements of the anion would 

correspond to the φ dihedral values of 0 and 90 degrees, respectively). Polar 
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medium also induces slight increase of interionic separation: distance C2-P changes 

by 0.1 Å from 3.393 Å to 3.493 Å. 

Since conformation isomerism along the butyl chain was found to have 

negligible effect on C-H stretching vibrations in ion pairs of BmimBF4 on the basis 

of DFT calculations16 thus we have only considered all-anti conformation of the 

butyl chain in Bmim+ in our calculations. 

 
Figure 6.5. Optimized geometries of BmimPF6 ion pair (top) and ion pair dimer 

2BmimPF6 (bottom). Color coding of the elements: white – H, orange – C, blue – N, purple – F, 
grey – P. 

 

More recent computational studies share a common opinion that larger ionic 

clusters, at least dimers of ion pairs, are necessary to capture bulk-like structural 

pattern of neat ILs.33,38,40-41,85-87 Matthews et al.87 have pointed out that in ion pair 

dimers of imidazolium ILs with multiatomic anions there is limited possibility for 

cation stacking due to preference of anions to occupy positions on top of the C2-H 

fragment. The most stable structure of BmimPF6 ion pair dimer obtained in our 

investigation (see Figure 6.5) resembles some structures reported in the 

literature33,40-41,87 with offset stacked cations in almost antiparallel orientation and 

anions occupying positions on-top of one cation and at C(4/5)-H sites of the second 

one. Multiple short contacts of fluorine atoms of anion with adjacent to 
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imidazolium ring alkyl hydrogen atoms are also evident from Figure 6.5. It is 

noteworthy to mention that already such ion pair dimer structure allowed us to 

capture the main structural details deduced from MD simulations of bulk RmimPF6 

ILs tested against neutron scattering experiments.88-90 

Table 6.6 highlights that calculated in vacuum binding energy per single ion 

pair in dimer is ~50 kJ mol−1 larger in absolute values than that in an isolated ion 

pair which proves importance many-body interactions in ionic clusters.85 Apart 

from moving counterions further away in structure of ion pair polar medium also 

significantly screens interionic interactions. As a result, ion pair binding energy 

drastically drops from vacuum value of −359.9 kJ mol−1 down to −32.5 kJ mol−1 in 

PCM approach. This result is in accordance with previous computational 

studies77,82 which show that increasing solvent polarity progressively weakens ion 

pairing in terms of PCM-estimated ion pair binding energies. 

Ion pairing and further clustering slightly blueshifts the ring C-H stretching 

wavenumbers which is in accordance with the literature data.8,33,38,74,91 Polar solvent 

effect as estimated by PCM calculation leads to almost negligible increase in the 

wavenumbers which also agrees well with results of Palomar et al.77 but is in 

contradiction with some other reports.2,33 It is also to be noted that in ion pair and 

ion pair dimers calculated C2-H stretching wavenumber is found at slightly higher 

values than that of asymmetric C(4,5)-H stretching. This result is in agreement with 

some IL cluster calculations.38,40 However, there are as well computational studies 

on BmimPF6 ion pairs that claim C2-H stretching wavenumber to be lower than 

asymmetric C(4,5)-H stretching79,83 which is more typical for much more basic 

anions which have in-plane arrangement of anion thus favoring strong directional 

hydrogen bond with C2-H hydrogen.19 
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6.2.3.3 IL-solvent complexes 

In an attempt to describe molecular structure of representative structures in 

mixtures of BmimPF6 with γ-BL we have calculated several complexes such as 

anion-solvent, cation-solvent, and ion pair-solvent. The optimized structures are 

shown in Figure 6.6.  

Complex PF6
−···γ-BL (Figure 6.6, A) has anion at the positive side of 

molecular dipole of γ-BL molecule next to β,γ-CH2 hydrogen atoms. This structure 

remains almost intact when transferred to polar medium. One can also note from 

Table 6.6 that complex formation does not alter significantly P-F symmetric 

stretching wavenumber of anion in contrast to carbonyl stretching of the solvent 

molecule which redshifts compared to isolated molecule similarly in magnitude 

with dimerization effect. 

In the most stable structure of cation-solvent complex (Figure 6.6, B) γ-BL 

molecule is located in front of C2-H moiety where its carbonyl oxygen forms 

hydrogen bond with C2-H hydrogen atom (2.04 Å / 143.6 degrees) and ester 

oxygen is in close contact with alkyl hydrogen atoms of butyl chain of Bmim+ 

cation. In contrast to ion-cluster structures (Figure 6.5) such arrangement of the 

donor (C2-H) and acceptor (C=O) fragments is more favorable for hydrogen bond 

formation which results in significant redshift of the C2-H stretching wavenumber 

compared to both isolated cation and ion clusters (Table 6.6). In polar medium the 

solvent molecule gets slightly further away from the cation (not shown), however, 

geometrical arrangement of the hydrogen bond fragment becomes more linear 

(2.19 Å / 154.1 degrees) resulting in still remarkable redshift of the C2-H stretching 

vibration. One alternative arrangement of such solvate has γ-BL molecule bound 

with its carbonyl oxygen to C2-H while its ester oxygen is next to one of the NCH3 

hydrogens of cation (see Figure 6.6, C). This structure being 3 kJ mol−1 less stable 

than the global minimum (Figure 6.6, B) has shorter, more directional and hence 

more redshifted hydrogen bond at C2-H site (2.02 Å / 151.7 degrees). Another 
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alternative being 16 kJ mol−1 less stable in vacuum structure with γ-BL molecule 

located at C(4-5)-H site (see Figure 6.6, D for molecular structure) shows appreciable 

redshift of asymmetric C(4-5)-H stretching vibration. Apparent hydrogen bonding 

between Bmim+ cation and γ-BL molecule also manifests itself in the large redshift 

of the C=O stretching which is especially pronounced in the structure bound at C2-

H. This indicates that higher stability of this structure is at least partially due to 

stronger hydrogen bonding at C2-H site than at C(4,5)-H. It is also evident from 

Table 6.6 that γ-BL prefers to bind with cation rather than with anion both in 

vacuum and in polar medium, hence, it seems reasonable to attribute solvation 

effects mainly to interaction of γ-BL with Bmim+ cation. This finding is similar to 

that established for BmimBF4-DMSO system31 suggesting that it is a common 

feature for systems with polar aprotic solvents in contrast to mixtures of protic 

solvents and ILs with basic anions.5,22 

 

 
Figure 6.6. Optimized in vacuum geometries of the model solvated species: A – PF6

−···γ-
BL, B – Bmim+···γ-BL (at C2-H/CαH2), C – Bmim+···γ-BL (at C2-H/NCH3), D – Bmim+···γ-BL 
(at C(4,5)-H), E – BmimPF6···γ-BL (at C2-H), F – BmimPF6···γ-BL (at C(4,5)-H). Color coding of 
the elements: white – H, orange – C, blue – N, red – O, purple – F, grey – P. 
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Complexes ion pair-solvent were constructed in order to allow for the most 

favorable arrangements for intermolecular interactions (Figure 6.6, C-D), i.e. anion 

is on top of C2-H moiety of cation while γ-BL interacts with both cation and anion 

via its carbonyl oxygen and β,γ-CH2 hydrogen atoms, respectively. Optimizations 

of configurations initially constructed as solvent-shared ion pairs, i.e. with solvent 

molecule physically separating the counterions, converged to one of the presented 

structures due to strong Coulomb attraction between the counterions. Careful 

inspection of values in Table 6.6 suggests that such mode of interaction still does 

not influence P-F symmetrical stretching wavenumbers in contrast to those of γ-BL 

C=O stretching and Bmim+ C2-H stretching vibrations. Polar medium effect 

induces the anticipated redshift of C=O stretching wavenumber of γ-BL and 

somewhat counterintuitive slight blueshift of symmetrical P-F and ring C-H 

stretching vibrations of IL. The latter is associated with the decrease of the 

interaction energy which can be rationalized in terms of overall larger 

intermolecular separation of the ions and molecules constituting the complex. 

We also note that in terms of competition energy defined by Hu et al.82 from 

PCM calculations as the difference between the sum of cation-solvent and anion-

solvent binding energies from one side and ion pair binding energy from another 

side one can expect a balanced competition between ion pairing and ion solvation. 

Indeed, such implicit calculation of competition energy gives value very close to 

zero (− 21.6 − 10.5 + 32.5 = 0.4 kJ mol−1). 

6.3.3 Experimental Raman spectra of BmimPF6-γ-BL mixtures 

Numerical fitting parameters of the studied vibrational bands in the regions I-

III  are collected in Tables A 6.1-6.3 (Chapter 6 Appendix), respectively. 

6.3.3.1 Region I: imidazolium ring C-H stretching 

As it was mentioned in the introduction section most of the research dealing 

with vibrational spectroscopy of mixtures of imidazolium ILs with molecular 

 200



 

solvents is focused on the ring C-H stretching region.1 This spectral range turned 

out to be informative in our case as well. From Figure 6.7 an appreciable redshift of 

the entire profile at 3080-3250 cm−1 is evident with decreasing IL concentration. 

Before going to detailed analysis we should note that three possible scenarios of 

behavior of imidazolium C-H stretching wavenumbers have been observed in 

mixtures of imidazolium ILs with molecular solvents. Upon dilution of neat IL with 

molecular solvent these scenarios include (i) redshift in such systems as BmimBF4-

MeOH,25 BmimBF4-DMSO,30-32 EmimTFSI-PEO,67 BmimPF6/BF4-PEO,92 (ii ) 

blueshift in systems like EmimBF4-H2O,8 EmimLac-MeOH,22 RmimMeSO4-H2O,6-

7 EmimEtSO4-Acetone,36 BmimCl/MeSO4-EG,27 BmimTFA-H2O/MeOH,5 

BmimHal-H2O,2,10,39 or (iii ) no apparent shift at all like in RmimBF4-H2O,2-3,9-11 

EmimTFSI-MeOH,21 RmimBF4-EG,28 EmimTFSI-DiOx,67 BmimBF4/PF6-AN34 

systems. This can systematized as that redshift of the ring C-H-vibrations is 

induced by addition of donating solvents to weakly-associated ILs where solvent 

molecules can effectively compete with anions for the ring C-H sites in order to 

establish stronger hydrogen bonds. On the other hand, dilution of ILs with highly 

basic anions (e.g., halides or those bearing carboxylic group) in solvents of 

different polarity typically leads to blueshifts interpreted as an indication of rupture 

of rather strong interionic hydrogen bonds which is not counterbalanced by 

solvation of the cation. The third group corresponds to the case when both anion 

basicity and solvent donicity are rather low and subsequently there is no persistent 

hydrogen bond network in neat ILs and solvent is not capable to disturb interionic 

interactions significantly. 

As this scheme suggests and in accordance with our experimental 

observations the present BmimPF6-γ-BL system falls into the first category. That is 

to say the redshift of imidazolium ring stretching vibrations of IL cation observed 

upon dilution with molecular solvent is a consequence of hydrogen bond like 
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interactions between the respective cation sites and polar donating group of γ-BL, 

i.e. the C=O group, and due to loosening of cation-anion interactions. 

 
Figure 6.7. Raman spectra of selected BmimPF6 - γ-BL mixtures in the region of 

imidazolium ring C-H str. vibrations. 
 

In order to get more detailed picture of concentration induced wavenumber 

shift we have performed band fitting of the studied spectral region I. Spectral 

envelope in Figure 6.7 suggests at least four distinct contributions apart from 

interfering background below 3100 cm−1 which comes from alkyl C-H stretching 

vibrational modes of both components. Russina et al.62 also used four peaks to fit 

this spectral region in their Raman study of BmimPF6 at high pressures. A sample 

fit of the neat IL spectrum is shown in Figure 6.8. 

 
Figure 6.8. Sample deconvolution of the neat BmimPF6 Raman spectrum in the region of 

ring C-H str. into four Voigt profiles. Numbers in the legend correspond to peak center positions. 
See Table A 6.1 for details. 
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Several studies did not observe an appreciable wavenumber shift of the ring 

C-H stretching vibrations over the course of dilution in molecular solvent but rather 

redistribution of intensities between the individual spectral contributions in favor of 

lower wavenumber shoulders/minor contributions.33,37 This is not the case here 

since we observe a remarkable redshift (Figure 6.9) for all the spectral 

contributions and no systematic redistribution of intensities between the bands (not 

shown). 

 

 
Figure 6.9. Peak wavenumber shifts with respect to the neat BmimPF6 of the four 

components of ring C-H str. region. See Table A 6.1 for details. 
 

Two main observations can be made upon inspection of Figure 6.9. First, the 

redshift trend is non-monotonic and remarkable offset is observed only at xIL < 0.2 

whereas at higher IL content the redshift is less than 2 cm−1 which is almost 

negligible on the scale of the total wavenumber shift. This was also noted for other 

systems of similar type25,31 and such behavior was explained as that the pronounced 

redshift is only observed when significant loosening of interionic interactions 

occurs allowing solvent molecules to approach the imidazolium ring C-H sites. 

Second, the magnitude of the redshift is higher in absolute value for the lower 

wavenumber couple of bands. The second observation brings us to the most 

controversial point of band assignment in this spectral region. 
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IR studies on deuterated EmimTFSI coupled with anharmonic calculations 

suggest that ring stretching overtones and combinations can interact via Fermi 

resonance with ring C-H stretching vibrations.93 In accordance with the authors, 

hydrogen bonding effects are unnecessary to be invoked to interpret the spectral 

pattern. Further extension of the investigation over a broad selection of anions of 

different basicity also augmented with Raman spectroscopy confirmed rather 

complex coupling character and, hence, unclear spectral picture in the region of C2-

H stretching.94 It was found that increasing anion basicity leads to broadening, 

redshift and intensity enhancement of the C2-H stretching vibration which can 

hardly be separated from Fermi resonance effects. The authors proposed to use 

monodeuterated at position 2 analogues to simplify the spectral pattern and make it 

easier to study interionic interactions by means of vibrational spectroscopy. 

Other spectroscopic studies on deuterated at C2 RmimX ILs10,79,95 suggest 

that C2-H stretching should contribute to the lowest wavenumbers of the ring C-H 

stretching profile since it is the preferential site for hydrogen bonding and thus the 

most redshifted. Some minor contributions from hydrogen bonded with anion C(4.5)-

H vibrations are also expected in this low wavenumber part of the profile.79 

Johnson et al.,95 in contrast, suggest that residual peaks in this region after 

deuteration of EmimBF4 at C2 could stem from combination of ring stretches at 

~1570 cm−1. Both groups admit though that the high-wavenumber component at 

3170 cm−1 remains unchanged upon deuteration and thus does not contain 

significant contributions from C2-H.79,95 Ab initio calculations and cryogenic IR 

spectra of small ionic clusters of EmimBF4
95 show that significantly redshifted (i.e. 

strongly directionally hydrogen bonded) C2-H spectral patterns non-typical for bulk 

IL occur in small anionic clusters. However, cationic and larger anionic clusters are 

more appropriate to reproduce neat IL IR spectrum. It was noted that in these 

clusters C2-H spectral contribution inherently spans over a broader range of 

wavenumbers than what is expected from cluster-induced mild redshift. In another 

 204



 

recent study pair of bands at 3120 cm−1 (both in Raman and IR) is attributed to 

Fermi resonance between C2-H and an overtone of ring deformation on the basis of 

anharmonic calculations for RmimTFSI, whereas the high-wavenumber part of the 

ring C-H stretching profile (observed at 3160 and 3180 cm−1 in IR and Raman, 

respectively) is due to C(4,5)-H symmetric and anti-symmetric stretches.96 

An ongoing debate on hydrogen bonding/ion-pairing vs. Fermi resonance has 

not been reconciled yet. Nevertheless, the latest studies on this issue which use IR 

spectroscopy of EmimTFSI as single ion pairs in helium nanodroplets97 or in jet-

cooled IL vapor98 suggest that both effects contribute to the complex broad low-

wavenumber part of the ring C-H stretching profile which is attributed to C2-H 

stretching mode. Ab initio molecular dynamics using dispersion-corrected density 

functional99-100 showed that despite the fact that spectral contributions stemming 

from C2-H are revealed at somewhat lower wavenumbers they cover rather broad 

range strongly overlapping with C(4,5)-H contributions. Nevertheless, the lower 

wavenumber contributions of C2-H are dominated by strongly hydrogen bonded 

configurations. This is also confirmed by progressive redshift of the ring C-H 

contributions with increasing anion basicity.99 

Abstaining from ultimate assignment we suppose that both literature results 

and our calculations suggest that lower wavenumber contribution showing 

significant redshift is mainly due to hydrogen bonded at C2-H species whereas that 

at higher wavenumbers are due-to symmetrical and asymmetrical C(4,5)-H 

vibrations. Larger redshift of the former compared to the latter is an indication of 

stronger hydrogen bonding at C2-H site in conformity with current point of view on 

the issue and our calculations. 

6.3.3.2 Region II : C=O stretching 

As it was already mentioned above, both literature survey64-66 and DFT 

calculations presented here point to remarkable sensitivity of the C=O stretching 
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mode of γ-BL to intermolecular interactions and to solvation in particular. Due to 

inherent complexity of the spectral profile63 and consequent need for advanced 

analysis we have normalized this spectral region by the fitted area of γ-BL ring 

stretching band at 931 cm−1 as it was noted in section 6.3.1. Indeed, this band 

maintains its position and width over the entire range of compositions studied (see 

Figure A 6.1) and thus can be reliably used for the purpose of normalization. The 

normalized Raman spectra in the region of C=O stretching vibration are shown in 

Figure 6.10. Initial inspection of the band evolution suggests that upon addition of 

ionic liquid to γ-BL slight blueshift is the main observed spectral change. 

 
Figure 6.10. Normalized Raman profiles in the region of the C=O str. of γ-BL. Arrow 

indicates the direction of spectral changes induced by addition of BmimPF6. 
 

Indeed, if one examines the apparent peak position (Figure 6.11) it turns out 

to be monotonically blueshifting at xIL < 0.4 by ~7 cm−1 and keeping its position at 

higher IL concentrations. This is opposite to what was observed for solutions in γ-

BL of various lithium salts65-66 and of EtNH3NO3 IL
64 where complex bandshape 

variation with an overall redshift of ~20 cm−1 was related to strong interactions of 

cations with carbonyl oxygen of γ-BL molecules. The blueshift observed here 

could thus evidence that interactions of γ-BL with IL, in particular with its cation, 

are generally weaker than intermolecular interactions in the neat molecular solvent. 

Such interpretation is somehow in contradiction with our DFT calculations (see 

Section 6.2.3.3). 
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Figure 6.11. Apparent peak position of the C=O str. of γ-BL as a function of BmimPF6 

mole fraction 
 

The non-monotonic concentration-induced blueshift of the apparent position 

of C=O stretching band prompted us to apply more advanced analysis. A simple 

2DCoS analysis applied to the entire dataset (see Figure 6.12, A and B) shows 

pattern typical for conventional peak position shift49 both in synchronous and 

asynchronous spectra and does not give any additional information. 
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Figure 6.12. Generalized two-dimensional correlation maps (A, C, E – synchronous; B, D, 

F – asynchronous) for the entire dataset (A and B) and for segments of low (C and D) and high (E 
and F) concentrations of BmimPF6. Red represents positive values and blue is for the negative 
values. 
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We then applied PCMW2DCoS to reveal particular concentration and 

wavenumber ranges which determine evolution of the total profile. The results are 

shown in Figure 6.13. It is apparent that there are two distinct concentration 

regimes. At low IL content (xIL < 0.15) where contribution at ~1755 cm−1 loses 

intensity while that at ~1775 cm−1 gains it but to a lesser extent while at high IL 

content (xIL > 0.15) the picture is reversed: high-wavenumber contribution is 

decreasing and the low-wavenumber one is increasing. Apart from opposite trends 

the two concentration ranges also differ by the extent of changes (at higher 

concentrations of IL the changes are more pronounced and more equal between the 

two contributions) and a slight blueshift of the low-wavenumber spot is observed in 

Figure 6.13 at higher IL concentrations towards ~1760 cm−1 compared to low 

concentration regime. 

 
Figure 6.13. Perturbation-correlation moving window two dimensional synchronous 

correlation maps. Window sizes are 5 and 3 spectra in A and B respectively. Red represents 
positive values and blue is for the negative values. Dashed lines indicate experimental 
concentrations. Traces at the top and right sides of each panel correspond to spectrum of the neat 
γ-BL.  

 

Such behavior with changing concentration is far more intricate than one 

could inspect from simple visual inspection of the peak-wavenumber shift. Having 

established two distinct concentration ranges we present in Figure 6.12 C-F 2D 

correlation maps for each of these ranges. 
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At low IL content synchronous map (Figure 6.12 C) suggests simple transfer 

of intensity between contributions at 1758 cm−1 and 1773 cm−1. Following 

interpretations of PCMW2DCoS and the apparent blueshift of the peak position the 

intensity is transferred from the former to the latter. A negative cross-peak at 

(1768; 1757) in asynchronous spectrum taken together with a positive synchronous 

peak at approximately the same wavenumbers hints, in accordance with Noda’s 

rules47, that the low-wavenumber contribution reacts to internal perturbation 

(changing concentration) before than the high-wavenumebr one. This can be 

related, but not necessarily, to the corresponding different intensities in 

PCMW2DCoS peaks at low IL concentrations. Weak and smeared asynchronous 

peak at (1759; 1752) points to possible existence of contribution below 1760 cm−1. 

At high IL content (Figure 6.12 E, F) two-dimensional correlation maps, 

particularly the asynchronous one, are much more complicated than at low IL 

content. Among the noticeable differences are inversed signs of the asynchronous 

peaks around (1773; 1758) and (1762; 1754) and low intensity traces (both 

synchronous and asynchronous) pointing to contributions at 1780-1795 cm−1. 

In order to complement the undertaken approaches which tackle the observed 

spectral variance as a whole we also performed band fitting in an attempt to assign 

the band evolution to specific behavior of individual contributions. There is still no 

settled point of view on the number of contributions in the C=O stretching profile 

of neat γ-BL. Two recent studies employing temperature variation and dilution in 

inert solvent CCl4 to resolve IR70 and Raman71 C=O profiles end up at different 

conclusions. Aparicio and Alcalde70 claim that there is equilibrium of monomer 

solvent molecules (1796 cm−1) with cyclic in-plane dimer (1780 cm−1) upon 

dilution with CCl4 and with more stable stacked anti-parallel one upon heating, 

whereas Vaz and Ribeiro-Claro71 suggest that since there is no isosbestic point 

neither upon dilution nor upon heating (only gradual blueshift) a possible 

equilibrium should invoke more than two representative species. Perelygin and 
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Itkulov63 on the basis of their studies on heating and dilution of γ-BL in CCl4 also 

noted rather complex band shape variations both in Raman and IR and fitted their 

spectra with four contributions at 1760, 1765, 1775, and 1792 cm−1 tentatively 

attributed to chain dimers, in-phase vibration in cyclic dimers, anti-phase vibration 

in cyclic dimers, and monomers, respectively. It was noted that over the course of 

dilution/heating this contributions did not change their positions. 

Despite questionable assignment we took Perelygin’s four-component 

model63 as initial approximation to fit our spectra. It turned out that even for the 

neat solvent we had to invoke a weak fifth contribution centered at around 

1736 cm−1 in order to reproduce the profile (Figure 6.14). The four initial 

components perfectly agreed in wavenumbers and relative intensities/widths (upon 

visual comparison) with results of Perelygin and Itkulov.63 

The lowest wavenumber component was necessary only up to xIL ~ 0.2. We 

also stress that, similarly to Perelygin’s results,63 peak wavenumbers of all the five 

(four) contributions are rather insensitive to increasing concentration of IL (Figure 

6.14). Noticeable fluctuations of peak positions of the highest and lowest 

wavenumber contributions (1736 and 1792 cm−1) are due to larger uncertainties of 

their determination stemming from their relatively low intensities. 
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Figure 6.14. Sample deconvolution of the neat γ-BL Raman spectrum in the region of 

C=O str. into five Voigt profiles (top panel) and concentration dependences of the peak positions 
of the corresponding spectral contributions (bottom panel). See Table A 6.2 for details. 

 

Fitted areas of discovered contributions to the C=O spectral profile are 

plotted as a function of BmimPF6 mole fraction in Figure 6.15. It is apparent that at 

low IL content the main intensity variation is monotonic decrease of the 1760 cm−1 

contribution and slight increase of the 1775 cm−1 contribution. At xIL > 0.18 the 

latter starts to decrease while contributions at 1765 and 1792 cm−1 gain intensity. 

These results are in line with conclusions drawn from PCMW and classical 2DCoS 

for segmented data analyses. 
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Figure 6.15. Relative peak areas of the components of the C=O str. profile of γ-BL as a 

function of BmimPF6 mole fraction. See Table A 6.2 for details. 
 

In order to rationalize the derived evolution of individual contributions and 

to reconcile it with quantum chemical DFT calculations presented in section 6.2.3.1 

we propose the following assignment. The highest wavenumber mode at 1792 cm−1 

is inevitably assigned to monomer γ-BL molecules in accordance with Perelygin 

and Itkulov63 and close to results of Aparicio and Alcalde70 (1796 cm−1 in IR). We 

note rather weak intensity and large broadness of this band which indicate 

significant degree of aggregation in the neat molecular solvent and a remarkable 

variety of microenvironments experienced in the mixture. 

Our calculations suggest that the two revealed dimer structures should 

produce three bands in Raman spectra, since even if the anti-phase vibration of 

antiparallel dimer becomes slightly Raman active due to some symmetry 

distortions it will effectively overlap with contribution from the more bonded γ-BL 

molecule of rotated dimer. On this basis we assign the following three lower 

wavenumber contributions in the spectrum of neat γ-BL to vibrations of molecular 

dimers, namely 1775 cm−1 contribution is due to less bound γ-BL molecules from 

rotated dimers, the mode at 1765 cm−1 comes from more bound γ-BL molecules of 

rotated dimers and, maybe, from anti-phase vibration of distorted antiparallel 

dimers, and in-phase vibration of anti-parallel dimers contributes to the band at 

1760 cm−1. This assignment of bands stemming from dimers of γ-BL is also 
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supported by the smallest dimer shift of 16 cm−1 revealed by Hesse and Suhm in IR 

spectra of jet-expanded γ-BL.72 

The newly revealed weak and broad lowest wavenumber contribution 

centered at 1736 cm−1 can be tentatively assigned to higher order aggregates in the 

neat solvent. This is in line with experimental and computational results of Hesse 

and Suhm who predict higher aggregates to contribute at lower wavenumbers than 

the dimers.72 

Our calculations suggest that optimal structures of IL-solvent complexes 

show the most remarkable redshift of the C=O stretching wavenumber and thus can 

be expected to contribute to the lowest-wavenumber band at low IL content. One 

can assume that higher aggregates (1736 cm−1) and less stable anti-parallel dimers 

(1760 cm−1) are disrupted in favor of the solvated complexes and the less bound γ-

BL molecules of the more stable rotated dimers. This gives one more point of 

agreement with Perelygin and Itkulov63 who also noted the 1760 cm−1 contribution 

to be the least resistant to heating, i.e. to come from the least stable species. 

At higher IL content at xIL > 0.18 where effective molar ratio of the 

components is around 4:1 one can expect that there is no more high order solvent 

aggregates in the system and significant ionic aggregation due to lack of solvent is 

likely to occur. This is also corroborated by peculiar crystallization behavior of the 

mixture around this composition reported by Chagnes et al.43 The intensity 

variations in this concentration range, namely vanishing of the lowest wavenumber 

contribution and decrease of the anti-parallel dimer (1760 cm−1) and the less bound 

molecules of rotated dimer (1775 cm−1) in favor of the contributions at 1792 and 

1765 cm−1, can be thought of as ultimate disruption of residual aggregate structures 

of γ-BL towards monomers (1792 cm−1) and molecules bound to ionic clusters 

(1765 cm−1). The latter assignment was not captured in our model calculations and 

requires more elaborate interpretation invoking larger scale simulations. Here, we 

stop at an assumption that in complexes of ionic aggregates with γ-BL anions of IL 
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would preferentially occupy all the favorable interaction sites at the imidazolium 

ring of cations which could result in less pronounced redshifts of C=O stretching 

mode of the bound γ-BL compared to solvated complexes with single cation or ion 

pair. 

6.3.3.3 Region III : P-F symmetrical stretching 

Literature data suggest that P-F symmetrical stretching vibration of PF6
− 

anion is rather sensitive to changes in the symmetry of microenvironment upon 

changing polarity of solvent used to dilute IL59 and to structural pattern of 

hydrogen bonding interactions whose changes may be induced by applying high 

pressure to neat IL.61-62 In mixtures of BmimBF4 with water a slight blueshift in 

Raman spectra of a similar symmetric B-F stretching of anion was observed upon 

dilution of IL which was tentatively attributed to screening and weakening of 

interionic interactions.9,11 Despite the anticipated spectral variations in the present 

system apparent peak position of symmetrical P-F stretching does not deviate from 

the average value of 741 cm−1 by more than 0.5 cm−1 over the entire range of 

concentrations studied. This can be regarded as essentially zero shift. Nevertheless, 

a closer inspection of the spectral profile reveals its asymmetry with longer tail 

situated at low-wavenumber side. The band was fitted with two Voigt functions and 

the results are presented in Figure 6.16. 
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Figure 6.16. Sample deconvolution the neat BmimPF6 Raman spectrum in the region of P-

F s. str. into two Voigt profiles (top panel) and concentration dependences of the peak positions 
of the corresponding spectral contributions (bottom panel). See Table A 6.3 for details. 

 

It is evident from Figure 6.16 that both dominant contribution at 741 cm−1 

and a minor one at 738 cm−1 do not vary their positions by more than 1 cm−1 over 

the course of dilution. Such insensitivity of P-F stretching band to the changes in 

concentration and to, presumably, variations in intermolecular interaction pattern is 

in accordance with our DFT calculations on model systems (Table 6.6). The minor 

low-wavenumber contribution whose fraction slightly increases at lower IL content 

(see Figure A 6.2) can be attributed to PF6
− species bound in isolated ion pairs 

and/or at periphery of ionic clusters (Table 6.6). Such assignment is in line with the 

literature reports on blueshift of this vibration upon pressurizing the neat BmimPF6, 

i.e. enhancing denser packing and interactions with larger number of neighboring 

cations.61-62 We note that there was no higher wavenumber minor contribution 

observed in contrast to results of Chaurasia et al.101 In their Raman study of 

BmimPF6-PEO the contributions at 733, 741 (dominating), 747 cm−1 were 
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tentatively assigned to PF6
− in ionic aggregates of high order, in free state and in 

contact ion pairs respectively. 

6.4. Conclusions 

This chapter presents Raman spectroscopic study of mixtures of BmimPF6 

with γ-BL over the entire range of compositions. Quantum-chemical DFT 

calculations as well as modern methods of two-dimensional correlation 

spectroscopy were employed in order to facilitate spectral analysis and assignment. 

Imidazolium ring C-H stretching bands of cation (3080-3250 cm−1) redshift 

upon dilution of neat IL which is more evident at higher dilutions (xIL < 0.18-0.20). 

This is regarded as a remarkable manifestation of ionic solvation overwhelming 

ionic association in this concentration range. Higher propensity to intermolecular 

interactions at C2-H site is also noted. 

Stretching mode of carbonyl group of the solvent at around 1760 cm−1 

despite apparent blueshift upon addition of IL was found to have complex structure 

and intricate evolution of its revealed sub-components. A distinct change is 

observed at around xIL ≈ 0.18-0.20: at higher IL content main spectral contributions 

come from isolated molecules and from those which are weakly-bound to ionic 

clusters whereas at low concentrations of IL a sufficient amount of bulk-like 

species are in equilibrium with strongly solvated IL structures. 

It was established that symmetrical stretching band of PF6
− (located at 

741 cm−1) is insensitive to variations in concentration which does not preclude 

significance of anion in intermolecular interactions. 
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6.6. Chapter 6 Appendix 

 
Figure A 6.1 Peak position (left panel) and full width and half maximum (right panel) of 

the fitted 931 cm−1 band as a function of BmimPF6 mole fraction. 
 

 
Figure A 6.2 Ratio of areas of contributions to the P-F symmetrical stretching profile 

fitted with two Voigt peaks as a function of BmimPF6 mole fraction. 
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Table A 6.1 Peak fitting parameters for the bands in the spectral region I – C-H ring stretching of BmimPF6 

xIL 0.0000 0.0496 0.0755 0.1012 0.1243 0.1503 0.1755 0.2011 0.3498 0.5018 0.6450 0.8405 1.0000 

1νɶ
 / cm−1 

 3100.6±0.8 3104.2±0.2 3104.7±1.4 3106.0±0.8 3107.0±0.5 3108.4±0.5 3110.0±0.4 3112.9±0.3 3113.4±0.3 3112.9±0.3 3114.0±0.4 3114.5±0.2 

A1  930±80 2780±30 12900±700 14700±400 13000±300 16400±400 13800±300 10700±200 13800±300 13300±300 1600±100 14700±200 

FWHM1 / cm−1  21±6 25.9±0.4 54±4 49±9 36±2 40±1 34±7 29.0±0.5 25±3 23±3 21.5±0.6 21±3 

              

2νɶ  / cm−1  3127.2±0.5 3126.8±0.4 3128.2±1.8 3129±3 3129±1 3131±1 3132±1 3135.6±0.6 3135.5±0.5 3127.2±0.4 3137.2±0.4 3137.1±0.3 

A2  1860±60 2660±70 3600±600 1240±180 2900±300 5500±400 3400±200 4700±300 6900±300 12100±400 1800±200 18300±300 

FWHM2 / cm−1  28±3 21±5 43±11 23±5 23±4 32±5 24±3 21±5 23±6 29±4 32±2 31.8±1.2 

              

3νɶ
 / cm−1 

 3153.2±0.2 3154.20±0.14 3155±1 3155.4±0.5 3155.8±0.4 3157.1±0.4 3157.6±0.3 3158.9±0.2 3160.5±0.2 3159.5±0.3 3160.4±0.4 3160.1±0.3 

A3  2800±50 7790±80 3521.6 11100±400 8300±300 13100±400 18800±300 12600±300 11100±150 9600±300 1300±100 6300±200 

FWHM3 / cm−1  22±2 32±2 22±2 28±6 27±3 28.1±5 33.7±0.8 27±3 25.3±0.5 18±3 18.6±0.6 16.5±1.5 

              

4νɶ
 / cm−1 

 3173.11±0.06 3174.74±0.06 3174.5±0.3 3175.7±0.2 3176.2±0.2 3176.5±0.2 3177.0±0.1 3179.1±0.1 3180.4±0.1 3180.1±0.1 3181.1±0.1 3181.3±0.1 

A4  10630±50 10900±30 19800±500 15140±180 20000±300 23800±300 24100±300 33400±300 3800±300 56800±300 10700±100 61700±200 

FWHM4 / cm−1  23.8±0.6 23.6±0.1 24±3 22.5±0.4 22.9±1.5 22.4±1.5 22.1±1.2 22.5±0.9 22.2±0.7 23.1±0.7 23.2±0.7 23.6±0.5 

 225



 

Table A 6.2 Peak fitting parameters for the bands in the spectral region II  – C=O stretching of γ-BL 

xIL 0.0000 0.0496 0.0755 0.1012 0.1243 0.1503 0.1755 0.2011 0.3498 0.5018 0.6450 

1νɶ
 / cm−1 

1735.62±2 1736.5±0.3 1738.8±0.3 1739.4±0.3 1741.0±0.3 1736.5±0.4 1738.8±0.2 1734.0±0.2    

A1 0.025±0.005 0.0194±0.0004 0.0168±0.0003 0.0167±0.0003 0.0150±0.0004 0.0142±0.0004 0.0195±0.0003 0.0228±0.0002    

FWHM1 / cm−1 28.0±1.5 23.6±0.6 25.5±0.7 27.1±0.7 20.2±0.7 20.2±0.8 31.3±0.5 27.6±0.4    

            

2νɶ  / cm−1 1760.17±00.2 1761.11±0.02 1760.93±0.02 1761.91±0.01 1761.41±0.02 1761.15±0.03 1759.81±0.02 1761.08±0.02 1759.20±0.04 1760.20±0.07 1758.69±0.13 

A2 0.3836±0.0003 0.3639±0.0006 0.3517±0.0006 0.3499±0.0005 0.3373±0.0008 0.3188±0.0009 0.2787±0.0004 0.2121±0.0002 0.1674±0.0007 0.1104±0.0005 0.0854±0.0014 

FWHM2 / cm−1 13.9±1.4 15.4±0.3 16.4±0.2 16.4±0.2 19.3±0.3 22.6±0.3 27.3±0.3 28.6±0.1 31.9±0.7 30.9±0.3 24.7±1.8 

            

3νɶ
 / cm−1 

1764.98±0.02 1765.07±0.02 1764.82±0.02 1764.39±0.02 1765.56±0.02 1765.11±0.02 1764.09±0.01 1764.64±0.01 1765.55±0.01 1765.85±0.01 1766.21±0.02 

A3 0.2277±0.0004 0.2724±0.0007 0.2687±0.0006 0.2610±0.0005 0.2651±0.0007 0.2590±0.0007 0.2606±0.0003 0.2677±0.0003 0.3418±0.0005 0.3959±0.0007 0.6226±0.0014 

FWHM3 / cm−1 18.3±0.4 20.8±0.2 18.4±0.2 20.4±0.3 17.2±0.2 16.0±0.2 15.1±0.1 15.5±0.1 17.7±0.1 19.7±0.2 21.6±0.3 

            

4νɶ
 / cm−1 

1775.73±0.03 1777.28±0.06 1775.90±0.04 1773.99±0.02 1777.01±0.04 1776.91±0.04 1775.14±0.02 1775.35±0.02 1774.18±0.02 1772.87±0.02 1772.78±0.05 

A4 0.0982±0.0004 0.1010±0.0006 0.1049±0.0005 0.1252±0.0005 0.1296±0.0007 0.1443±0.0007 0.2234±0.0004 0.2665±0.04 0.2253±0.0005 0.2163±0.0007 0.1259±0.0011 

FWHM4 / cm−1 19.6±0.7 19.6±0.7 17.2±0.4 18.1±0.3 16.2±0.5 15.0±0.5 16.7±0.2 18.1±0.2 17.4±0.2 16.8±0.3 13.9±0.5 

            

5νɶ
 / cm−1 

1792.0±0.2 1794.0±0.2 1790.6±0.2 1791.8±0.2 1791.8±0.2 1791.2±0.2 1790.5±0.1 1791.9±0.1 1791.0±0.2 1791.5±0.2 1797.4±0.2 

A5 0.0539±0.0002 0.0452±0.0005 0.0575±0.0004 0.0608±0.0004 0.0542±0.0005 0.0588±0.0006 0.0677±0.0003 0.0805±0.0003 0.0821±0.0005 0.0980±0.0006 0.1357±0.0011 

FWHM5 / cm−1 35.1±0.2 32.9±0.4 35.7±0.3 35.7±0.3 36.1±0.4 38.0±0.4 41.0±0.2 46.9±0.2 53.4±0.4 54.0±0.4 55.8±0.5 

 

Table A 6.3 Peak fitting parameters for the bands in the spectral region III  – P-F symmetrical stretching of BmimPF6 

xIL 0.0000 0.0496 0.0755 0.1012 0.1243 0.1503 0.1755 0.2011 0.3498 0.5018 0.6450 0.8405 1.0000 

1νɶ / cm−1  737.8±0.2 738.0±0.2 738.2±0.2 738.1±0.2 738.0±0.2 738.1±0.2 738.74±0.19 738.4±0.3 738.4±0.2 738±2 738.4±1.2 738.0±0.2 

A1  4100±600 6600±800 10000±1300 8800±1000 10200±1100 11700±1500 16300±1900 11800±1400 15200±1800 19000±400 15000±7000 15100±1900 

FWHM1 / cm−1  3.55±0.12 3.53±0.09 3.61±0.09 3.71±0.10 3.68±0.10 3.75±0.12 3.76±0.10 3.69±0.12 3.96±0.11 6.5±0.8 9.0±1.2 3.91±0.11 

              

2νɶ  / cm−1  740.75±0.03 740.70±0.03 740.87±0.04 741.03±0.03 740.79±0.02 740.95±0.02 741.40±0.03 741.40±0.02 741.40±0.02 740.98±0.07 740.98±0.04 740.97±0.02 

A2  17500±700 25000±1000 30700±1500 39500±1100 45800±1300 53900±1600 53000±2000 80200±1500 81000±1900 104700±17000 79000±7000 104000±2000 

FWHM2 / cm−1  3.33±0.03 3.31±0.03 3.28±0.04 3.46±0.02 3.51±0.03 3.58±0.03 3.39±0.04 3.59±0.02 3.72±0.02 4.33±0.18 4.11±0.09 3.73±0.02 
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Conclusions and Perspectives 

This thesis presents a multi-techinique approach to the problem of 

microscopic desctription and interpretation of structure and dynamics in mixtures 

of imidazolium ionic liquids (ILs) with perfluorinated anions on one side and polar 

aprotic solvents on the other side. These mixtures possess a number of properties 

which are advantageous for electrochemical application (e.g., high ionic 

conductivity, thermal and electrochemical stability, low environmental hazardness) 

and they can be fine tuned due to the full miscibility of the components. 

Understanding the influence of the nature of the constituents and of thecomposition 

of these mixtures on the mixroscopic structure and dynamics is of crucial 

importance for their successful application. 

Indeded, in this thesis, the mixtures of four imidazolium ILs with three polar 

aprotic molecular solvents have been investigated. The ILs contain a common 

cation 1-n-butyl-3-methlylimidazolium (Bmim+). It is combined with 

perfluorinated anions of different size, shape, symmetry, and electronic structure, 

namely, tetrafluoroborate (BF4
−), hexafluorophosphate (PF6

−), 

trifluoromethylsulfonate (TfO−), and bis(trifluoromethanesulfonyl)imide (TFSI−). 

Polar aprotic molecular solvents employed in this thesis are those common in 

electrochemistry of electrolyte solutions: acetonitrile (AN), γ-butyrolactone (γ-BL), 

and propylene carbonate (PC), which differ in terms of their polarity, donicity, 

viscosity, molecular shape and volume. 

Quantum chemical calculations combined with advanced methods of analysis 

of the electron density distribution and of the weak noncovalent interactions have 

been used to analyze the main structural features and interactions of representative 

structures of model clusters of ILs and their complexes with the solvent molecules. 

These systems were considered as model ones which, despite limited size, can help 

to gather the most relevant information for subsequent interpretation of 
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spectroscopic data on IL-molecular solvent mixtures. All the studied ILs reveal the 

ion pair configuration with anion positioned on top of the C2-H2 fragment as the 

most stable one. In this configuration, anions form weak interionic electrostatic 

hydrogen bonds with the C2-H2 imidazolium ring hydrogen atom. Upon taking into 

account the effect of the solvent in these calculations, the native ion pair structure 

becomes distorted. The interionic interactions with the C2-H2 fragment of the cation 

are weakened and the new hydrogen bonds with the solvent molecule are 

established. The magnitude of this effect follows the order AN < PC < γ-BL. 

BmimPF6 and BmimTFSI ILs are found to be more sensitive compared to 

BmimBF4 and BmimTfO. For all the established weak hydrogen bonds a linear 

correlation has been established between the electron density values at the bond 

critical points and the corresponding bond lengths.  

In order to address the intermolecular interactions in mixtures of 

imidazolium ILs with molecular solvents, NMR and Raman spectroscopy were 

used. The chemical shift variation of 1H and 13C nuclei was followed over the entire 

composition range at 300 K for all the 12 studied systems. The concept of relative 

chemical shift variation was proposed to assess, on a unified and unbiased scale, 

the observed effects of electron density redistribution at different atomic sites of 

ILs with changing mixture composition. With the help of the quantum chemical 

calculations results, it was established that hydrogen bonds between the 

imidazolium ring hydrogens and electronegative atoms of anions are stronger for 

BmimBF4 and BmimTfO ILs than those in BmimTFSI and BmimPF6. Hydrogen at 

position 2 of the imidazolium ring is particularly more sensitive to the interionic 

hydrogen bonding than those at positions 4-5 in the case of BmimTFSI and 

BmimTfO ILs. Solvation in γ -BL and PC leads to the formation of hydrogen bonds 

between the solvent molecules and the imidazolium ring hydrogens which are of 

comparable strength with the interionic ones. Hydrogen at position 2 of the 
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imidazolium ring is more sensitive to the solvation effects for all the studied ILs. 

Solvation of the cations of ILs in AN is poorly manifested. 

By means of Raman spectroscopy coupled with DFT calculations and 

Perturbation Correlation Moving Window two-dimensional correlation 

spectroscopy intermolecular interactions were assessed in mixtures of a 

representative IL 1-n-butyl-3-methylimidazolium hexafluorophosphate (BmimPF6) 

with polar aprotic solvent γ-BL over the entire range of compositions. Symmetrical 

P-F stretching vibration of IL anion was found to be insensitive to changes in 

mixture concentration in contrast to C=O stretching vibration of γ-BL and 

imidazolium ring C-H stretching vibrations of IL cation. Each of these vibrational 

profiles was decomposed in various spectral contributions and their number was 

rationalized by the results of quantum-chemical calculations and/or by previous 

controversial published data. Progressive redshift of the ring C-H stretching 

wavenumbers was referred to pronounced solvation of cation at the imidazolium 

ring site accompanied with H-bond formation. This is especially pronounced at 

xIL < 0.18. Complicated variations in intensities of individual spectral contributions 

of the C=O profile were treated as a manifestation of the changing with 

concentration pattern of intermolecular interactions. Self-association of γ–BL 

molecules and distinct cation solvation as dominant intermolecular interactions at 

low IL content are replaced with weaker cation solvation and ion association at 

high concentrations of BmimPF6. Possible representative molecular structures are 

proposed on the basis of DFT calculations. 

Diffusion is a decisive factor for the electrochemical applications of these IL. 

Thus, self-diffusion coefficients of cations and solvent molecules were determined 

with 1H-NMR in the IL/molecular solvent mixture over the entire composition 

range at 300 K. The relative diffusivities of solvent molecules to cations as a 

function of concentration were found to depend on the solvent but not on the anion 

(i.e., IL). In all cases the values exhibit a plateau at low IL content (xIL < 0.2) and 
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then increase steeply (AN), moderately (γ-BL), or negligibly (PC) at higher IL 

concentrations. This behavior was related to the different solvation patterns in the 

employed solvents. In BmimPF6-based systems, anionic diffusivities were followed 

via 31P 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. 

The general conclusions that may be drawn from the thesis work are as 

follows: 

1. It was established that depending on the balance between ion association 

and solvation ionic liquids can exist at low concentrations (xIL < 0.2) as 

predominantly ion paired or dissociated and well solvated. The balance is 

determined by both the nature of anion and solvent. Polar solvents with high 

donicity coupled with ILs with large anions with diffusive charge distribution 

promote ionic dissociation. 

2. Multiple weak intermolecular interactions which cannot always be 

classified as conventional hydrogen bonds stand for the mechanism which 

determines spectral signatures (changes of the vibrational wavenumbers and NMR 

chemical shifts) of these phenomena. 

3. Diffusion of molecules and ions does not depend strikingly on particular 

IL but rather on the solvent. An indication of universal behavior was noted for 

relative diffusion coefficients solvent-cation which show a plateau at low IL 

content and then start to increase at different slopes depending on the solvent. 

Taken together, the results of the present thesis work contribute to the 

general idea of structure-composition-property relationship in mixtures of ionic 

liquids with molecular solvent and will serve a good comprehensive basis for the 

following further developments in the field: 
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• Selection of a proper combination IL-molecular solvent for particular 

application or for targeted search for new prospective systems. In the 

perpective of assessing the use of these IL-molecular solvent mixtures in 

electrochemical applications, the effect of temperature on the structure and 

dynamics in these mixtures should be analysed. A variable-temperature 

optical cell is currently under costruction in order to perform such analysis. 

The results established in the present thesis work for the behavior of the 

studied systems at ambient temperature are invaluable in view of subsequent 

interpretation of the multitemperature data. 

• Investigation of the structure and dynamics of these systems at different time 

and length scales. A dielectric relaxation experiment has been performed in 

Regensburg university for mixtures of BmimPF6 with AN, γ -BL, and PC to 

study reorientational dynamics of dipolar species in the picosecond range 

(grant from the Centre de Coopération Universitaire Franco-Bavarois, not 

included in the present work, the results are under analysis). Quasi-elastic 

neutron scattering (trial experiments already performed at the Rutherford 

Appleton Laboratory) and X-ray diffraction (an experiment is planned using 

the facilities of Lille 1 University) will be used to study dynamics and 

structure at (sub)nanometer scale. 

• Improvement of the force-fields for classical MD simulations of IL-

molecular solvent mixtures. The information about the primary and 

secondary interaction sites, concentration trends of the diffusion coefficients, 

established in this work, will be used for thorough testing and fine tuning of 

the existing force-field models in order to reproduce all the structural and 

dynamic peculiarities of these systems. Thus refined force-field models could 

be used to study more complex phenomena and systems. 

• Application of IL-molecular solvent mixtures in ternary systems containing 

photosensitive dye molecules as electrolytes for dye-sensitized solar cells. 
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The microscopic environment, in terms of its polarity, viscosity and possible 

specific intermolecular interactions, can significantly alter the 

photodynamics of the dye molecule which is, in turn, reflected in the 

performance of the entire device. 
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