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Finite fossil fuel resources and concerns over climate change have led to 

the requirement of improved ways to produce, use and store energy. On one hand, 

fossil fuels can still be extracted and distributed easily and at a relatively low cost, 

but unfortunately on the other hand, as our society consumes huge quantities of 

these resources, the reserves begin to be more and more complicated to access. 

Moreover, the combustion of fossil fuels pollutes the air and is overwhelmingly 

considered responsible for climate change, while the more difficult extraction 

methods create additional environmental issues1. 

By using alternative and renewable energy such as solar or wind we can 

limit the problem of climate change through the reduction of carbon dioxide 

emissions as well as reduce polluting smog that overwhelms many high population 

density cities such as Beijing, thereby helping to mitigate dangerous health issues. 

However, these cleaner energy sources have the problem of intermittency and/or 

inconsistent production. Moreover, as modern technology evolves rapidly, the 

energy demand becomes harder and harder to sustain. In fact some studies such 

as DESERTEC2 have shown that the main current problem is not the energy 

generation or conversion, but energy storage. For example, in six hours, the 

deserts of the earth receive as much energy as all humanity uses in a year. 

Unfortunately current energy storage devices such as batteries, super-capacitors 

or even fuel cells (Figure 0-1: Ragone chart showing the power and energy densities 

of various energy storage technologies. (Encarnaciòn Raymundo-Piñero talk 

)Figure 0-1), are not yet reliable enough to make the most of such energy 

generation sources.  

During the last several decades, much research has focused on developing 

these energy storage devices in order to support renewable energy sources3. 

Improvements have been made to all components of these devices, such as the 

electrodes, separators and electrolytes, making them safer, more eco-friendly, 

more conductive and also cheaper. This work is focused on the electrolytes, 
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specifically ionic liquids (ILs)4, and involves the use of magnetic resonance-based 

experimental characterisation5 to improve our understanding of the ion transport 

mechanisms within them, with the ultimate aim of being able to design new ILs 

with improved properties for use in energy storage applications. 

 

Figure 0-1: Ragone chart showing the power and energy densities of various energy storage technologies. 

(Encarnaciòn Raymundo-Piñero talk ) 
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Overview 

1.I.1 Lithium batteries 

 

Lithium ion batteries have become one of the most commonly used energy 

storage devices due to the demand of ever thinner and lighter products6. Indeed 

lithium has the lightest weight, with a density of 0.534 gcm-3, highest nominal voltage 

(~3.6 V), and greatest energy density (~240 Whkg-1) of all metals. Currently lithium 

batteries are used in a very wide range of devices, from cell phones and laptops, to 

airplanes, trains or cars. Unfortunately these batteries suffer drawbacks, due for 

example to the volatile and highly flammable electrolyte, and several accidents have 

occurred due to the ignition of the batteries7. 

A lithium battery, as shown below, consists of three main components, the 

cathode, the anode and an electrolyte (usually a lithium salt dissolved in a non-

aqueous solvent). Lithium ions move from the positive electrode to the negative one 

during the charge of the battery, and in the other way during the discharge. 

  

Figure 1-1: Illustration of a classical lithium-ion battery 
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For the anode, graphite is the most widely used material thanks to the 

lamellar host structure for lithium intercalation, good cycling ability and a small 

irreversible capacity. Example cathode materials include layered compounds LiMO2 

(M=Co, Ni, Mn, etc.), spinel compounds LiM2O4 (M= Mn, etc.) and olivine compounds 

LiMPO4 (M= Fe, Mn, Ni, Co, etc.). 

1.I.2 Ionic liquids as electrolytes 

 

Ionic liquids (ILs) can be classified as pure salts with a melting temperature below 100 

°C. Some of them are liquid at room temperature, and are called room temperature 

ionic liquids (RTILs)8. 

The number of potential ionic liquids is enormous because of the possibility to mix a 

large number of different anions and cations together.  A small number of example 

cation and anion structures are shown in Figure 1-2. It is therefore crucial to 

understand how the molecular structures determine the various properties of the ILs 

(for example, the ionic conductivity) for choosing an IL for a specific application. 

 

 
Figure 1-2 : Examples of cations (on the left) and anions (on the right) which can be combined in order to 

make ionic liquids9 

Many ILs share similar properties, such as a very low vapor pressure, high stability at 

high temperature, a low combustibility, and the ability to dissolve a wide range of 

compounds10,11. They are also, for the most part, good ionic conductors4,12. These 

properties make ILs potentially advantageous as electrolytes for lithium batteries, 

especially when compared with the volatile or flammable solvents commonly used.13 

The first IL was discovered during the 19th century14, however, the name “ionic liquid” 

was only coined in the 1980s to qualify the term molten salts that is now 
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predominantly reserved for inorganic, high melting point salt systems. Furthermore, 

it was only in 1992 that the first IL based on the imidazolium cation was synthesized 

(Figure 1-3). 

 

 
Figure 1-3: The structure of the diethylimidazolium cation 

Thanks to their unique properties, ILs are currently used for applications in many 

sectors, from gas absorption to nanoparticle synthesis, including biocatalysts. In 

particular, their high conductivities make them very good candidates for 

electrochemistry applications, for example as electrolytes in batteries or fuel cells18 

as mentioned above. However their main current applications are as “eco-friendly” 

solvents, because of their negligible vapor pressure, which avoids the evaporation of 

many volatile organic compounds. Indeed ILs have a very good capacity to dissolve a 

wide range of organic compounds while protecting their chemical function and 

reactivity15. They are also good solvents for inorganic compounds or polymers16 

because their properties of dissolution depend on the relatively strong associations 

of cations and/or anions present in the IL with the desired solute molecules. 

1.I.3  Structure and nanostructure in ionic liquids 

 

Over the past years, a large amount of IL research has focused on the pyrrolidinium 

or imidazolium cations17–37. Pyrrolidium ions are often refer as Pyr1n, “n” 

corresponding to the number of cations on the alkyl chain, 1 to the methyl group on 

the nitrogen and “Pyr” stating for pyrrolidinium, or also Cnmpyr with the same coding 

for “n” and “pyr” and m to the methyl group on the nitrogen. For imidazolium 

samples the coding refers to the length of the alkyl chains thus the 1-Ethyl-3-

N

N

C  

C  
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methylimidazolium will be coded as EMIM, “E” for ethyl, “M” for methyl and “IM” for 

imidazolium.  

On the other hand, new types of ionic liquids are beginning to emerge. Phosphonium 

and ammonium based cations with various alkyl chains27,29,38–42, mixed with 

trifluorosulfonylimide (TFSI, also referred to in the literature as TFSA or NTf2)31,35,36,43–

46 or fluorosulphonylimide (FSI, also referred to as FSA) anions18,20,21,47,48, have shown 

improved properties such as lower viscosity or improved ion transport. The common 

notation for describing these cations is X where X = P or N and the subscripts a-d are 

the numbers of carbons on each of the four organic groups attached to the central 

atom, such as the N,N-Diethyl-N-methyl-N-propylammonium, which will be written 

N2213. 

 

1.I.4 Recent studies of liquid structure and speciation in ILs 

 

Many studies investigating how IL properties depend on the chemical structures of 

the cations or anions have been published. For example, a study by Carvalho49 

investigated the impact of the central cation atom (P or N with the rest of the cation 

having the same structure) on the ionic liquid behavior. They showed in this study 

that all of the properties investigated, including density, viscosity, melting 

temperatures, refractive indices, or even infinite dilution activity coefficients, are 

pronouncedly affected by the cation’s central atom nature. Furthermore, a similar 

study by Castner et al50, by NMR  found that, in the ammonium-based ILs (N2228
+), the 

anion preferentially interacts with the head group of the cation while for the 

phosphonium based ILs the anions are more evenly distributed around the cations. 

This, according to the authors, can explain the higher densities, viscosities and 

melting temperatures of the ammonium based IL, as the tail is almost “free” of TFSI 

anions. 

Studies of pure phosphonium-based ionic liquids were carried out by Tsunashima51, 

showing the impact of the anion (FSI or TFSI) on the structure and therefore the 

properties.  
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Figure 1-4: Arrhenius plot of the  ionic conductivity versus inverse temperature for P2224 FSA, P2225 FSA and 

P2225 TFSA51 

As show in Figure 1-4, in this study the FSI-based phosphonium IL exhibited a higher 

conductivity than the corresponding TFSI-based one. Interestingly, they also 

investigated phosphonium based ionic liquids but containing a methoxy group on the 

cation, which showed a very low viscosity and were highly conductive compared to 

the equivalent cation without the methoxy group (Figure 1-4 vs. Figure 1-5). 

 

Figure 1-5: Arrhenius plot of the conductivity versus inverse temperature for phosphonium based ionic 

liquids containing a methoxy group51 

 



Literature review 

10 
 

1.II Characterization of ILs using NMR spectroscopy 

 

Nuclear magnetic resonance (NMR) spectroscopy is a useful tool to characterize 

ILs5,52. First of all NMR can allow the confirmation of the chemical structure of the 

samples studied, but also can verify the purity, and identify any contaminants such 

as a water. The investigation of NMR relaxation times can lead to a better 

understanding of the fast and short range dynamics, while the measurement of 

diffusion coefficients can give access to long range dynamics. Also, one of the biggest 

advantages of NMR spectroscopy and the main focus of this work, is the ability to 

study site-specific molecular associations, which can lead to an improved 

understanding of intermolecular proximities and therefore provide detailed 

information on ion associations and interactions. In this section, some recent 

examples of these types of NMR spectroscopy  experiments as applied to ILs are 

discussed, as well as two more advanced and less commonly utilised NMR 

spectroscopy  methods, electrophoretic NMR53 spectroscopy and dynamic nuclear 

polarisation54. 

 

1.II.1 Relaxation measurements 

 

NMR relaxation measurements are a very common and useful NMR spectroscopy 

tool for investigating localised dynamics in materials. Different relaxation rates such 

as T1, T1ρ and T2 can be measured and correlated with molecular dynamics at different 

timescales. Herein we will focus on T1, also known as the spin-lattice relaxation time 

or longitudinal relaxation time. It relates to the time it takes for the excited nuclear 

spins to return to their thermal equilibrium state. The relaxation mechanism is 

strongly dependent on the dynamics and the surrounding structural environment as 

a number of specific relaxation mechanisms allow nuclear spins to exchange energy 

with their surroundings (such as the NOE effect55). 

In order to describe this relaxation process, theory was developed by Nicolaas 

Bloembergen, Edward Mills Purcell and Robert Pound, so called the BPP theory 
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(Bloembergen-Purcell-Pound theory). This theory quantifies the relaxation rate in 

terms of the random molecular tumbling and molecular motions (quantified by τc , 

the correlation time). More details about the BBP theory and the spin lattice 

relaxation will be given in section 2. By studying T1s of different nuclei as a function 

of temperature, the correlation time, and also the activation energy of the molecular 

motion responsible for the relaxation can be quantified for the different species 

present in the ionic liquid. 

There is a considerable volume of work in the literature that studies ionic liquids 

through spin lattice relaxation experiments. For example, Hayamizu et al56 studied 

the translational and rotational motions in a pyrrolidinium system, with either TFSI 

or FSI anion as a counter ion and mixed (or not) with lithium FSI. Using different 

techniques including the T1 spin lattice relaxation experiments they looked at the 

mobility of the lithium ion and how it varied with the counter ion. As shown in Figure 

1-6, the T1 parameter of the lithium was extracted at different temperatures and 

then, using the BPP equation for quadrupolar nuclei, they extracted the 

corresponding correlation time (τc) and activation energy (Ea). Through these 

experiments, they concluded that the lithium moved much faster in the C3mpyr Li FSI 

system than in the C3mpyr Li TFSI system. 
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Figure 1-6: Arrhenius plots of (a) 7Li T1 and (b) the τc (Li) for C3mpyr -TFSA-Li  (black) and  C3mpyr -FSA-

Li  (blue). Lines show fits to BPP theory 56 

 

Other authors have focused on sodium containing ionic liquids. For example Pope et 

al57 used 1H, 19F and 23Na spin lattice relaxation measurements as well as other 

techniques such as Differential Scanning Calorimetry (DSC), Electrochemical 

Impedance Spectroscopy (EIS), and Pulsed-Field Gradient diffusion NMR (PFG-NMR) 

to study sodium salt based ionic liquid electrolytes.. 
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Figure 1-7 : a) 1H, b) 23Na and c) 19F T1 relaxation times as a function of inverse temperature for the pure IL 

and the lowest and highest NaTFSI concentrations (0.2 and 2.0 mol.kg-1). The error bars are contained within 

the size of the data points. Lines show fits to BPP theory57 

From fitting the 1H, 19F and 23Na T1s using BPP theory, the authors deduced the 

correlations time and activation energies for the quaternary tri-alkoxy ammonium 

[N2(20201)(20201)(20201)], the bis(trifluoromethylsolfonyl)imide TFSI and also the sodium. 

These measurements implied a correlated dynamics between the IL cation and the 

sodium, with the anions being very different. This was interpreted as strong ion 

associations between the IL cation and the sodium, with sodium acting as a cross-link 

between multiple ammonium cations.  

Many studies on other IL systems can be found, such as a study by Hayamizu et al41 

on an ammonium based ionic liquid, or their study in 2011 of an imidazolium based 

ionic liquid. Some groups have focused on different anions58,59, such as PF6
- or BF4

-, 

while others have studied the impact of the cation alkyl chain lengths.60 
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1.II.2 Diffusion 

 

Diffusion is the random translational motion of molecules, also known as Brownian 

motion. It is mostly driven by the internal thermal energy and can be driven by 

molecular spatial distributions, but also the self-molecular motion in a compound. 

Diffusion in ionic liquids is important to study, as it plays a central role in ion transport 

and will be strongly related to the inter-ionic and molecular interactions. Even more 

importantly from the point of view of lithium-based electrolytes, as the diffusion 

coefficient describes the translational dynamics it can be used to understand the 

relative dynamics of say the lithium ions relative to other ions/molecules in an 

electrolyte61. 

This self-diffusion coefficient can be measured by NMR62 (more details in Chapter 2 

Experimental NMR spectroscopy theory and methodology), and is given in units of 

m2
.s-1. Usually larger for small molecules or non-viscous samples, typical diffusion 

coefficients range from 10-7 to 10-14 m2
.s-1 39,43,63. For example the diffusion coefficient 

of water molecules in pure water is 2.57 × 10-9 m2
.s-1 at 25°C64. In the case of ionic 

liquids, providing the ions have different active nuclei, diffusion coefficients can be 

extracted as different ionic species are present (c.f. ionic liquids as electrolytes). 

NMR spectroscopy based diffusion measurements are commonly made for ionic 

liquids, and a lot of work has been published quantifying ion diffusion in ILs. For 

example, in work by Tokuda et al, different ionic liquid systems were studied by 

choosing the same cation BMIM (butyl imidazolium), but with different types of 

anions65, such as BF4, PF6, TFSI,CF3CO2 or (C2F5SO2)2N. In another work they 

investigated  the impact of the alkyl chain of the imidazolium cation with TFSI as the 

anion66, and in the last paper of the series, they changed the cation structure with 

TFSI as the anion67. These works aimed to understand how ionic liquid structures can 

impact the ionic liquid properties, in others words, how the microscopic ion dynamics 

relate to the macroscopic properties68. In fact, the huge variety of ionic liquids implies 

an ocean of potential studies with comparisons of ILs containing various different 

anions or cations such as in the study carried out by Noda et al69. They presented a 

study of different lithium TFSI addition on two specific system, ie. C3mpyr TFSI37 or 
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C4mpyr TFSI31, including different solvent addition to improve the electrochemical 

windows39. 

In fact, in most of these studies, the measured diffusion coefficients are very similar 

even if the system and its macroscopic properties can be very different. Usually, the 

diffusion coefficients ranged from 10-10 to 10-12 m2.s-1 depending on the temperature. 

A series of studies realised by Castiglione et al, reported studies of C4mpyr, with some 

using different techniques such as conductivity and viscosity measurements28, but 

mostly reporting diffusion and Nuclear Overhauser Effect (NOE) experiments (see 

below). Similarly to Tokuda et al, they studied the C4mpyr cation, with different 

anions, TFSI, (trifluoromethanesulfonyl)(nonafluorobutanesulfonyl)imide (IM14) and 

bis(pentafluoroethanesulfonyl)imide (BETI) and reported that the diffusion of the 

cation is faster than the anion in all three systems. As they were trying to 

understanding the anion-cation correlation in different systems, they also studied the 

C4mpyr TFSI system mixed with different concentrations of lithium salts70, followed 

by a study of C4mpyr BETI and C4mpyr IM14 also doped with lithium salt43, stating that 

mixing these ionic liquids with a lithium salt decreased the ionic conductivity. 

It is also interesting to mention some studies realised by Hayamizu et al. Indeed, 

among their different studies, such as the study of an ammonium cation with an 

oxygen on one alkyl chain and mixed with Li TFSI41, they made a series of publications 

on the rotational and translational motions in ionic liquids. They began the study with 

the C3mpyr cation with either FSI or TFSI mixed (or not) respectively with Li FSI and Li 

TFSI56, highlighting a strong correlation between the diffusional motion and the 

viscosity. An example of the extracted diffusion coefficients is presented in Figure 

1-8, with diffusion values between 10-10 to 10-12, in the temperature range from 353 

to 253 K. This worked was followed by a similar study, but this time on EMIM TFSI/FSI 

sample71 but also on EMIM and BMIM cation with BF4. 
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Figure 1-8: Arrhenius plots of the ion diffusion coefficients of the binary systems for a) C3mpyr-FSI-Li and 

b) C3mpyr-TFSI-Li. For comparison, D values of the neat P13-FSA and P13-TFSA samples are included in 

empty symbols 

As another example, Girard72 and co-workers investigated the electrochemical and 

physicochemical properties of P111i4FSI (i4 = isobutyl) (P=phosphorus) based ionic 

liquids. This sample was able to dissolve high concentrations of the Li FSI salt, up to 

3.8 mol.kg-1.  This study showed some interesting Li cation behavior. As can be seen 

in Figure 1-9, the diffusivity of all ions decreases as the Li+ concentration in the IL 

electrolyte increases, attributed to an increase in viscosity. However, at high 

concentrations the lithium diffuses faster than the phosphonium cations, permitting 

a higher transport number of Li+ above 2 mol.kg-1, and suggesting promising 

properties of concentrated IL electrolytes for battery applications. 
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Figure 1-9 : Diffusivity of the different nuclei in P111i4 FSI as a function of LiFSI concentration at 22°C72, 1H 

nuclei for the cation, 19F for the anion and 7Li for the lithium cation. 

The self-diffusion coefficients can also provide access to additional information. For 

example, from the self-diffusion coefficients of all of the species present in the liquid, 

the viscosity parameter can be extracted by using the Stokes-Einstein equation 

(Equation 1-1, where η is the viscosity and r the particle radius and C a constant that 

ranges from 6π under no-slip boundary conditions for the fluid on the particle surface 

to 4π under slip boundary conditions73,74) or the ionic conductivity of the sample can 

be calculated using the Nernst Einstein equation (Equation 1-2). This calculated value 

is usually higher than that measured from impedance spectroscopy because in 

diffusion experiments even neutral ionic clusters are measured. 

𝐷 =
𝑘𝐵𝑇

𝐶𝜂𝑟
 

Equation 1-1 

𝜎 =
𝐷𝑧2𝑒2𝑐

𝑘𝐵𝑇
 

Equation 1-2 

Where σ represent the conductivity, z the number of charge, e the elementary 

charge, C the molar concentration, kB the Boltzmann constant, and T the temperature 

in Kelvin. 

For example, Girard and co-workers used the extracted diffusion parameters, to 

calculate the ionic conductivity using the Nernst-Einstein equation. As shown on 
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Figure 1-10, the comparisons of the conductivity calculated by impedance 

spectroscopy (ΛM) with those extracted via these self-diffusion coefficients (ΛNE), 

show a difference between the two values. Indeed the diffusion coefficients 

determined by NMR spectroscopy represent an average mobility over all the ions 

whether an isolated ion, an aggregate or even when there is ion pairing, contrary to 

the conductivity measurements which measures only the mobility of the charged 

species (this matter will be discussed in the ENMR section below). Therefore the 

calculation of molar conductivity determined by NMR spectroscopy is usually higher 

than the experimental conductivity values. However this can provide information on 

transference numbers and ion pairing, through the calculation of the ionicity, which 

corresponds to ΛM over ΛNE.  

 

Figure 1-10: Ionicity plot of P111i4 FSI and various Li FSI concentrations at 22°C with the ideal molar 

conductivity presented as a block line.72 

 

For example, a study carried out by Lee et al39 showed the influence of the solvent 

addition on the properties of ionic liquids. Among other studies, they measured self-

diffusion coefficients for all the species (also the solvent) of quaternary ionic liquids 

with and without solvent and with or without lithium FSI salt. By measuring the 

conductivity, and also by using the self-diffusion coefficients, they showed that the 

ratio of these quantities is less than unity, and therefore concluding that all the 

diffusive species within the IL do not contribute to the overall ionic conduction, 
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probing the presence of aggregates or ions pairings in the IL. Secondly, using the self-

diffusion coefficients, they calculated the cationic transference numbers and lithium 

transference numbers showing that the cationic transference numbers are not 

affected by the addition of lithium, even if the lithium transference number is very 

low.  

Some other work45,75 also reported self-diffusion calculations to understand different 

ion association but also factors like the solvation sphere around the lithium.  

 

1.II.3 HOESY 

 

While ionic conductivities and even diffusion coefficients for individual ionic species 

can be measured experimentally in ILs relatively easily as shown above, these do not 

provide much insight into the molecular-level ionic transport mechanism or how that 

is related to the IL structure. Molecular dynamics (MD) simulations are extremely 

useful in this regard, but in this case some form of experimental verification is 

important. In order for a better fundamental understanding of the ion transport 

mechanisms of ionic liquids, NMR spectroscopy is a powerful tool. Numerous 

research groups have focused on NMR spectroscopy in order to study the ion 

associations in ILs. One of these NMR techniques, called HOESY (Heteronuclear 

Overhauser Effect SpectroscopY, see section 5), gives information on through-space 

interactions between different nuclei, which can theoretically provide information on 

how the ions are arranged relative to one another, their average distances and their 

dynamics.17,76,76–82 

An example HOESY IL study is that carried out by Castiglione et al70 on the C4mpyrTFSI 

system with LiTFSI salt added. As shown in Figure 1-11, some two-dimensional 1H-19F 

and 1H-7Li HOESY NMR spectra were obtained. Each peak on the top represents a 

different 1H environment on the pyrrolidinium cation, while the peaks on the left 

represent the 19F or 7Li NMR signals (only one chemical environment in each case). 
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Figure 1-11: Contour plots of {1H-19F} (top) and {1H-7Li} (bottom) HOESY NMR spectra. The horizontal 

spectrum at the top shows the 1H NMR spectrum and C4mpyr molecule labelled on the right.70 

 

The cross-peaks, i.e., the signals shown as contours in Figure 1-11, occur when the 

corresponding hydrogen site is close in space to the lithium or fluorine, allowing the 

magnetization to be transferred between them.  The assumption made is that the 

stronger the cross-peak intensity, the closer these nuclei are on average. These 

experiments were carried out on a system [LiTFSI]0.1[C4mpyrTFSI]0.9 and suggest that 

the molecular environment experienced by the Li+
 and TFSI-

 ions are similar.  

However, the cross peak intensity also depends on the relative numbers of protons 

present and no quantitative analysis was carried out. 

Another more recent study, also carried out by Castiglione et al.17, considered [LiTFSI] 

0.1[C3mpyrTFSI]0.9 and [LiTFSI]0.1[C3mpyrFSI]0.9. This time a more quantitative analysis 

was carried out. Multiple HOESY experiments were made with different mixing times, 

i.e., the time over which the magnetization transfers from one nucleus to the other. 

Some examples of 1H-19F HOESY results plotted as cross-peak intensity against mixing 

time (called a build-up curve) are shown in Figure 1-12.  
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Figure 1-12: {1H–19F} HOESY build-up curves for C3mpyrTFSI (left) and [LiTFSI]0.1[C3mpyrTFSI]0.9 

(right).17 

In the initial part of the build-up curve, the signal intensity increases due to the 

magnetization transfer between the nuclei. At longer mixing times, the intensity 

decreases due to nuclear relaxation. In order to avoid the relaxation effects, 

Castiglione et al. fitted the beginning of the build-up curve from 25 to 150 ms of 

mixing time by a linear function in order to extract a measure of the interaction 

strength from the slope as shown in Figure 1-13. 

 

Figure 1-13: Linear fit of HOESY intensities for C3mpyrTFSI (left) and [LiTFSI]0.1[C3mpyrTFSI]0.9 

(right).17 

These interaction strengths (measured directly from the slope of the linear fits) were 

normalized to the highest value. In Figure 1-14 the molecular structure of the cation 

is wrapped in shaded ellipsoids with a color code corresponding to the strength of 

the 1H-19F interaction determined in this way, red for strong and blue for 

medium/weak. These numbers were then interpreted as reflecting the average 1H-

19F distances, with higher numbers reflecting closer 1H-19F associations. This 

interpretation suggests that the addition of LiTFSI induces structural change in the IL, 
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causing the anions to show greater associations with the whole pyrrolidinium ring 

rather than just with the sites closest to the nitrogen. 

 

Figure 1-14: Illustration of the normalized {1H–19F} HOESY interaction strengths for C3mpyrTFSI (left) 

and [LiTFSI]0.1[C3mpyrTFSI]0.9 (right)17. 

In 2012, Giernoth et al.83 showed that these HOESY build-up curves can be fitted more 

reliably using a non-linear function that takes into account the NMR relaxation rates 

of the nuclei involved. The original equation, derived from the fundamental Solomon 

equations84, uses a single relaxation rate (R). 

𝑁𝑂𝐸𝐻{𝐹}(𝜏) =
1

2
𝑒−(𝑅−𝜎𝐻𝐹)𝜏(1 − 𝑒−2𝜎𝐻𝐹𝜏) 

Equation 1-3 

In this equation, it is assumed that all protons and fluorine-19 nuclei have the exact 

same relaxation rate. The quantity σ is known as the “cross relaxation rate” with 

dimensions of s−1. This parameter quantifies the HOESY interaction strength, and is 

discussed more in chapter 2. III. M0 represents the total magnetization involved in 

the transfer. 

Giernoth modified the HOESY equation to take into account the different relaxation 

rates of the nuclei: 
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𝑁𝑂𝐸𝐻{𝐿𝑖}(𝜏) = 𝑀0𝜎
2𝑠𝑖𝑛ℎ(𝛥𝜏)

𝛥
𝑒
−(𝑅𝐻,1+𝑅𝐿𝑖,1).𝜏

2  

𝛥 = √
𝑅(𝐻,1)
2 − 2𝑅𝐻,1. 𝑅𝐿𝑖,1 + 𝑅𝐿𝑖,1

2 + 4𝜎𝐻,𝐿𝑖
2

2
 

Equation 1-4 

By fitting the build-up curve using this equation, Giernoth et al. demonstrated that a 

better fit can be obtained than with the first equation (Figure 1-15). The 

approximation of linear behaviour is then only appropriate for very short mixing 

times and was suggested to be suitable for a qualitative interpretation of the 

interaction strength or inter-nuclear distance.  

 

 

Figure 1-15: Mathematical fits of the relative signal intensities for the H-2 proton of neat [Bmim] BF4, 

corresponding to three different equation83 

However, while this fitting allows the HOESY interaction strength to be determined 

via the extraction of a value for σ, there remains some uncertainty that this value can 

be simplistically interpreted as a qualitative measure of the average distance 

between the nuclei involved. 

In 2013 a study by Gabl81 et al highlighted a new theory regarding the interpretation 

of HOESY data in liquids and in particular in ILs. The magnetization transfer in HOESY 

is mediated by the dipolar coupling interaction, which has an r-6 dependence where r 
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is the inter-nuclear distance. It is therefore commonly assumed that this is a highly 

localized interaction and that the magnetization transfer will not occur between 

nuclei that are far apart. Interestingly, the theory by Gabl et al reveals that for nuclei 

on different ionic species with close resonance frequencies, this rule may not be 

followed and a long range effect can appear and follow a r-n dependence with n 

between 1 and 6. This implies that HOESY data obtained from nuclei like 1H and 19F 

(which are close in frequency) will in fact be much more difficult to analyse, and the 

cross relaxation rate σ extracted from the fitting much more difficult to interpret.  

Even more challenging is to convert the experimentally obtained σ values into inter-

nuclear distances. Since the ions in ILs are dynamic and the HOESY magnetization 

transfer occurs via nuclear relaxation processes driven by these dynamics, the use of 

data obtained from MD simulations (specifically the spectral densities of these 

motions) will be needed to achieve this. To the best of our knowledge, HOESY data 

has not been quantitatively linked with MD simulations in IL studies thus far. 

In addition to the few examples described above, some other HOESY studies were 

carried out on ionic liquids samples. In order to get more insights about ion 

correlations in ionic liquids, we can consider the publication of Lingscheid et al.80 who 

studied different imidazolium systems, choosing the butyl-imidazolium and the ethyl-

imidazolium with either BF4 or PF6, and with different solvents, either CD2Cl2 or 

DMSO-d6. General proton notation can be seen in Figure 1-16. 

.  

Figure 1-16: General assignment of the protons for imidazolium80  

For these systems, 1H-19F experiments were carried out, and cross relaxation values 

were extracted as shown in Figure 1-17. Two main conclusions were made by the 

authors. First, no significant differences in terms of cross relaxation rates NOE 

intensities were observed between samples with BF4 as a counter anion and those 

with PF6. However, differences were found when changing the solvent, first of all the 
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signal is a bit more intense in CD2Cl2 as opposed to those in DMSO-d6, which can be 

explain by the lower polarity of the solvent CD2Cl2, leading to stronger ion pairings 

and thus stronger NOE signal. Nevertheless, authors explained that in comparison to 

a dilute sample, the neat sample shows more intense signal and greater differences 

between individual cross signals. Secondly, they noticed that the cross relaxation 

rates trends for the neat and the solution ILs are very similar as we can see in Figure 

1-17. The strongest correlations between the cation and the anions are seen for H2 

and then H1’ protons, and then followed by H4 and H5. In fact the weakest 

interaction can be observed from the protons on the alkyl chain. However, this way 

of comparing normalized cross relaxation rate by the highest cross relaxation rate 

value is controversial. This thesis will in fact point out that normalizing cross 

relaxation rates with the maximum value on each specific system can’t be meaningful 

and can lead to misunderstanding.  

 

Figure 1-17: Relative cross relaxation rates between the protons and the 19F nuclei on the anion. In each case 

the strongest interaction (H-2) has been used for normalization. * Unrealistic high value, most possibly due 

to an experimental error.80 

Another interesting publication by Le et al39, reports the interactions in a dilute ionic 

liquids system, an ammonium TFSI (N1116 TFSI) doped with Li TFSI and diluted with 

ethylene carbonate (EC). The cation structure is represented and labeled on Figure 

1-18, alongside a 1H-7Li HOESY experiments. A strong correlation with the N-CH3 can 

be observed, as well as a correlation with the solvent, but no transfer is observable 

on the alkyl chain. According to the authors, after having recorded the HOESY 

experiment at different mixing time, as shown in the inset of Figure 1-18, the two 

sites correlating with the lithium have a similar intensity, highlighting that in this 
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specific system, the lithium is solvated with the EC but also that there are ionic 

clusters with the TFSI anion. 

 

Figure 1-18: 7Li−1H HOESY spectrum of N1116TFSI + LiTFSI measured at 313 K. 7Li and 1H spectra are 

presented as 1D traces, with assignments (mixing time = 500 ms, T = 313 K). Inset: build-up magnetization 

for ammonium CH3N site and EC site normalized by the effective number of hydrogens on each site.50 

In fact the two described publications from Castiglione et al17,70, come from a series 

of works17,28,43,70 following an interesting progression. In these works, they began to 

focus on three samples28 as shown in Figure 1-19, the N-methyl-N-butyl-pyrolidinum 

(C4mpyr) cation, wih three different types of anion, bis(trifluorosulfonyl)imide (TFSI), 

the bis(pentafluoroethanesulfonyl)imide (BETI) and the 

(trifluoromethanesulfonyl)(nonafluorobutanesulfonyl)imide (IM14). As shown on 

Figure 1-20 and Figure 1-21, they carried out some 1H-19F HOESY experiments on 

these samples.  
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Figure 1-19: Representation and general assignment of different ions, Left: C4mpyr cation. Right: TFSI- 

(top), BETI- (middle), and IM14- (bottom) anions28 

From the HOESY spectra for C4mpyr TFSI  at one specific mixing time, shown in Figure 

1-20, they concluded that the TFSI anion is close to the hydrogen sites H6, H7 and H5, 

thus close to the protons belonging to the pyrrolidinium group and the N-methyl 

group of the cation (Figure 1-19), and as the NOE intensities related to the 

interactions with H2, H3 and H4 are below the noise level, authors suggest that thus 

there is almost no interactions with the tail of the alkyl chain. In fact, according to the 

HOESY results, similar conclusions can therefore be reached about the two other 

samples as similar HOESY patterns are observed on both CF2 and CF3 groups of sample 

2 (C4mpyr BETI), but also on the isolated CF3 group of sample 3 (C4mpyr IM14). 

Therefore authors suggest that these results highlight that the different anions 

studied are all interacting with the C4mpyr cation. Furthermore, they are showing the 

anion belong indeed to the coordination shell of the cation, but at a specific place, 

around the nitrogen. 

 

Figure 1-20: Contour plot of the 1H-19F HOESY experiment to C4mpyr TFSI. Atom numbering according to 

Figure 1-19.28 
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Figure 1-21: Contour plot of the 1H-19F HOESY experiment on C4mpyr BETI. Atom numbering according 

to Figure 1-19.28 

This work was followed by a study of the specific C4mpyr TFSI system70, but this time, 

also mixed with Li TFSI. These results were explained earlier, and as shown in Figure 

1-11, they are confirming the previous HOESY 1H-19F results of the corresponding neat 

sample. But interestingly, here, as still shown on Figure 1-11, we can see that the 1H-

7Li HOESY experiments show the same trend as the 1H-19F HOESY experiments. 

Therefore, the authors suggest that despite the presence of the positive charge on 

both cations, the lithium is strongly coordinated to the TFSI, and thus the TFSI and 

the lithium, experience a similar spatial coordination with the C4mpyr.  

The next publication following these works43, presented similar results but this time 

on the C4mpyr BETI and C4mpyr IM14 samples doped with respectively Li BETI and Li 

IM14. As a NOE correlation can be extracted between the lithium and cation, despite 

the positive charge on both, the authors claimed that these results confirmed that 

the negatively charged complexes such as [Li(X)2]- (X=TFSI, BETI,IM14) exist in these 

electrolytes. 

The last publication of the series has already been mentioned17. This time Castiglione 

et al, studied the C3mpyr TFSI and C3mpyr FSI systems mixed or not with Li TFSI, and 

a mixture between the C3mpyr TFSI, the C3mpyr FSI and the Li TFSI this time by doing 

a series of HOESY experiments and extracting the cross relaxation rates by linearly 

fitting the first few points. Both 1H-19F HOESY and 1H-7Li HOESY experiments were 

reported, and the 1H-19F HOESY experiments show a similar trend to the previously 

studied samples with (as explained earlier) a greater anion-cation association when 
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Li TFSI is added. However, by taking a look at the 1H-7Li HOESY experiments an 

interesting feature and conclusion can be found. Indeed, in Figure 1-22 (the 

nomenclature corresponding to the sample composition is detailed in the figure), 

data of the PY9101 (left panel) suggest that the Li show great association to the 

hydrogen close to the nitrogen, which can be explained by chelation by TFSI ligands 

which are preferentially located around the positive charge of the nitrogen. These 

results are supported by lithium cation associations on sample PY9191 (right panel), 

as this shows similar association, albeit slightly weaker, which can be explained by 

the lesser hydrogen bonding properties of the FSI ligand compare to the TFSI ligand. 

 

Figure 1-22: Graphical sketch of the normalized {1H–7Li}NOE intensity for the two mixtures 0.9 

C3mpyrTFSI–0.1 LiTFSI (left, PY9101) and 0.9 C3mpyrFSI–0.1 LiTFSI (right, PY9191). The results for the 

intermediate composition 0.3 C3mpyrTFSI–0.6 C3mpyrFSI–0.1 LiTFSI (PY9461, central panel) are also 

reported. The numbers correspond to the extracted cross relaxation rates from the linear fitting. The shaded 

volumes are proportional to the “probability of presence” of the lithium atoms. The red color indicates 

normalized intensity values greater than 0.5.17 

However, when the authors comparing PY9101 and Py9191 (respectively left and 

right panel), one can note, that a striking feature arises; indeed, in Py9191, a high 

NOE intensity can be seen on the hydrogens at the end of the alkyl chain. In fact this 

feature can be also seen on PYR9461 (middle panel) although somewhat weaker. 

Thus, the authors suggest that this interaction involving the end of the alkyl chain is 

modulated by the TFSI/FSI ratio, potentially having consequences on the structure 

and on the size of the first solvation shell of the ions. However, one should note that 

again, normalizing cross relaxation rates from the highest value on each specific 

system is not appropriate if we want to compare one system to another. 

 

1.II.4 ENMR 
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Electrophoretic NMR spectroscopy was first shown experimentally by Holz et al85–89 

and Johnson et al90–92, but despite being it’s obvious benefits for studying ionic 

systems, is not a widely used technique due to the lack of commercial 

instrumentation as well as significant experimental challenges, such as electro-

osmosis, convection, weak signal strengths and so on. In recent years much effort has 

been put into overcoming these technical problems. ENMR spectroscopy 

experiments are similar to traditional pulse field gradient diffusion experiments, 

using spin echoes with gradient pulses in order to detect the displacement of the 

moving nuclei along the magnetic field gradient, due to loss of intensities created by 

an incomplete refocusing. In ENMR spectroscopy an electric field is also used which 

results in a coherent component due to the migration of the nuclei along the electric 

field. Therefore, this displacement will induce a phase shift corresponding to the 

mobility of the studied ions under the applied electric field. 

As explained above, in the case of fully dissociated ions, such as in diluted salt 

solutions, the self-diffusion coefficients can be used to calculate the conductivity. 

Concentrated ionic liquids, however, can show strong associations leading to species 

such as neutral ion pairs or clusters, causing huge discrepancies between the 

conductivity observed by impedance spectroscopy and that calculated using the self-

diffusion parameters. Therefore, the electrophoretic mobility parameter should be 

more relevant to conductivity, as it corresponds only to the charged species. The 

conductivity can be thus derived directly from the ENMR, and in turn be used to 

calculate the transference numbers and potentially ion pairing, if compared with 

conductivity extracted from self-diffusion parameters. 

As a deeper understanding of ion association and transference numbers can lead to 

a better understanding on the conduction mechanism, several studies have reported 

the calculation of transference number through self-diffusion measurements or 

mobility measurements12,75,93–95. The calculations of the mobility using ENMR 

experiments53,75,92,93,96–99, are still tricky. Indeed, a small phase shift is complicated to 

extract. In fact, due to the presence of metal electrodes in the cell, a lot of electrical 

noise can be picked up by the radiofrequency NMR coil. In addition, non-

electrophoretic artefacts, mostly thermal convection or electro-osmosis, can be 
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important. One easy way to improve the phase shift is to increase the gradient, but 

unfortunately increasing the gradient further reduces the extracted signal, and 

exacerbates convection effects. The other potential parameters, like the distance 

between the electrodes or the applied voltage, can create additional problems such 

as increasing the electro-osmosis or increasing convection. Thus there is a need for 

improved cell designs and improved pulse sequences for ENMR96–99. 

For example, one current cell design is a cylindrical sample, as shown in Figure 1-23 

(left), with palladium electrodes at the top and bottom. Insulation tubes around the 

wires avoid short circuits. As can be seen, in Figure 1-23 (right), Zhang et al completed 

this cell by adding capillaries between electrodes to avoid convection.  

 

Figure 1-23: Classical cell design with insulators for the electric cables (left)98, similar cell design but with 

capillaries and shrink tubes in order to avoid the convection (right)97 

A recent study carried out by Gouverneur et al100 shows a very interesting 

observation of Li ion transport in lithium based ionic liquids. They studied by ENMR 

the mobility and transference numbers of ions in two different ionic liquids, 

LiTFSI/EMIMTFSI and LiBF4/EMIMBF4. In order to extract the mobilities for all types 

of ions, they carried out the experiments as shown in Figure 1-24 with an applied 

magnetic field gradient. As the phase shift of the signal is due to the mobility which 

is magnetic field dependent, the stronger the gradient is, the bigger the phase shift 

will be. Thus they recorded experiments at different gradient strengths in order to 

extract a wide range of phase shifts. By doing a linear regression of these curves, they 

could extract the mobility with only a series of spectra at different gradient strength. 

Furthermore, this data representation allows the distinction of the drift direction of 
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the species due to the sign of the slope of phase shifts values as the phase shift is also 

dependent on the ion directions (towards the cathode or anode). 

 

Figure 1-24: Phase in dependence on the gradient strength in 0.25 mol L-1 LiBF4/EmimBF4 for (a) 1H, (b) 19F 

and (c) 7Li with ΔDrift = 300 ms for all nuclei. Errors are estimated at ± 3°. The red line results from a linear 

regression.100 

By taking the modulus of the mobilities, one can notice from Figure 1-25 that the 

mobility of the cation is similar in both samples, but the mobility of the anion is higher 

with BF4 rather than TFSI. This can be explained by the relative smaller size of BF4 

compared to the TFSI. Now we can discuss the mobility values of both systems, upon 

lithium addition. In case of the TFSI system, the addition of 25% of lithium salt led to 

a decrease of the EMIM mobility by 25%, but had no further influence upon 50% of 

lithium salt addition. Interestingly, this effect is the reverse on the anion, which was 

not significantly affected by a 25% of salt addition, but decreased by almost 50% on 

the addition of 50% of lithium salt. These effects can be related to the formation of 

large clusters at high concentrations, probably involving lithium. 

In regard to the BF4 system shown in Figure 1-25 b), compared to the TFSI system in 

Figure 1-25 a), the mobility of the cation is almost unaffected upon lithium addition, 

compared to the anion mobility with increasing lithium addition. This impact on the 

anion mobility alone can be explained by strong coulombic interactions between 

lithium and BF4. One should note that all of these results indicate a correlated 
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migration between the lithium and the anion, but also that these results are 

consistent with previous studies of ion diffusion28,100,101. Furthermore in Figure 1-24 

b) we can see that the anion travels in the opposite direction to the cation EMIM on 

Figure 1-24a), but interestingly, as shown in Figure 1-24 c), the lithium travels in the 

same direction as the cation. 

Additional parameters were extracted in this work such as transference numbers or 

the effective charge of the ions, all of which can lead to a better understanding of the 

Li transport mechanism. 

 

Figure 1-25 : The electrophoretic mobility in (a) LiTFSA/EmimTFSA and (b) LiBF4/EmimBF4 in 

dependence of the lithium salt concentration. Black squares: 1H, red circles: 19F, blue triangles: 7Li. Error 

bars are calculated from the standard deviation100 

Despite the work described above, many challenges remain in developing ENMR 

apparatus and techniques for IL studies. Indeed, a very high voltage as still used for 

ionic liquids, such as 100-200 V and a big distance between electrodes, up to 4-5 cm 

which currently does not correspond to realistic enough cell parameters. Also, 

compared to standard diffusion experiments, the signal to noise ratio is usually very 

low, due to some field inhomogeneity created by the electrical current flow99, but 

also due to the presence of the electrodes. Therefore, slow diffusion and mobility are 

difficult to measure, particularly for viscous sample such as ionic liquids.  

 

1.II.5 DNP 

 

NMR can suffer from the insensitivity of certain nuclei, either due to their low 

gyromagnetic ratios or low abundance of the observable isotopes. One way to 
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overcome this problem is to use higher magnetic field strengths, but these results in 

only incremental gains in polarisation. Another way is to use hyperpolarization 

techniques, where the nuclear polarization is enhanced far beyond the Boltzmann 

equilibrium by the manipulation of the spin state. The most popular current method 

is dynamic nuclear polarization (DNP), originally predicted by Albert Overhauser in 

1953102, and first demonstrated experimentally by Carver and Slichter103. DNP uses 

gyrotron microwave (MW) sources in order to enhance the polarization of nuclei in 

samples containing radicals (unpaired electrons). This enhancement is due to the 

irradiation of the electron spin, usually added through radicals such as TEKPOL or 

TOTAPOL (1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol), resulting in a transfer 

of polarisation to the nuclei via one or more potential mechanisms such as the 

Overhauser Effect, the solid effect, the cross effect or thermal mixing. Despite being 

discovered and verified more than half a century ago, DNP was until relatively 

recently not a widely use technique due to the lack of high power microwave sources. 

The new development and implementation of high field gyrotrons up to the terahertz 

frequency range led to the creation of high field DNP spectrometers, enabling the 

study of either liquid or solid state samples, the latter using Magic Angle Spinning 

(MAS)-DNP. 

  

Figure 1-26: a) TEKpol bi radical and b) TOTAPOL bi radical molecular representation 

 As DNP is still a rapidly developing technology and methodology, a lot of current 

studies aim at developing the technique in term of sensitivity. For example, 

researchers have reported improved signal enhancements, such as 50000 for fast 

dissolution DNP (dDNP)104. One way to improve the signal enhancement is via the 

development of new radicals to increase the transfer105. Also as the DNP transfer is 

generally much more efficient at very low temperatures (e.g., 100 K which is achieved 
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by cooling with liquid nitrogen), one other area of research is to carry out DNP at 

even lower temperatures by using liquid helium106. Such developments have enabled 

NMR spectroscopy studies of new systems that otherwise would not have been 

possible due to the lack of sensitivity, such as low concentration biological samples, 

solid surfaces, or insensitive nuclei such as 17O. 

Chandrakumar et al107, carried out DNP NMR spectroscopy studies on ionic liquids 

using the electron-nuclear Overhauser DNP effect. In a three spin system as seen in 

Figure 1-27 a) one can observe a simple exponential build-up polarization curve of 

the signal enhancement due to the transfer from the electron spin to the nuclear 

spin. If an NOE transfer between the two nuclear spins is included the ODNP build-up 

curve will exhibit maxima or minima. This behaviour is due to the cross relaxation 

transfer occurring between the two nuclear spin, which is also an indication of 

nucleus proximity (similar to HOESY as described above). 

 

Figure 1-27: Schematic polarization build-up curves derived from the Schematic polarization build-up 

curves derived from the analytical solution of the Solomon equations in the case of: a) either one of two non-

interacting two-spin systems (each comprising a different nuclear spin but a common electron spin); and b) 

a three-spin system (two interacting nuclear spins and an electron spin that interacts with both).107 

Chandrakumar et al. studied different IL samples, as shown on Figure 1-28. They 

observed that for the samples at 1:1 v/v mixture of BMIM-TFSI and benzene with 15 

mM of galvinoxyl free radical, the 19F build up was exponential, corresponding to the 

fact that the electron spin to nuclear spin transfer is predominant. When the same 

experiment was carried out on the pure BMIM-TFSI sample, without dilution, the 

build-up curve exhibited a minimum, which can be explained by ion clustering 

inducing some nuclear spin to nuclear spin transfer, i.e. the NOE effect. 
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Figure 1-28: Polarization build-up curves of BMIM-TFSI with 15 mm galvinoxyl free radical for 19F (a) and 
19F of a 1:1 v/v mixture of BMIM-TFSI and benzene (b). The inset in (a) displays 19F spectra under 

Boltzmann conditions (“MW off”) and under ODNP enhanced conditions (“MW on” for 0.5 s and 5 s 

polarization time, respectively). b) Displays the monotonic exponential build-up of 19F polarization 107 

 

1.III Conclusion and perspectives 

 

It has been shown herein part of why ionic liquids raised a tremendous interested 

through the electrochemical community. The large number of potential systems 

makes the understanding of the internal structure and the ions motions unavoidable. 

Among all the techniques which can be used in order to study the ionic liquids 

structure, the nuclear magnetic resonance has already demonstrated the capability 

of extracting parameter such as the diffusion coefficient. However most studies only 

describe the behavior of individual species rather than an overall view of the system. 

Thus some research projects were oriented on the HOESY NMR experiments, which 

permit to study the interactions between different nuclei, and thus can lead to the 

interactions between ions, and then to distance extraction. Nevertheless, most of the 

studies only reported qualitative results. In order to be able to extract more 

quantitative results and to be able to compare systems on to another in a quantitative 

way, the HOESY experiment need to be developed both in the data acquiring, but 

also in the data processing. Other techniques such as the DNP or the ENMR 

experiments have the potential to correlate and complement quite well the results 

extracted by the HOESY experiments. 
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2.I Introduction 

 

In order to study samples by NMR spectroscopy, magnetic nuclei are needed, 

meaning nuclei which will interact with the magnetic field. In the NMR magnet, the 

nucleus will interact with the main magnetic field B0. The magnetic moment μ of the 

nucleus interacts with B0 with an energy described by Equation 2-1. 

𝐸 = −𝜇 · 𝐵0 

Equation 2-1 

In a sample, all nuclei have their own magnetic moment pointing in a different 

direction for each of them. In fact these magnetic moments are characterized by a 

quantum property called spin S, and the magnetic moment and the spin are directly 

proportional (Equation 2-2), with γ corresponding to the gyromagnetic ratio 

𝜇 = 𝛾𝑆 

Equation 2-2 

When these magnetic nuclei are put into a magnetic field, the Zeeman effect causes 

the nuclear spins to precess about the direction of the external magnetic field (Figure 

2-1), at a characteristic frequency ω0 for each nucleus, called the Larmor frequency, 

and described by Equation 2-3 

𝜔0 = −𝛾𝐵0 

Equation 2-3 

 

Figure 2-1: Precession around the magnetic field108 
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In a bulk sample, the distribution of spin orientations is initially random, but in a 

magnetic field B0, the individual magnetic moment of each nucleus will be affected 

by additional internal magnetic fields such as those arising from the surrounding 

nuclei, which will change their magnetic moment orientation. Over time, an 

anisotropic distribution of orientations will be created with magnetic moments along 

the field slightly more probable than orientations with magnetic moments opposed 

to the field. This creates a net bulk magnetization Meq along the magnetic field, a 

state called thermal equilibrium (Figure 2-2).  

 

 

Figure 2-2: Net magnetization along the external magnetic108  

This process of rearrangement of magnetic moments in order to reach the thermal 

equilibrium is characterized by a time called T1, known as the longitudinal relaxation 

or spin lattice relaxation time. The timescale of the longitudinal T1 relaxation is 

described by the following expression: 

𝑀(𝑡) = 𝑀𝑒𝑞(1 − 𝑒
−𝑡
𝑇1 ) 

Equation 2-4 

Note that the T1 parameter is not the time that the system takes to fully relax. 

According to the Equation 2-4, when t = 5.T1, 99.3% of the whole equilibrium 

magnetization is recovered. In order to carry out quantitative NMR experiments, at 

least five times T1 of the nuclei of interest is necessary between each experiment 

(scans). Otherwise, if only a qualitative experiment is needed, only 1.256 times T1 is 
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required, as it will give the best sensitivity, and thus the best signal over noise ratio, 

as shown in Figure 2-3. 

 

Figure 2-3: Sensitivity as a function of T1 relaxation and recovery time 

The principle of NMR is to apply a radio frequency pulse (RF) at the Larmor frequency, 

in order to create a rotation of the net magnetization away from the external 

magnetic field. The RF field changes the orientation of the spins which rotate around 

the RF field, modifying the angle of the net magnetization. After a 90° pulse the 

magnetisation precesses around B0, inducing an electric current in a wire coil near 

the sample. It is possible to detect this small oscillating current by using a sensitive 

detector. The detected signal is called the FID (free induction decay) and the Fourier 

transform of the signal gives the NMR spectrum on a frequency scale. 

As the equilibrium situation has magnetization of size M0 along the z axis and no 

transverse (x or y magnetization), by applying an electromagnetic pulse to tip the 

longitudinal magnetization vector through an angle of 90°, transverse magnetization 

is created as shown in Figure 2-4. 
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Figure 2-4: Net magnetization in the xy plan (transverse magnetization)108 

Over time, due to the fluctuating internal magnetic fields, relaxation will cause this 

transverse magnetization to decay away to zero. This relaxation process occurs in the 

xy plane, and is known as transverse relaxation, characterized by a time T2. The 

timescale of the transverse T2 relaxation is described by the following expression: 

𝑀(𝑡) = 𝑀𝑒𝑞𝑒
−𝑡
𝑇2  

Equation 2-5 

In practice, the magnitude of B0 is not perfectly the same in every position on the 

sample, and these slight differences in field in the sample are called inhomogeneities. 

Although these inhomogeneities are usually small, they can be lead to an observable 

difference in Larmor frequency. Thus, individual magnetic moments will precess at 

slightly different frequencies. As some magnetic moments will therefore be faster 

and some slower, this is characterize in the transvers plane, by a dephasing between 

spins, thus leading to a shrinking of the net M0 magnetization in the xy plane. The 

result of this effect is that M0 will decay faster, and this decay of the observed FID is 

in fact characterized by a second parameter called T2*, corresponding to: 

1

𝑇2
∗ =

1

𝑇2
+
𝛾𝛥𝐵0
2𝜋

 

Equation 2-6 

In this expression, ΔB0 is the variation in the external magnetic field experienced by 

the nuclei (the field inhomogeneity). Thus one should note that T2* is always shorter 

than (or equal to) T2. 



Experimental NMR theory and methodology 
 

43 
 

 

2.II T1 spin lattice relaxation 

 

As explained earlier the T1 parameter is very important for quantitative NMR, and it 

is also useful to measure for other reasons. A commonly used experiment for 

measuring T1 is called the inversion-recovery experiment as shown in Figure 2-5 

 

Figure 2-5: Inversion recovery pulse sequence (D1 corresponds to the recycle delay between each 

experiments, in order for the magnetisation to reach back equilibrium before the new scan) 

This experiment consists of a 180° pulse, which inverts the magnetization followed 

by a variable delay (D2) before an excitation pulse (Figure 2-6). In order to measure 

T1, the D2 delay is incremented. During D2 the magnetisation relaxes along the z axis 

and the excitation pulse allows the size of the magnetisation vector to be measured 

during this process.  For short D2, an inverted signal will appear and as the recovery 

time increases, the signal will pass through zero which at D2 = τnull and T1 corresponds 

approximately to 1.44*τnull. 

 

 

Figure 2-6: Evolution of the signal intensity due to longitudinal relaxation as function of D2, with the zero 

crossing61 
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2.III Relaxation theory 

 

2.III.1 Spectral density 

 

Relaxation is driven by statistical fluctuations in the internal magnetic fields that the 

nuclei experience over time. This can be caused by the rotational movements of 

molecules which modulate the interactions experience by the relaxing spins. 

Statistical fluctuations can be mathematically described by the autocorrelation 

function G(τ) which gives the time average of the difference between a spatial 

component of one spin's magnetisation between a time t and t+δ. The 

autocorrelation function is usually assumed to take a simple, exponential form:  

 

Equation 2-7 

Where Bx is the fluctuating magnetic field and the constant τc is called the correlation 

time. If a molecule rotates fast, and therefore experiences fast fluctuations, it will be 

characterised by a rapidly decaying autocorrelation function and a short τc. A slowly 

rotating molecule on the other hand has a large correlation time and a slowly 

decaying autocorrelation function.  

Nuclear relaxation is driven by spin transitions caused by these randomly fluctuating 

fields. The transition probability between two spin states is dependent on the 

spectral density function J(ω), which is defined as the Fourier transform of the 

autocorrelation function. (Figure 2-7) 

𝐽(𝜔) =
𝜏𝑐

1 + 𝜔2𝜏𝑐2
 

Equation 2-8 

Specifically, the relaxation will depend on the value of the spectral density at 

particular frequency values (ω).  For example at ω = 0: 
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𝐽(0) = 𝜏𝑐 

Equation 2-9 

 

Figure 2-7: Spectral density representation (with different correlation time number) as a function of the 

larmor frequency 

 

2.III.2 Longitudinal relaxation against temperature 

 

In fact, according to theory first derived by Bloembergen, Purcell and Pound (BPP)109 

,the T1 parameter, is in fact inversely proportional to the spectral density at the 

Larmor frequency J(ω0):  

𝑇1 ∝
1

(
𝜏𝑐

1 + 𝜔0
2𝜏𝑐

2)
 

Equation 2-10 

According to this BPP theory109, the constant of proportionality in the above 

expression depends on the nature of the interaction from which the fluctuating 

magnetic fields originate.  

As τc is a temperature dependent parameter, the temperature dependence of log (T1) 

can be plotted using the BPP equation and the Arrhenius equation (Equation 2-11): 
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𝜏𝑐(𝑇) = 𝜏0exp (
𝐸𝐴
𝑅𝑇

) 

Equation 2-11 

Therefore experimental plot of log (T1) against temperature can be fitted and the 

correlation time and activation energy for the molecular motions causing the 

relaxation can be extracted. The results of this plot is a characteristic V shape as 

shown in Figure 2-8, with a minimum when the correlation time matches the inverse 

of the Larmor frequency , thus when ω0τc=1. 

 

Figure 2-8: The temperature dependence of the T1 parameter (figure taken from Dr Luke O’Dell lectures 

note) 

However, in practice, the T1 relaxation of a nucleus can be driven by several types of 

interactions. 

 

2.III.3 Transverse relaxation against temperature 

 

Similarly, in the case of transverse relaxation, the T2 can be related to the correlation 

τc as shown in Equation 2-12 

𝑇2 ∝
1

𝐴𝜏𝑐 + 𝐵 (
𝜏𝑐

1 + 𝜔0
2𝜏𝑐2

)
 

Equation 2-12 
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In this expression, the constants A and B depend on the particulars of the interaction 

causing the relaxation. In the case of very small τc values, the A term is negligible. This 

case is called the motional narrowing limit, where T2 is on the similar size as T1 (Figure 

2-9). This conditions is often encountered for very small molecules and/or in low 

viscosity samples, as in that case, the molecular motions represented by the 

correlation time are fast (τc is small). On the other hand, with very viscous samples, 

or even solids, the A term dominates, and T2 becomes very short. 

 

Figure 2-9: Temperature dependence of T1 and T2 parameter (figure taken from Dr Luke O’Dell lectures 

note) 

 

 

2.III.4 Different relaxation interactions 

 

In general, there are five NMR interactions that can contribute to the T1 relaxation: 

1

𝑇1
=

1

𝑇1
𝐷𝐷 +

1

𝑇1
𝐶𝑆𝐴 +

1

𝑇1
𝑆𝑅 +

1

𝑇1
𝑆𝑐 +

1

𝑇1
𝑄 

Equation 2-13 
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Where T1
DD, T1

CSA, T1
SR, T1

Sc and T1
Q

 are the relaxation times associated with the 

magnetic dipole-dipole interaction, chemical shift anisotropy, spin rotation, scalar 

coupling, and the quadrupolar interaction respectively. 

In order to understand relaxation process in an ionic liquid system, the following 

section will focus on the study at a two spin system. By considering a two spin system, 

the energy level diagram will be represented as shown Figure 2-10. 

 

Figure 2-10: Energy level of a two spins system (figure taken from Dr Luke O’Dell lectures note) 

In such a system, relaxation can occur via different transitions, known as the zero 

quantum transition W0, the single quantum transition W1 and the double quantum 

transition W2. The longitudinal relaxation can be described as the rate of change of 

the z component of the angular moment of both spins: 

𝑑〈Î1𝑧〉

𝑑𝑡
= −𝑅1(〈Î1𝑧〉 − 〈Î1𝑧〉

𝑒𝑞) − 𝜎12(〈Î2𝑧〉 − 〈Î2𝑧〉
𝑒𝑞) 

Equation 2-14 

𝑑〈Î2𝑧〉

𝑑𝑡
= −𝜎12(〈Î1𝑧〉 − 〈Î1𝑧〉

𝑒𝑞) − 𝑅1(〈Î2𝑧〉 − 〈Î2𝑧〉
𝑒𝑞) 

Equation 2-15 

Where 
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𝑅1 = 𝑊0 +𝑊1
1𝛼 +𝑊1

1𝛽
+𝑊2 

Equation 2-16 

𝑅2 = 𝑊0 +𝑊1
2𝛼 +𝑊1

2𝛽
+𝑊2 

Equation 2-17 

𝜎12 = 𝑊2 −𝑊0 

Equation 2-18 

In the case of homonuclear spins, the equation of motion for the observable quantity 

can be written as the sum of the magnetization, thus: 

𝑑(〈Î1𝑧〉 + 〈Î2𝑧〉)

𝑑𝑡
=
𝑑〈Î1𝑧〉

𝑑𝑡
+
𝑑〈Î2𝑧〉

𝑑𝑡

= −(2𝑊1 + 2𝑊2)(〈Î1𝑧〉 + 〈Î2𝑧〉) − (〈Î1𝑧〉
𝑒𝑞 + 〈Î2𝑧〉

𝑒𝑞) 

Equation 2-19 

Leading to a solution with T1 where T1 in this case is given by: 

1

𝑇1
= (2𝑊1 + 2𝑊2) 

Equation 2-20 

The expression of the transition probabilities can be calculated to be 

𝑊0 =
1

10
(
𝜇0
4𝜋

)2
ħ2𝛾1

2𝛾2
2

𝑟6
𝜏𝑐

1 + (𝜔1
2 − 𝜔2

2)𝜏𝑐2
 

Equation 2-21 

𝑊1
1 =

3

20
(
𝜇0
4𝜋

)
2 ħ2𝛾1

2𝛾2
2

𝑟6
𝜏𝑐

1 + 𝜔1
2𝜏𝑐2

 

Equation 2-22 

𝑊2 =
3

5
(
𝜇0
4𝜋

)2
ħ2𝛾1

2𝛾2
2

𝑟6
𝜏𝑐

1 + (𝜔1
2 +𝜔2

2)𝜏𝑐2
 

Equation 2-23 

By including these values of transitions probabilities in eq, the homonuclear dipole 

relaxation can be written as follow: 
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1

𝑇1
𝐷𝐷 =

3

10
(
𝜇0
4𝜋

)
2 𝛾4

𝑟6
(

𝜏𝑐
1 + 𝜔2𝜏𝑐2

+
4𝜏𝑐

1 + 4𝜔2𝜏𝑐2
) 

Equation 2-24 

Corresponding to  

1

𝑇1
𝐷𝐷 =

3

10
𝑑12

2(
𝜏𝑐

1 + 𝜔2𝜏𝑐2
+

4𝜏𝑐
1 + 4𝜔2𝜏𝑐2

) 

Equation 2-25 

With d12 corresponding to the dipolar constant: 

𝑑12 = −
ħ𝜇0𝛾1𝛾2
4𝜋𝑟3

 

Equation 2-26 

Using the same methodology, the dipolar relaxation equation of an heteronuclear 

coupling with one spin relaxation much faster than the other spin can be calculated.  

1

𝑇1
= (𝑊0 +𝑊1

1 +𝑊2) 

Equation 2-27 

Thus, 

1

𝑇1
𝐷𝐷 =

1

10
(
𝜇0
4𝜋

)
2 ħ2𝛾1

2𝛾2
2

𝑟6
(

𝜏𝑐
1 + (𝜔1 − 𝜔2)2𝜏𝑐2

+
3𝜏𝑐

1 + 𝜔1
2𝜏𝑐2

+
6𝜏𝑐

1 + (𝜔1 + 𝜔2)2𝜏𝑐2
) 

Equation 2-28 

Additionally, it should be noted that this expression corresponds to an heteronuclear 

relaxation between two spin half nuclei. Thus, on a precautionary basis, Equation 

2-29 correspond to the heteronuclear relaxation between a half integer spin and a 

quadrupole spin. 

1

𝑇1
𝐷𝐷 =

2

15
(
𝜇0
4𝜋

)
2

𝐼2(𝐼2 + 1)
ħ2𝛾1

2𝛾2
2

𝑟6
(

𝜏𝑐
1 + (𝜔1 − 𝜔2)2𝜏𝑐2

+
3𝜏𝑐

1 + 𝜔1
2𝜏𝑐2

+
6𝜏𝑐

1 + (𝜔1 + 𝜔2)2𝜏𝑐2
) 

Equation 2-29 
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As the quadrupolar relaxation is usually more efficient than the dipolar relaxation, 

the homonuclear dipolar relaxation of quadrupolar nuclei does not need to be 

considered. 

 

2.IV Structural experiments 

 

2.IV.1 Spin Echoes 

 

Spin echoes are a basic principle in NMR and are used in many different NMR pulse 

sequences. After an excitation pulse, the signal decay due to relaxation and the signal 

dephasing due to inhomogeneity of B0 can be distinguished. Unlike the transverse 

relaxation T2, the signal dephasing can be reversed. Then the magnetization lost due 

to field inhomogeneity or interactions such as the chemical shift, can be recovered 

by just applying a second RF pulse with a nutation angle of 180°, called a refocusing 

pulse. This is called the spin echo experiment. 

An example of a spin echo experiment is shown below (Figure 2-11). Firstly a 90° pulse 

is applied in order to put the magnetization into the transverse plane (y axis). Then 

after a delay, during which transverse relaxation and dephasing occurs 

(inhomogeneity or interactions causing some magnetization vectors to precess faster 

than others) a 180° pulse is applied in order to invert the magnetization along the y 

axis. Because all of the magnetization vectors continue to precess at their individual 

speeds, all of the vectors are refocused in the transverse plane after another delay of 

equal length. Therefore the refocusing pulse reverses the effect of signal dephasing, 

by bringing back the NMR signal in an echo. This experiment is often called the Hahn 

echo. 
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Figure 2-11: A spin echo experiment (figure taken from Dr Luke O’Dell lectures note) 

The spin echo experiment can be used also to refocus the chemical shift, as spins at 

different offsets (chemical shifts) don’t have the same precession frequency. Then by 

using a refocusing pulse, the different chemical shifts can be refocused, while other 

interactions such as the J coupling (a through-bond interaction between two 

magnetic nuclei) continue to evolve (Figure 2-12). This can be useful in 2D 

experiments. 

 

Figure 2-12: Effect of a 180° pulse 

By looking at a two spins coupled together by the J interaction, the effect of a 

refocusing pulse depending on how the pulse is applied can be analyzed (Figure 2-13). 

Assuming the two species have different Larmor frequencies, the refocusing pulse 

can be applied to either nucleus selectively or both simultaneously. 

By applying the 180° pulse on one nucleus, either 1H or 13C in the example below, the 

J-coupling will be refocused, as will be the chemical shift of the nucleus to which the 

refocused pulse was applied. By applying the 180° pulse on both nuclei 
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simultaneously, both chemical shifts will be refocused but the J-coupling will be 

allowed to evolve. 

 

 

Figure 2-13: The effect of 180° pulses on a system of two coupled spins. (figure taken from Dr Luke O’Dell 

lectures note) 

 

2.IV.2 HMQC 

 

The HMQC experiment (Heteronuclear Multiple Quantum correlation) is a widely 

used pulse sequence for structural determination. This experiment provides a 2D 

heteronuclear chemical shift correlation map between directly bonded protons and 

X nuclei (Figure 2-14). Most commonly HMQC experiments are between 1H and 
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13Cwith proton detection, which offers a higher sensitivity when compared to 13C 

experiments. 

 

 

Figure 2-14: HMQC pulse sequence 

As shown above, the HMQC pulse sequence consists of a 90° pulse on the 1H channel 

in order to create a transverse magnetization that evolves during a D2 period under 

the effect of the heteronuclear coupling. At the end of the D2 period, a 90° pulse on 

the X channel creates the heteronuclear multiple-quantum coherences that evolve 

during the variable evolution period 2D0. 

The 180° pulse on channel 1H, insert in the middle of the variable evolution period 

will removes the evolution of the heteronuclear couplings and proton chemical shift. 

At the end of this period, a last 90° on channel X is applied in order to create antiphase 

single quantum coherences proton magnetization which will be refocused after a 

second D2 delay. 

This experiment was used in this work in order to solve hydrogen peak attribution in 

different samples. 

 

2.IV.3 HSQC 

 

The HSQC (Heteronuclear Single Quantum Correlation) experiment provides a 2D 

heteronuclear chemical shift correlation map, usually between 1H and 13C or 15N that 
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are linked by a single bond.  The pulse sequence (shown to the below) starts with an 

INEPT block that transfers the 1H magnetisation to the 13C nuclei, resulting in 

(enhanced) transverse 13C magnetisation.  This evolves under the 13C offset during t1 

with the JHC coupling refocused by the 180° pulse applied to the 1H nuclei. Finally the 

two simultaneous 90° pulses convert this evolved 13C magnetisation back to the 1H 

nuclei for observation. 

 

 

Figure 2-15: HSQC pulse sequence 

 

2.IV.4 Diffusion measurements 

 

The diffusion NMR technique is achieved by combining NMR pulses and pulsed 

magnetic field gradients applied across the sample, which encode spatial 

information110. The most commonly used diffusion experiment is called Pulse Field 

Gradient Spin Echo (PFGSE). 

In such experiments, various spectra are acquired, each using a different pulsed 

magnetic field gradient strength. The pulsed field gradients (PFGs) create a linear 

spatial variation in the magnetic field which affects the nuclear Larmor frequencies.  

In the pulse sequence below one can see that a first 90° pulse is applied and then a 

magnetic field gradient pulse is applied in order to disperse the magnetization. Then 

a period of Δ/2 allows diffusion to occur, followed by a 180 ° pulse in order to invert 

the dispersed magnetization. After another period of Δ/2, a second gradient pulse is 

applied to refocus the signal. 
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Figure 2-16: A basic diffusion NMR pulse sequence. The semi-circles represent field gradient pulses. 

The refocusing will be only achieved for those nuclei that have not moved 

significantly along the direction of the gradient as shown on the figure below (Figure 

2-17). 

 

Figure 2-17: The effect of gradients during a diffusion experiment assuming no movement of the nuclei. 

If a nucleus moves along the direction of the applied field gradient during the 

diffusion time Δ, then its precession frequencies during the dephasing and refocusing 

periods will not be the same, and the spin will not be perfectly refocused, and the 

signal will be attenuated (Figure 2-18). 

 

Figure 2-18: The effect of gradients during a diffusion experiment assuming diffusion of the nuclei along the 

gradient direction. 

By repeating this experiment with incremental increases in the magnetic field 

gradient strength or pulse length, a 2D map showing a decay of the peak intensity 
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will be created. The measured signal is the integral over the whole sample volume 

and the NMR signal intensity is attenuated depending on the diffusion time Δ, the 

gradient strength g and the gradient pulse length δ.  This decay can then be fitted 

with the Stejskal-Tanner equation: 

𝐼 = 𝐼0𝑒
−𝐷𝛿2𝛾2𝑔2(𝛥−

𝛿
3
) 

Equation 2-30 

I is the observed intensity, I0 the reference intensity, D the diffusion coefficient, γ the 

gyromagnetic ratio of the observed nucleus. 

 

2.IV.5 The Nuclear Overhauser Effect 

 

The Nuclear Overhauser Effect (NOE) was first proposed in 1953 by Albert W. 

Overhauser102, demonstrated experimentally the same year by Carver and Slichter103, 

and fully verified experimentally in 1962 by Anderson and Freeman111. The NOE is a 

transfer of spin polarization via cross relaxation in a dipolar coupled spin system. It 

comes from dipole-dipole interactions and is therefore mediated through space, not 

through chemical bonds. 

The simplest experiment to observe the NOE is the steady state experiment, which 

consists of selective saturation of a spin I1 and then application of a 90° pulse to 

observe the change in polarization on spin I2. In order to understand the NOE effect, 

a system of two coupled spins which share a dipolar (through space) coupling have 

to be considered. Let’s assume a spin system I1 and I2 who do not share a J coupling. 

The NOE effect concerns changes in spin polarization, i.e. the difference of 

populations between the energy states. 

At equilibrium, the population differences between energy levels are determined by 

the Boltzmann distribution. By looking at the two spins system energy level diagram 

as shown in Figure 2-19, one should recall that three type of transitions lead 

relaxation processes.  
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Figure 2-19: Energy level and possible transitions of a two spins system (figure taken from Dr Luke O’Dell 

lectures note) 

In fact, the NOE corresponds to the combination of only two of these transitions, the 

double quantum and the zero quantum transition as shown in Equation 2-31. 

𝜎12 = 𝑊2 −𝑊0 

Equation 2-31 

As shown earlier, these two transitions can be developed as follow: 

𝑊0 =
1

10
(
𝜇0
4𝜋

)2
𝛾1
2𝛾2

2

𝑟6
𝜏𝑐

1 + (𝜔1
2 − 𝜔2

2)𝜏𝑐2
 

Equation 2-32 

𝑊2 =
3

5
(
𝜇0
4𝜋

)2
𝛾1
2𝛾2

2

𝑟6
𝜏𝑐

1 + (𝜔1
2 + 𝜔2

2)𝜏𝑐2
 

Equation 2-33 

Thus it is easy to see that the cross relaxation value σ depends on the Larmor 

frequencies of the studied nuclei. Furthermore as these transitions are dependent on 

the correlation time, the cross relaxation rate is also dependent on the correlation 

time, thus depending on the molecules or system studied, one transition will be 

greater than the other and vice versa. This in fact can lead to negative or positive 

sigma, for example, for large molecules and/or viscous system, the molecular 
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motions and thus the correlation time will tend to be slow. In that case, the W0 

transitions will begin to be efficient and thus, under these conditions, negative NOE 

can be observed. 

The other major contribution to the cross relaxation rates is the distance parameter 

( r ) present in the different transitions. Indeed, this parameter is thus the most 

important in our study of the cross relaxation rates, as it means that cross relaxation 

rate is one over distance dependant, and thus the closer spins are one to each other’s, 

the stronger the cross relaxation rate σ will be. One should note that in the specific 

equations describe above, the distance dependence is a r-6, meaning that the cross 

relaxation rate will get weak very fast as spins get further one to each other. It will be 

shown in the following chapters that different theories can in fact described the σ 

distance dependence, highlighting that the distance dependence is not always an r-6 

dependence, and that the cross relaxation rates can sometimes be relayed from 

several coordination sphere number.  

 

2.IV.6 The NOESY experiments 

 

Among all of the experiments taking advantage of the NOE effect, the 2D NOESY 

(Nuclear Overhauser Effect SpectroscopY) experiment, is one of the simplest ways to 

obtain NOE information. The NOESY experiment offers a simple way to observe 

spatial correlations in a molecule using a single experiment.112 

The most basic NOESY pulse sequence is shown in Figure 2-20, and is the same as a 

classical two-dimensional exchange experiment. After an excitation 90° pulse 

creating the transverse magnetization evolving during a variable t1 period, a 

subsequent 90° pulse will create the chemical shift-encoded longitudinal 

magnetization. Then, during a period τm called the mixing time, the magnetization 

will transfer between nuclei by cross relaxation or chemical exchange. The last 90° 

creates a transverse magnetization which can be therefore detected. 
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Figure 2-20: NOESY basic pulse sequence 

As an example, Figure 2-21 shows a 2D 1H-1H NOESY experiment of a pyrrolidinium 

cation (N-butyl-N-methyl pyrrolidinium: C4mpyr shown on Figure 2-22). First of all 

peaks highlighted in red correspond to the auto-correlation 1H peaks. Secondly as the 

intensity of the transfer depends on the mixing time (the longer it is the more intense 

peak will be, as more magnetization get the time to be transferred) and on the 

distance between nuclei, by adjusting the mixing on different experiments, 

correlation peaks between different hydrogen can appear (in black in figure), which 

can help to determine the sample structure. 

 

Figure 2-21: 1H-1H NOESY experiment realised on C4mpyr FSI doped with 1 molal LiFSI sample, therefore 

corresponding to the hydrogen on the cation. 
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Figure 2-22: Representation of C4mpyr cation with a colour labelling use later on for build up curves. 

 

In the following work, a modified version of the classical NOESY pulse sequence is 

used. This pulse sequence present two additional 180° pulses just after the first and 

the third 90°, combine with a gradient selection (Figure 2-23). Furthermore, a spoiler 

gradient is present just after the mixing time, in order to remove all of the unwanted 

signals. 

 

 

Figure 2-23: NOESYgtp pulse sequence 

 

2.IV.7 The HOESY experiment 

 

The Heteronuclear OverHauser Effect SpectroscopY (HOESY) experiment allows the 

NOE occurring between different nuclear isotopes to be observed, which as discussed 

above can potentially provide information on how the anions and the cations are 
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arranged relative to each other in an ionic liquid. In our ionic liquid, for example P111i4 

TFSI Li+, the TFSI contains 19F nuclei, and the P111i4 contains 1H nuclei. So for example, 

the proximities of the two cations and the anion can be studied using 1H-7Li HOESY, 

1H-19F HOESY or 7Li-19F HOESY. 

The most basic pulse sequence for HOESY experiments is shown in Figure 2-24.  It 

corresponds firstly to a 90° pulse on the 1H nuclei, which creates the transverse 

magnetization that evolves during 2*d0 (the Preparation section).  A 180° pulse is 

applied after one delay d0, on the X channel, to re-focus the 1H-X J-coupling but allow 

the 1H chemical shift to evolve (the Evolution section).  After a second delay d0, a 90° 

pulse of variable phase is applied on the 1H channel, in order to return the 1H 

magnetization to the ±z axis. When the 1H magnetization is along the −z axis, it will 

relax during d8 and magnetization will transfer between 1H and the X nucleus via the 

NOE.  The period τm is called the mixing time, transfer time or build up time (the 

Mixing section).  Finally, a 90° pulse is applied on the X channel to observe the signal 

from the X nucleus, thus the magnetization transfer can be read (the Detection 

section). 

This NOE-enhanced signal is dependent on the size and sign of the NOE effect 

(determined primarily by the proximity of the nuclei but, crucially, also by their 

dynamics), and contains the 1H chemical shift information, allowing the 1H signals to 

be resolved in a 2D experiment in which d0 is incremented. 

 

Figure 2-24: A basic 2D HOESY pulse sequence 
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During the detection part, in order to cancel the directly-excited signal from the X 

nuclei and just observe the signal transferred from the 1H to X, phase cycling is used. 

One of the most basic phase cycling (see table below) creates an experiment with a 

positive regular signal plus a positive NOE enhancement and the next with a negative 

regular signal but still a positive NOE. By subtracting one from the other, only the 

NOE transfer will appear as shown on Figure 2-25. 

 

  

Figure 2-25:  Substraction of two HOESY scans, leading to extraction of the NOE enhancement (0 stand 

for the x position and 2 for -x position of the receiver). 

A number of different HOESY pulse sequences have been developed78,113–116. The 

HOESY pulse sequence used for this work is actually different from the one described 

above (see Figure 2-26). Here gradient pulses are used to select the desired 

magnetization and remove unwanted signals, for example a spoiler gradient is 

applied at the end of the mixing time in order to eliminate any unwanted transverse 

magnetization.  An extra 180° pulse is applied to refocus J couplings and 1H chemical 

shifts during the Evolution section. Finally, and most importantly, the NOE transfer in 

this case goes from the X nucleus (7Li or 19F in this work) to 1H and the signal is 

detected from the latter nucleus. This brings the major advantage of being able to 

resolve the 1H chemical shifts in a one dimensional experiment.  As the samples 

studied herein contain only a single lithium (or fluorine) environment (averaged over 

time), no 7Li (or 19F) chemical shift information is required and no acquisition of the 

second dimension is needed.  This brings a considerable time saving.117 
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Figure 2-26: The HOESY pulse sequence used in this work 

 

2.IV.8 ENMR experiments 

 

The electrophoretic NMR (ENMR) is based on the idea of applying an electric field 

between two electrodes during a PFG NMR experiments. Under an applied magnetic 

field gradient the nuclei will resonate at different NMR frequencies depending on 

their position in the gradient. Isotropic ion motions caused by self-diffusion create a 

de-phasing of the signal which induces a loss of the observed signal intensity, 

whereas the anisotropic ion motion under the presence of an electric field create a 

systematic dephasing of the signal, which will be proportional to the magnetic field 

gradient strength and the applied electric field. Therefore, during an ENMR 

experiment, both the diffusion parameter and electrophoretic mobility can be 

quantified. 

The equation describing the NMR signal resulting from an ENMR experiment is 

presented in Equation 2-34, with both the exponential term corresponding to the 

attenuation of the signal due to the pulse field gradient and a cosine term 

corresponding to the displacement of the species due to the electric field, thus to the 
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phase shift. One should note that the distance between electrodes delectrode and the 

voltage V will affect only the cosine term and not the exponential one. Indeed, the 

gradient strength, the gradient pulse duration and the diffusion time, will affect both 

the exponential term and the cosine term, creating a smaller intensity due to the loss 

of refocused magnetization. Thus one way, to be able to obtain larger phase shift 

without reducing the signal intensity, is to carry out experiments with a very high 

voltage or very small inter-electrode distances. Usually only a very high voltage is 

used, as having a very small distance between electrodes can create magnetic field 

inhomogeneity, due to the applied electric current. 

𝑆 = 𝑆0𝑒
(−𝐷𝛾2𝑔2𝛿2(∆−

𝛿
3
))
∗ cos (

𝑔𝛾∆𝛿𝜇𝑉

𝑙
) 

Equation 2-34 

Different ENMR pulse sequences can be used to measure the phase shift and thus 

the mobility. An example is shown in Figure 2-2797, corresponding to a pulse gradient 

spin echo with an applied electric field E gated on during the diffusion encoding time. 

Such as the PGSE experiment, in the absence of an electric field, the random motion 

such as the diffusion, of the species, in the direction of the applied magnetic field, 

will thus results of a random phase shift of the difference species and thus will 

correspond to a loss of the net magnetization. As the gradient is stronger, the loss 

will become more important, until no more signals are extractable.  

 

Figure 2-27: Pulsed-Gradient Spin Echo PGSE pulse sequence 
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Interestingly, as shown in Figure 2-28 if the electric field is applied in the direction of 

the magnetic field gradient, an additional phase shift will appear, but this time will 

not create any additional signal attenuation since the same phase shift is encoded in 

all spins. This net phase shift yields to the electrophoretic mobility. 

 

Figure 2-28: Dephasing of signal due to mobility during the PGSE pulse sequence with E field ON 

Like the PGSE experiments, this ENMR PGSE is also subject to additional signal 

attenuation caused by thermal convection, as well as an additional bulk thermal 

convection due to the resistive heating at the interface of the electrodes. As 

explained in the literature review part, one way to overcome this problem is to 

optimize the cell design with for example capillaries in order to restrict the 

convection. In fact, in order to reduce this bulk convection, a pulse sequence 

composed of a combination of two spin echo as shown on Figure 2-29 can be used, 

thus a Pulse Gradient Double spin echo experiment97,98 (PGDSE). If an electric field is 

applied during each diffusion time, but with a different polarity on the two diffusion 

time sections, the thermal convection due to the Joule heating will be cancelled out. 

Indeed the electrophoretic flow will change with the applied field polarity but not the 

convective flow. Thus if the convective flow in the first Δ/2 period is the same as the 

convective flow in the second Δ/2 period, the two convective flow will be 

compensated and thus cancelled. 
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Figure 2-29: Pulsed-Gradient Double Spin Echo PGDSE pulse sequence  

Another way to try to overcome the problem of thermal and electro-osmotic 

convection is to use a modified PGDSE-ENMR experiment98, similar to CPMG 

experiments, corresponding to a truncated CPMG-like pulse train as shown on Figure 

2-30. 

 

Figure 2-30: CPMG-like pulse gradient double spin echo 

The main limitation of the PGSE or CPMG-like pulse sequences results from the 

potential long duration of the electric pulse. Indeed, as explained earlier long electric 

pulses are required in order to obtain large enough electrophoretic phase shifts, thus 

signals from samples having short T2 relaxation times are greatly attenuated, but also 

in coupled spin systems the J modulation can be important. Unfortunately, both of 

these conditions can often be found in ionic liquids. 

In order to avoid these pulse sequence limitations, a stimulated echo experiment 

with 90° pulse can be used, and as explained before, in order to avoid convection, 

doubling the echo and with field polarity inverted should be used, this is called a 

Double STimulated Echo (DSTE). As shown on Figure 2-31, the 180° pulses present in 

Figure 2-29, are replaced by two 90°, changing the T2 dependence into a T1 
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dependence, and avoiding the J modulation limitations. Moreover homospoil 

gradient are added after the second and the fourth pulses in order to select the 

proper coherence pathway and supress eventual artefacts118. 

 

Figure 2-31: Double STimulated Echo (DSTE) pulse sequence 

In fact, in the following work, a modified version of the DSTE experiment will be used. 

By following the electric current on an oscilloscope, one can see on Figure 2-32, that 

an over voltage can appear when turning the voltage on or off, or when switching 

polarity. Thus in order to avoid artefacts which can be created by this overvoltage, as 

shown in Figure 2-33 the pulse sequence was modified by adding two additional 90° 

pulse just before and just after the polarity witching with a homospoil gradient during 

the switching. Furthermore, a LED block with a homospoil gradient in the middle is 

added at the end of the pulse sequence. 

 

Figure 2-32: Electric overvoltage observe in situ on an oscilloscope 
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Figure 2-33: modified DSTE used in the following work 

 

2.IV.9 DNP experiments 

 

Dynamic nuclear polarization (DNP) was developed around the idea that the nuclear 

polarization can be greatly increased by transferring the larger polarisation of an 

unpaired electron. In our case, magic angle spinning DNP (MAS-DNP) was used to 

study ionic liquids in the solid state. An added nitroxide biradical and the cross effect 

DNP mechanism were used, which show greater polarisation transfer efficiency at 

lower temperature, thus these experiments were carried out at around 100 K. The 

MAS-DNP technique brings two interesting aspects for the study of ionic liquids. First, 

by quenching the sample at very low temperature in a sapphire rotor, a glassy state 

is obtained, corresponding therefore to a snapshot of the liquid structure, which can 

allow the measurement of inter-ionic distances. Secondly, the high polarization 

transfer from the unpaired electrons leads to a signal enhancement and thus a gain 

in sensitivity. 

 

2.IV.9.1 REDOR experiments 

 

In order to study the distances between the organic cation and the monatomic cation 

added for electrochemistry applications (lithium, sodium) using MAS-DNP 

experiments, two pulse sequence were used. First for measuring 13C-6Li distances the 

Rotational Echo DOuble Resonance (REDOR)119 were used. 
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This pulse sequence consists of transferring 1H polarization to the neighbouring 13C 

nuclei through cross polarization. Then, as shown in Figure 2-34, which represent the 

REDOR pulse sequence, this experiment involves a simple spin echo on the 13C nuclei, 

followed by n 180° pulses on the 6Li nuclei. These 180° pulses are synced up with the 

MAS speed (such that 2τ = nτMAS, where n is an integer), in order to re-introduce the 

13C-6Li dipolar coupling. Thus the aim of the experiment is to compare two spectra 

obtained with and without the 180° pulse train applied to the 6Li nuclei. The signal 

arising from the 13C that are in close proximity to some 6Li nuclei, and therefore 

experiencing some dipolar coupling reintroduced thanks to the 180° pulse train, will 

show a decreased signal intensity in the REDOR spectrum. This is because the 

refocusing pulse applied on the 6Li spins caused the magnetization from the 13C spin 

to dephase and not be fully refocused. Thus, there is a signal intensity difference 

between the scans with and without the 180° pulse train on the 6Li, which is usually 

quantified by the fraction ΔS/S0 of these scans, with ΔS corresponding to the 

difference in signal intensity, and S0 corresponding to the signal intensity from the 

scans with the 180° refocusing. 

  

Figure 2-34: Rotational Echo DOuble Resonance REDOR pulse sequence 

In order to extract the 6Li-13C distance, the dephasing fraction can be measured as a 

function of the τ time. As shown in Figure 2-35, the dephasing fraction build-up in the 

initial part of the plot, and then characteristic wiggles can be seen. Thereby, the plot 
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can be fitted in order to extract the dipolar coupling constant d13C-6Li from which the 

distance between nuclei can be extracted. 

 

Figure 2-35: Theoretical representation of dephasing fraction of the signal as a function of τ 

 

2.IV.9.2 REAPDOR experiments 

 

Unfortunately, when measuring distances between a spin half nuclei and a 

quadrupolar nuclei such as 23Na (6Li is also a quadrupolar nuclei but his quadrupolar 

interaction is very small, and thus it can consider as a spin half nuclei), the REDOR 

pulse sequence is limited due to the difficulties associated with the application of n 

pulses to broad resonances such as the 23Na satellite transitions, which are often as 

wide as many MHz.  

Thus a new type of experiment was developed by T Gullion120, combining the REDOR 

like π pulse train, with a single adiabatic pulse on the quadrupolar nuclei, and called 

the Rotational-Echo Adiabatic-Passage DOuble-Resonance-NMR, (REAPDOR), the 

pulse sequence is shown on Figure 2-36. 

 

Figure 2-36: Rotational-Echo Adiabatic-Passage DOuble-Resonance REAPDOR pulse sequence 
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Experimental details 

 

 

3.I Sample preparation 

The different ionic liquids studied were purchased from Solvionic® and mixed with 

LiFSI salt inside an argon glove box to obtain the required concentrations. The ionic 

liquid samples were then loaded into 3 mm capillary tubes inside the glove box, 

removed and then immediately flame sealed inside 3 mm diameter glass tubes order 

to avoid moisture contamination. The 3 mm tube was loaded in a 5 mm outer tube 

containing D2O for use as an external chemical shift reference and a locking nucleus 

(2H).  Additionally, this set-up minimises convection currents and temperature 

gradients within the IL. 

 

3.II Diffusion measurements 

 

Diffusion coefficients (D) were measured for the different ionic liquids over a range 

of temperatures using 1H, 19F and 7Li pulsed field gradient NMR experiments 

performed at a magnetic field strength of 7.05 T (1H Larmor frequency of 300 MHz) 

on a Bruker Avance III wide-bore spectrometer, using a 5 mm Bruker Diff50 probe 

with a maximum gradient strength of 3000 G cm-1. A stimulated echo pulse sequence 

was used with 2–5 ms trapezoidal gradient pulses of varying gradient strength, and a 

diffusion time of 20–50 ms (optimized for each sample in order to obtain complete 

dephasing of the signals with the maximum gradient strength). In each experiment, 

between 12 to 48 scans (1H and 19F) and 16 to 64 scans (7Li) were acquired at each 

gradient strength, with between 12 to 64  gradients steps used for each experiment. 

The sample temperature was set and controlled by a gas flow to avoid any 

temperature fluctuations within the sample. Variable temperature experiments were 
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performed depending on the sample, between 10 and 70 °C.  Diffusion coefficients 

were extracted using the Stejskal Tanner equation (see section 2.IV.4). 

 

3.III Longitudinal relaxation (T1) measurements 

 

Heteronuclear Over-hauser Effect SpectroscopY (HOESY) experiments were 

performed at a magnetic field strength of 11.7 T (1H Larmor Frequency of 500 MHz). 

To obtain the full build-up curves, a series of HOESY experiments were carried out for 

each sample with different mixing times, on a range from 25 ms to 6.5 s, adjusted for 

each sample. Unless stated otherwise, the D1 recycle delay was adjusted to be at least 

5 times the measured T1 values to ensure that the experiments will be quantitative. 

For most of the studies, experiments were carried out at 50 °C as sample are less 

viscous at this temperature and therefore a better signal over noise can be obtain. 

However some samples such as the C3mpyr FSI at 1 m LiFSI, were from 20 to 60 °C for 

the 1H-19F experiments in order to observe the dependence of the cross relaxation 

rate against temperature.  Other aspects of the HOESY experimental details are 

discussed in detail in chapter 4. 

 

3.IV Molecular dynamics simulation details 

 

The MD simulations were carried our by Dr Fangfang Chen (Deakin University) and 

full experimental details can be found in supporting information of paper Martin et 

al.121 and in supporting info of reference Sani et al.122 
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3.V DNP experiments  

3.V.1 Sample preparation 

 

The 6Li-enriched ionic liquid samples were prepared by Dr Ruhamah Yunis (Deakin 

University) and the full details can be found in the supporting information of Sani et 

al.122 

 

3.V.2 NMR experimental details  

 

The DNP NMR experiments were performed at a magnetic field strength of 9.4 T (1H 

Larmor Frequency of 400 MHz) on a Bruker Avance III spectrometer with a 263 GHz 

gyrotron and a DNP probe in 1H-13C-6Li configuration. The sample was cooled to a 

target temperature of 90 K, however the measured sample temperature was 

corresponding to 92 ± 0.5 K. Furthermore, it should be noted that microwave pulse 

can lead to a heating of the sample and thus an increase of the actual temperature 

by several degrees. All experiments were carried out using a MAS rate of 8 kHz and a 

1H 90° pulse width of 2.3 μs. Similarly, the 13C CPMAS spectra were acquired with a 

SPINAL-64 decoupling (108 kHz), a contact time of 600 μs, and 80 scans acquired with 

a recycle delay of 6s. 13C T1 values were measured using a 1H-13C CP saturation 

recovery pulse sequence. The 13C-6Li REDOR spectra were acquired with 1H-13C CP 

(600 μs contact time), a 13C 180° pulse width of 8.5 μs, a 6Li 180° pulse width of 10.0 

μs. In addition, a SPINAL-64 1H decoupling were applied continuously throughout the 

dephasing period and acquisition time and a recycle delay of 6 s. A number of 

different dephasing times  were used, ranging from 8 to 40 ms and a number of scans 

ranging between 64 and 320 scans for both the dephased (S) and reference (S0) 

acquisitions. The 13C signal was fitted using the dmfit software.  
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4.1.I . HOESY analysis method  

 

The following sections will use the NMR nomenclature of source spin (S), and the spin 

of interest (I), corresponding to the observed spin. Indeed, in a NOESY experiment on 

protons for example, spin I and spin S are both 1H. But for a heteronuclear experiment 

such as HOESY, the S spin differs from the I spin. Moreover, for clarity the 

corresponding nucleus will be indicated by a superscript. For example in a 1H-7Li 

HOESY experiment, transferring magnetization from 1H spins to 7Li spins, the source 

spin will be written SH, and the interest spin will be written ILi thus the transfer 

direction can be noted SH -> ILi. If the nucleus is not specified, the nomenclature will 

be for example SX or IY. For the HOESY experiments, only 1H, 7Li and 19F will be studied, 

and 2H will be used as a locking signal. In the case of DNP experiments or REDOR in 

general, 6Li and 23Na were also used. 

 

4.1.I.1 The need for an improved equation for fitting the 

full HOESY build-up curve 

 

One of the main goals of this PhD is to develop a better way to extract cross-

relaxation rates from HOESY experiments, in order to be able to measure quantitative 

values. Indeed, as the cross-relaxation rates are correlated to the distances between 

nuclei but also the dynamics of the pair of ions studied, a quantitative extraction is 

crucial to have a correct determination of these distances and interactions between 

ions. 

To extract the cross-relaxation rates, the following equation derived from the 

Solomon’s equations was used (Equation 4-1). 

𝑁𝑂𝐸𝐻{𝐿𝑖}(𝜏) = 𝑀0𝜎
2𝑠𝑖𝑛ℎ(𝜅𝜏)

𝜅
𝑒
−(𝑅𝐻,1+𝑅𝐿𝑖,1).𝜏

2  
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𝜅 = √
𝑅(𝐻,1)
2 − 2𝑅𝐻,1. 𝑅𝐿𝑖,1 + 𝑅𝐿𝑖,1

2 + 4𝜎𝐻,𝐿𝑖
2

2
 

Equation 4-1 

In this equation, σ is the cross-relaxation rate, M0 represents the total initial source 

spin magnetization available and thus, in our case it corresponding to the X 

magnetization (19F or 7Li depending on the experiment). In practice M0 acts as a 

scaling factor that adjusts the vertical height of the function, and RH and RLi 

correspond respectively to the inverse of the relaxation times T1H and T1Li. The 

measured T1 values are used to calculate RH and RLi. The cross-relaxation rate σ is 

allowed to vary during the fitting of the HOESY build-up curves with M0 fixed. The 

reason why it’s fixed and to which number will be explained later. 

The R1/T1 values are very important in fitting the HOESY build-up curve, because 

different hydrogen sites can have very different 1H relaxation times which cause very 

different build-up curves if the same cross-relaxation rate (e.g. σ =2 a.u.) is used (see 

below). 

As explained in the literature review, many published HOESY investigations of ILs 

report σ values extracted by just fitting the beginning of the experimental build-up 

curve with a linear function. The Taylor expansion of Equation 4-1at 𝛕=0 at the order 

3 reveals the impact of the relaxation time. 

𝑁𝑂𝐸𝐻{𝐿𝑖}(𝜏) = 2𝜎𝜏 + 2𝜎 (−
𝑅𝐻,1
2

−
𝑅𝐿𝑖,1
2

) 𝜏2 + 𝑂(𝜏3) 

Equation 4-2 

This means that if the build-up curve is not fitted using the experimentally measured 

spin lattice relaxation times, but just by a linear function at short mixing times, this 

can result in a systematic error in the determined σ value. 

In order to quantify this error and the potential impact on the fit, six build-up curves 

were simulated using Equation 4-1 as shown in Figure 4-1a. These six build-up curves 

were simulated with the same σ value, fixed at 2 a.u., but with different T1 relaxation 

ranging from 0.5 seconds up to 2 seconds. Then, selected points of these build up 
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curves were plotted as experimental data points, in order to simulate a linear fitting 

as shown in Figure 4-1 b, from 0 ms up to 150 ms of mixing time. The cross-relaxation 

rates extracted from these linear fits are plotted in Figure 4-1 c, showing that all the 

six relaxation rates depart from the one used to simulate the build-up curves (e.g. σ 

= 2 a.u.), and are all different, due to the different relaxation times. The impact of T1 

relaxation times on the extracted cross-relaxation rates can therefore be important 

even at short mixing times. A linear fitting at even shorter mixing times could give a 

more accurate value, but then the signal to noise ratio of the experiment will be very 

small, as short mixing times correspond to a very small amount of magnetization 

transfer. 

Potentially a linear fitting of a build-up curve at short mixing times on nuclei with a 

very long T1 could give accurate cross relaxation rate values, but in any case it’s 

always preferable to use the fit of the full build-up curve with the T1 relaxation 

parameters included in the equation, if aiming for quantitative values. 
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Figure 4-1: a) Simulated build-up curves T1 values ranging from 0.5 (yellow) to 2 seconds (red), b) Linear fit 

of the build-up curves between 0 and 150 ms, c) Fitted cross-relaxation rates with confidence intervals, as a 

function of the T1 values used for simulation 
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4.1.I.2 Intensity decay due to diffusion 

 

Interestingly, even when Equation 4-1 was used with the experimental spin lattice 

relaxation parameters to fit the HOESY build-up curves, the fits obtained were not 

matching well with the experimental data. A detailed explanation of the fitting 

process will follow in the next part. 

One of the reasons can in fact be found in the pulse sequence (Figure 4-2).The 

presence of the gradient pulses G1 and G3 can impact the observed HOESY signal 

intensity, due to the fact that the delay between the two gradient pulses can be up 

to 6 seconds. Indeed, the mixing time τ is present between the two gradients. Thus, 

even with very low gradient strengths (on the order of 54 G/cm see experimental 

details), the delay between these gradient pulses acts like the diffusion time Δ in the 

diffusion experiments. When the gradient G3 at the end of the pulse sequence is used 

to refocusing the spins, due to diffusion some spins will have moved from one 

gradient position to another, thus part of the signal will not be refocused and the 

observed signal will be attenuated. 

 

Figure 4-2: The 7Li-1H HOESY pulse sequence used in this work, with phase cycling shown above pulses 

By using the Stejskal-Tanner equation described in the diffusion section (see Chapter 

2 Experimental NMR theory and methodology), the decay of the signal intensity is 

simulated with a diffusion coefficient of 4.63×10-11 m2.s-1 (Figure 4-3).This shows that 

in fact at long mixing times, the percentage of signal intensity extracted is significantly 

attenuated (~25 % attenuation after 5000 ms). 
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Figure 4-3: Theoretical signal intensity decay due solely to diffusion during the HOESY pulse sequence 

(experimental parameters as specified in main text). This signal intensity can drop by 30% at the longest 

mixing time used in this work (τm= 5.5 s, D=4.63×10-11 m2.s-1, δ = 1 ms, g = 0.5 T/m and γH = 2,68 ×108 rad.s-

1.T-1). 

In fact, neglecting the effects of diffusion on a particular sample will result in a 

systematic error for the σ values measured, thus this has no impact when these 

values are normalized. However, in order to enable a quantitative comparison of σ 

values between different types of IL systems, or at different concentrations or even 

at different temperatures the diffusion coefficients must be accounted for, and 

measured independently. Equation 4-1 was therefore modified in order to include a 

Stejskal-Tanner term accounting for the effects of signal attenuation due to diffusion 

as shown in Equation 4-3 

M(𝜏) = 𝑀0𝜎
2sinh(𝜅𝜏)

𝜅
𝑒
−(𝑅𝐼+𝑅𝑆)𝜏

2 𝑒−(
𝐷𝐼+𝐷𝑆

2
)𝛾𝐼𝛾𝑆𝑔²𝛿²(∆−

𝛿
3
) 

Equation 4-3 

Figure 4-5 shows an example of the difference in the fit of a HOESY build-up curve 

using the equation with and without diffusion included. Similarly to the spin lattice 

relaxation experiment, the impact is more predominant at longer mixing times as 

these correspond to a longer diffusion time. This Figure shows data for the C3mpyr 

FSI sample doped with 1 molal lithium FSI (this sample was choose for testing the 

fitting procedure, as the hydrogen spectrum was very well resolve with no 
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overlapping peaks), and corresponds to the cross-relaxation between 19F spins and 

1H spins in blue in Figure 4-4 (anion to cation transfer). Figure 4-6 correspond to the 

extracted cross-relaxation rates for each hydrogen peaks present in the cation, with 

and without the diffusion corretion. One can notice that all peaks are impacted, and 

not by the same amount, thus this correction is mandatory. 

 

Figure 4-4: C3mpyr cation with hydrogen sites numbering 

 

Figure 4-5: Build-up curve fitted by taking into account diffusion (solid line) and not taking into account 

diffusion (dot line) realised on C3mpyr FSI sample doped with 1 molal lithium FSI 
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Figure 4-6: Measured cross-relaxation rates for the different 1H sites in C3mpyrFSI with 1 mol.kg-1 of LiFSI, 

with and without taking account diffusion effects. Without accounting for diffusion, the cross-relaxation 

rates are smaller by around 5%. 

 

4.1.I.3 Extracting quantitative cross relaxation 

rates 

 

One of the more important aims of this work is to be able to extract the cross-

relaxation rate in a quantitative way. Indeed a correct and quantitative extraction will 

allow us to compare these values for different ionic liquids or even different 

concentrations. 

To extract an accurate cross-relaxation rate from the HOESY build-up curves using 

Equation 4-3, all of the other variables in this equation thus need to be measured. 

The spin lattice relaxation parameters T1 can be measured independently using 

inversion-recovery experiments (see details “Experimental NMR theory and 

methodology”). Moreover, as the decay due to the diffusion also needs to be taken 

into account, the self-diffusion coefficients of both spin-bearing species need to be 

measured independently.  

With the relaxation rates and diffusion effects measured independently, M0 is the 

last quantity in Equation 4-3 that needs to be determined in order to have the cross-

relaxation rate σ as the sole variable in the fitting.  When measuring weak 
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intermolecular NOEs where σ << RI/S, such as in the following experiments, M0 and σ 

will play the same role in the equation and will affect the shape of the fit in essentially 

the same way, both acting as a vertical scaling factor. Thus it is particularly important 

to determine the M0 factor in order to avoid a potential infinite number of solutions 

as shown on Figure 4-7. 

 

Figure 4-7: Theoretical HOESY build-up curves, with different M0 and σ values.  For small σ values, multiple 

solutions can give the same function shape.  R1H and R1Li were both set to 1.0 s−1 for all curves. 

In practice M0 represents the total initial source spin X magnetization (Sx), available 

to participate in the NOE transfer (with X corresponding to either 19F or either 7Li 

spins). For the following work, as the HOESY experiments transfer magnetization 

from spin X to the 1H spins, the total magnetization available corresponds to the 

Boltzmann equilibrium of either the 7Li magnetization or the 19F magnetization. The 

measured 1H signals therefore need to be quantified as a fraction of this 

magnetisation76,77,123. As shown in Figure 4-8, the HOESY experiments is not only 
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dependent on the number of protons  as the peak intensities do not corresponds to 

the number of hydrogens nuclei for each specific sites. This is due to the distances 

between hydrogens sites and the lithium, indeed, if the lithium is close enough to a 

specific sites, some magnetization will be transferred, explaining why some peaks are 

more intense than expected. 

 

Figure 4-8: a) Quantitative single pulse 1H spectrum with 4 scans corresponding to the pyrrolidinium cation 

(C3mpyrFSI with 1 m. LiFSI), and b) 1D HOESY 7Li->1H experiment at a mixing time of 700 ms, with 440 

scans, normalized integrations show that the HOESY experiment is not only dependent of the number of 

protons 

The normalization was realized in two steps. Firstly normalizing the integrated 1H 

signal intensities extracted from the HOESY experiment to the 1H Boltzmann 

polarization for each distinct 1H peak, as measured using a single-pulse experiment.  

This normalization takes into account the effects of various parameters such as the 

different numbers of scans, or the different receiver gains, but also the normalization 
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parameter used by the Bruker Topspin software (typically, NC_PROC equal to -9 

corresponding to 2−9 factor for the HOESY experiment and 2−6 for the single pulse 

experiment). One should note that this normalization also accounts for any 

differences in the protons number contributing to each peak.  

Secondly, after having carried out this signal normalization for the measured HOESY 

signals through the 1H single pulse experiments, M0 can then also be calculated as a 

fraction of the 1H Boltzmann equilibrium magnetization (itself normalized to 1 as 

discussed above) using the following expression (Equation 4-4). 

𝑀0 =
𝛾( Li7 )

𝛾( H1 )
.

𝑛𝐿𝑖
𝑛𝐶3𝑚𝑝𝑦𝑟

× 𝑛. 𝑎. (7𝐿𝑖) 

Equation 4-4 

which accounts for the ratio of the nuclear gyromagnetic ratios (γ(7Li)/γ(1H) = 0.389), 

the ratio of the number of Li+ relative to the number of C3mpyr cations (nLi/nC3mpyr), 

and the natural abundance of 7Li (n.a.(7Li) = 0.9241).  

 

4.1.I.4 Fitting code using Maple 

 

The first attempt to extract peaks intensities was made using Topspin software. 

Unfortunately this software is not flexible enough to provide all of the required data 

(e.g., it cannot for example provide accurate T1s from overlapping peaks in an 

inversion recovery data set). For example Figure 4-9 shows a studied sample, the 1-

methyl-1-(2-methoxyethyl) pyrrolidinium bis(fluorosulfonyl)imide, which have the 1H 

peaks arising from site 5 and site 3 overlapped. 
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Figure 4-9: Single pulse 1H spectrum of 1-methyl-1-(2-methoxyethyl) pyrrolidinium  

bis(fluorosulfonyl)imide, with peak assignment to the corresponding atom labelling. 

Thus, a MAPLE code was developed to deconvolute overlapping peaks, extract 

intensities, control the normalization procedure and automatically fit the HOESY 

build-up curves. This allowed the data to be extracted and analyzed in a quantitative 

way, and the automation provided significant time savings. 

 

Figure 4-10: Single pulse 1H spectrum of 1-methyl-1-(2-methoxyethyl) pyrrolidinium 

bis(fluorosulfonyl)imide fitted using Maple 
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The Maple code was developed as follows. As shown in Figure 4-11, the T1 relaxation 

data are opened as a 3D data set. By adjusting all the parameters in order to fit the 

whole 3D inversion recovery map in one step, the spin lattice parameter can thus be 

extracted for each site along with the peak widths, positions and intensities, even 

with overlapping peaks or low resolution. 

 

Figure 4-11: The top left figure correspond to the 1H inversion recovery data set, follow by the fits of two 

different slices, corresponding to two different recovery delays. The right column corresponds to the 7Li spin 

lattice relaxation 
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The fully-relaxed 1H NMR spectrum obtained by a single-pulse experiment is also 

fitted, providing a measure of the total 1H magnetization to which the HOESY signals 

are normalised.  

Figure 4-12 shows an example 3D HOESY data set, with the signal intensity displayed 

on the z axis (not yet normalized by the 1H magnetization), and the mixing time and 

chemical shift on the x and y axis respectively. 

 

Figure 4-12: 2D 1H-7Li HOESY data set obtained from 1-propyl-1-methylpyrrolidinium 

bis(fluorosulfonyl)imide doped with 1 m of lithium bis(fluorosulfonyl)imide. 

Each slice is fitted independently, only using peak positions from the single pulse 

experiments as initial parameters, but all parameters such as peak positions, 

intensities or widths are allowed to vary. The software fits each slice using a least 

square minimization with a modified Newton algorithm (LSSolve function in Maple). 

Then the intensity for each peak is extracted and divided by the intensity of the 

corresponding peak in the single pulse experiment. Finally, all peaks intensities are 

plotted against mixing time, giving the build-up curves as shown in Figure 4-13 
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Figure 4-13: Build-up curves extracted from the 1H-7Li HOESY experiment on 1-propyl-1-

methylpyrrolidinium bis(fluorosulfonyl)imide doped with 1 m of lithium bis(fluorosulfonyl)imide 

Now, using Equation 4-3, taking into account T1 relaxation, self-diffusion coefficients 

and correcting the total magnetization when the recovery delay D1 is not long enough 

compared to T1(7Li) (see below), all of the build-up curves can be fitted, and the 

corresponding cross-relaxation rates measured, as shown in Figure 4-14. 

 

Figure 4-14: Build-up curves fitted to the 1H-7Li HOESY data of 1-proyl-1-methylpyrrolidinium 

bis(fluorosulfonyl)imide, with the diffusion taken into account 
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With the build-up curves normalized and the cross-relaxation rates extracted in a 

quantitative way, the molecule can be plot with a colour code corresponding to the 

cross relaxation rates. Therefore, assuming that the cross relaxation values scale 

inversely with the average inter-nuclear distances, as in Figure 4-15, showing where 

the X atoms (7Li for the cation or 19F for the anion) are located around the cation. The 

cross relaxation rates in this case correspond to the transfer from the X nuclei to the 

protons, but for clarity in the figure, the hydrogen atoms are removed and the 

carbons are colour coded. These cross relaxation rates and their significance in terms 

of the ionic liquid structure and interactions will be discussed in more detail in the 

C3mpyr results chapter 3 part 2. 

 

Figure 4-15: 1-propyl-1-methylpyrrolidinium cation with colour coding corresponding to the cross-

relaxation rates in (×10-4) s-1 between lithium and hydrogen for each hydrogen site (hydrogens sites were 

reduce to their corresponding carbon sites for clarity) 

Extraction of cross relaxation rates were realised several times on the same sample 

with different number of mixing time for each experiments. The standard deviation 

of the cross relaxation rates was calculated for each peak and was found to be on 

average less than 2.5%. Therefore all cross relaxation rates will be presented with an 

uncertainty of 2.5%. 

4.1.I.5 Experimental time optimization 
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As explained earlier in the literature review, many researchers have used 2D HOESY 

experiments even if one of the studied nuclei shows only one site17,28,39,43,116,124. 

Indeed, transferring magnetization from SH to the other studied spin IX (such as 7Li or 

19F in our case) can potentially give the advantage of having a high sensitivity and thus 

a good signal to noise ratio with few scans due to the larger source magnetisation 

available to transfer by the NOE. Furthermore this transfer direction helps to avoid 

artefacts: due to field or RF phase instabilities, as the artefacts will be separated from 

the t1-modulated magnetization, either as a t1-noise along the indirect axis or as an 

unmodulated artefact appearing at the window center when 2D States mode is used. 

In 1D experiments, these artefacts can be present as “antiphase wobbles”, or as a 

signal present in the window center. In fact, the use of a pulse sequence using 

gradient coherence selection, as present in the following work, should normally 

reduce these problems, while the lock with an external deuterated sample is used to 

alleviate field instabilities. 

However, when using SH->IX, if multiple hydrogen sites are present, a 2D experiment 

is needed to resolve the different chemical shifts of the 1H nuclei. In the following 

work, the signal will be acquired from the protons, because, as explained earlier, only 

19F and 7Li are studied as the X spin, and in both cases for the samples studied here, 

only one site is present, thus, there is no need for an indirect dimension during the 

experiment. Moreover, the aim of this work is to obtain a quantitative extraction of 

the cross-relaxation rates, and this requires the quantification and normalization of 

the extracted HOESY signal, and 1D NMR peaks are simpler to integrate than 2D 

peaks. 

One last advantage of using a 1D HOESY experiment instead of a 2D, is that the full 

build-up curve can be obtained in a single experiment by replacing the mixing time 

present in the pulse sequence by a variable delay (i.e., different mixing time ranging 

from 50 ms up to 5.5 s) incremented as the second dimension. This procedure will 

create a 2D data set showing the time domain build-up curve in the indirect 

dimension. This way of acquiring the data keeps the HOESY results within a single 

data set that can be directly extracted by the Maple software for analysis. 
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The experimental duration can be a limiting factor due to spectrometer availability, 

and this is particularly true for quantitative HOESY experiments as a large number of 

mixing times are needed to obtain complete build-up curves. Moreover, the 

magnetization transfer between nuclei during these types of experiments is very low, 

especially for intermolecular cross-relaxation. Thus, the signal is weak, and long signal 

accumulation times are required. With a typical T1 of about one second, and a mixing 

time list of 22 values from 50 ms up to 5.5 s, these HOESY experiments took between 

12 and 48 hours, depending both on the number of mixing times used and also the 

number of scans and the recycle delay between each scan. A reliable fit of the dataset 

typically requires a minimum signal to noise ratio of 25 for the shorter or longer 

mixing times (i.e., the ones corresponding to the smallest intensities), and therefore, 

around 400 scans were required. One last correction factor equal to [1-exp(-d1/T1)]-1 

was added for every peak, to account for incomplete relaxation when a recycle delay 

shorter d1 than 5 × T1 (7Li or 19F) is used. 

In Figure 4-16, cross-relaxation data are plotted from five experiments carried out on 

(N-methyl-N-propyl-pyrrolidinium bis(fluorosulfonyl)imide (C3mpyrFSI), containing 

1.0 m lithium bis(fluorosulfonyl)imide. The experiments used the following recycle 

delay values: 10, 6.5, 4.5, 3 and 1.5 seconds. Therefore the recycle delay of 10 

seconds is much greater than the time needed for quantitative experiments and so 

these data points are considered to be the most accurate. In the figure, the blue 

circles correspond to the cross-relaxation rates determined with the T1 correction, 

and the red circles correspond to the values without this correction. Cross-relaxation 

rates are extracted for each peak. 

At recycle delay over ~5 times the longest T1 (corresponding approximatively to 6.3 

second in the present case), the extracted cross relaxation values are similar with and 

without the T1 correction. But at shorter recycling delay, such as 3 or 4 seconds, the 

cross-relaxation rates without the T1 correction, begin to deviate from the cross-

relaxation rate with T1 correction. Thus using this correction, the recycling delay can 

now be reduced to 1.26 times T1 in order to maximize the optimum signal to noise 

ratio that can be achieved in a given experimental time, and still provide quantitative 

cross-relaxation rates. However, at short recycling delay such as 1.5 seconds, even 



PART 1: 
Development of an automatic data fitting procedure 

 

101 
 

with the T1 correction, some cross-relaxation rates began to deviate by few percent 

(~5%) from the one measured for the fully relaxed system. 

 

Figure 4-16: Six experiments carried out on the same sample, N-methyl-N-propyl pyrrolidinium (C3mpyr 

FSI) doped with 1 m of Lithium FSI, with different recycling delays (1.5s, 3s, 4.5s, 5s, 6.5s, 10s). The six 

graphs present  the extracted 7Li-1H cross-relaxation rates for the six hydrogen sites present on the 

pyrrolidinium cation, with and without taking into account the correction accounting for incomplete 

relaxation. (uncertainty of 2.5% for each cross relaxation rates) 

Others studies were realized in order to optimize the experimental time. Indeed, 

despite the recycle delay, the number of scans and the number of mixing times are 

parameters that can impact the total experimental time. For example, three mixing 

time lists were tested, with 12, 22 and 32 mixing times. The results are presented in 

Figure 4-17 a), corresponding to the extracted cross-relaxation rates of the largest 

mixing time list in the set (32 mixing times) against the two other mixing time lists (22 

mixing time in blue and 12 mixing time in red), for sample C3mpyr FSI doped with 1 m 

Li FSI at 20 °C, and Figure 4-17 b) which correspond to this same time of experiments, 

but this time for sample C3mpyr FSI doped with 3.2 m Li FSI at 20°C. 
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One can see that the discrepancies of the results are pretty small, as the 

determination coefficient (R²) is always over 95%, suggesting that there is no 

significant differences while using a short mixing time list with only 12 mixing times 

compared to a mixing time list of 32 mixing times, which reduces the total 

experimental time from 1.5 days to 6 hours. 

 

Figure 4-17: Extracted cross-relaxation values using 22 (in blue) and 12 (in red) mixing times as a function 

of the rates obtained with 32 mixing times, assuming these are the most exact ones. The lines are linear fits 

y = ax (equation displayed on the graph with the coefficient of determination R2). We showed the results 

obtained for samples C3mpyr FSI at 20°C doped with 1 m Li FSI in a) and 3.2m Li FSI in b). (uncertainty of 

2.5% for each cross relaxation rates) 

In Figure 4-18, a similar type of representation is presented, but this time with 4 

different numbers of scans: 80, 200, 440, 800 transients recorded, corresponding to 

a signal to noise ratio of 35, 70, 79, 130 for the twelfth mixing time or 900 ms, 
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respectively, (i.e. near the top of the build-up curve, corresponding to the delay 10). 

The experiments with 80, 200 and 440 are plotted against the theoretical best 

experiments (800 number of scan). Similarly to a previous study, no significant 

discrepancies can be detected between experiments, and all yield a good coefficient 

of determination (R²). Thus, even with a signal to noise ratio as low as 35 for the 

maximum transfer, cross-relaxation rates can be reliably extracted. Therefore, a 

significant gain in experimental time can be obtained by adjusting the number of 

scans. Thus, by optimizing all these parameters, we manage to record a full build-up 

curve, within an experimental time of ~2h, compared to ~1.5 days in the beginning.  

 

Figure 4-18: Extracted cross-relaxation values when 80 (blue), 200 (red) and 440 transients (green) are 

recorded, plotted as a function the theoretically better rates obtained with 800 transients recorded for each 

of the 22 mixing times and a recovery delay of 6.5 s. The lines corresponds to the linear fit y = ax fit, displayed 

on top with the corresponding coefficient of determination R2. The sample was C3mpyr FSI, doped with 1 m 

LiFSI at 50°C (uncertainty of 2.5% for each cross relaxation rates). 
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4.1.II Conclusions 

In order to extract heteronuclear, intermolecular cross relaxation rates from HOESY 

build-up curves in a quantitative manner, an improved data fitting procedure was 

developed. We have shown that diffusion coefficients must be measured and taken 

into account in the fitting due to the use of gradient pulses in the HOESY pulse 

sequence.  Longitudinal relaxation times for the individual nuclei also need to be 

measured, and the normalisation of the HOESY signals relative to the equilibrium 

magnetisation is required to have the cross relaxation rate σ as the sole variable in 

the fitting.  A home-written Maple code has been developed to achieve this fitting 

procedure. Prior to the cross relaxation rate extraction, this code automatically 

extracts required parameters from the raw data sets such as numbers of scans, 

receiver gains, etc., in order to normalize and fit build-up curves. By taking into 

account sample-specific factors such as the relative concentrations of the ions in the 

mixture, a quantitative comparison of cross relaxation rates in different ILs was made 

possible. Furthermore, we have considered ways to improve the time-efficiency of 

the HOESY experiment, showing that reliable and reproducible results can be 

obtained using shorter recycles delays, potentially reducing the experimental time by 

a factor of eight. 
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The N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide mixed with lithium 

bis(fluorosulfonyl)imide, was chosen as explained before due to the well resolved 

proton NMR spectrum, but also because this sample was a very commonly studied 

ionic liquid, therefore  easy available on the shelf.   

4.2.I  Spin lattice relaxation 

 

The spin lattice relaxation times of the 1H, 19F and 7Li nuclei were measured with 

inversion recovery experiments. Their longitudinal relaxation times measured at 

various temperatures can help to understand the dynamics (via the correlation time) 

for the C3mpyr, FSI and lithium ions respectively. Moreover, the longitudinal 

relaxation times are also required for the quantitative measurements of the 

Overhauser effect (see previous chapter). 

When relaxation rates are plotted as a function of the inverse of the temperature, a 

T1 minima or R1 maximum may be detected. At this temperature, the timescale for 

the underlying dynamics (which are responsible for the relaxation mechanism) is 

equal to the inverse of the nuclear Larmor frequency. In such cases, using the BPP 

theory (see Spectral density and relaxation theory in Materials and methods chapter) 

and assuming single relaxation processes with a single correlation time for each 

nucleus, the relaxation rates can be fitted and the correlation times can be retrieved. 

The presence of a T1 minimum is necessary to precisely measure the magnitude of 

the interaction  

 As the T1 relaxation data as a function of temperature exhibit a single T1 minimum, 

only one relaxation process is assumed for each nucleus. 

In the case of the 1H T1 measurements, the scalar, spin-rotation and chemical shift 

anisotropy relaxation were assumed to be negligible compared to the dipolar 

relaxation. Furthermore, the 1H dipolar relaxation was assumed to be mostly due to 

the intramolecular homonuclear dipolar relaxation. The other dipolar relaxation 

mechanisms are neglected, as expected from the low abundance of 13C and the long 

distance between 1H and the other spin bearing ions. Thus as explained in the 
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material and method section, in this case the data were fitted with the following 

equation: 

 

1

𝑇1(𝐻)
=

1

𝑇1
𝐷𝐷(𝐻)

=
3

10
(
𝜇0
4𝜋

)
2 𝛾4

𝑟6
(

𝜏𝑐
1 + 𝜔2𝜏𝑐2

+
4𝜏𝑐

1 + 4𝜔2𝜏𝑐2
) 

Equation 4-5 

While assuming that the correlation time follows an Arrhenius behavior: 

𝜏𝑐(𝑇) = 𝜏0exp (
𝐸𝐴
𝑅𝑇

) 

Equation 4-6 

In the case of the 19F nuclei of the FSI anion, several studies report125 the quick 

reorganization of the FSI anion between the two potential configurations cis and 

trans, with a dipolar constant in the case of the cis conformer125. In this case, 

intramolecular homonuclear dipolar relaxation can be assumed such as the hydrogen 

case. 

However the proximity between C3mpyr cations and anions let also presume that the 

intermolecular heteronuclear dipolar relaxation between the fluorine and the 

different hydrogen groups can be predominant. This behaviour has been actually 

reported by Kruk et al109 in the case of a BMIM-BF4 and BMIM-BF6. In the case of the 

intermolecular heteronuclear dipolar relaxation, the relaxation mechanism is 

described as follow: 

1

𝑇1
𝐷𝐷 =

1

10
(
𝜇0
4𝜋

)
2 ħ2𝛾1

2𝛾2
2

𝑟6
(

𝜏𝑐
1 + (𝜔1 − 𝜔2)2𝜏𝑐2

+
3𝜏𝑐

1 + 𝜔1
2𝜏𝑐2

+
6𝜏𝑐

1 + (𝜔1 + 𝜔2)2𝜏𝑐2
) 

Equation 4-7 

Finally, in the case of the 7Li T1 measurements, the relaxation process can be more 

complicated. Indeed, 7Li is a quadrupolar nucleus, and therefore the quadrupolar 

relaxation mechanism can play a significant role. In order to fit the 7Li relaxation data, 

the quadrupolar relaxation will be assumed to be predominant and thus the fit will 
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be restricted to the simple model of a quadrupolar relaxation as shown in Equation 

4-11. 

1

𝑇1(𝐻)
=

1

𝑇1
𝐶𝑞(𝐿𝑖)

= 𝐶𝑞(
𝜏𝑐

1 + 𝜔2𝜏𝑐2
+

4𝜏𝑐
1 + 4𝜔2𝜏𝑐2

) 

Equation 4-8 

The following chapter will focus only on the C3mpyr-based IL sample at two 

concentrations, but also at different fields for some nuclei, as longitudinal relaxation 

rates were measured at 300 MHz, in parallel with the PFG experiments to measure 

the self-diffusion coefficients, but also at 500 MHz, as required for the fitting of the 

HOESY build-up curve.  It should be noted that while the T1 values are field 

dependent, the parameters extracted from the T1 analysis, such as the correlation 

times and activation energies, are not. 

 

4.2.I.1 Spin lattice relaxation for 1H nuclei 

 

As mentioned earlier, the spin lattice relaxation of 1H nuclei against temperature 

were fitted assuming only one relaxation mechanism, with a single correlation time, 

the intramolecular homonuclear dipolar relaxation. 

The color coding for 1H spin lattice relaxation rate curves corresponds to the color 

coding of Figure 4-19 a). 
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Figure 4-19: a) C3mpyr cation with 1H sites color coding and number and b) 1H Spin lattice relaxation at 300 

MHz as a function of temperature for sample C3mpyr FSI with 3.2 m LiFSI 

Unfortunately, the relaxation curves for sample C3mpyr FSI with 1 m LiFSI and 

measured at 300 MHz, could not be reliably fitted, as no R1 maxima were detected 

because of the limited temperature range of the probe used. 

As shown in Figure 4-19 b) for the sample C3mpyr FSI containing 3.2 m LiFSI, the 1H 

spin lattice relaxation data points exhibit some curvature due to being close to the T1 

minima and can be thus fitted reliably, except for the methyl group at the end of the 

alkyl chain that does not show any T1 minimum. 

In table 1 below, the extracted results from the BBP fitting are presented, with the 

activation energy in kJ.mol-1 and the correlation time at infinite temperature. 
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Table 4-1 : Extracted activation energy Ea (in kJ/mol) and correlation time 0 at infinite temperature for 1H 

T1 measurements on C3mpyrFSI with 3.2 m LiFSI, measured at 300 MHz. 

 

Combining these results with Equation 4-5 allows us to plot the calculated correlation 

times as a function of 1000/T for each 1H site (Figure 4-20). Even if the differences 

between the correlation times are small, one should note that the fastest motions 

(smaller τc) correspond to the pyrrolidinium ring. This results are in good agreement 

with a previous study56, on a similar sample, which attributes these faster motions to 

the rapid inversion of the pyrrolidinium ring. The activation energy, present in Table 

4-1, exhibits a similar trend as the correlation time, with the smallest activation 

energy for the 1H sites on the pyrrolidinium ring. 

 

Figure 4-20: Correlation times τc obtained from the 1H relaxation curves, as a function of 1000/T for sample 

C3mpyr FSI at 3.2 m LiFSI. 

In the case of the C3mpyrFSI system doped with 1 molal LiFSI, the relaxation rate vs 

temperature curves recorded at 500 MHz showed a change of curvature hinting at a 
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T1 minimum, except for the CH3 group attached to the nitrogen. Interestingly, the 

corresponding fits, as shown on Figure 4-21, show a trend similar to what was 

observed for the 3.2 m sample at 300 MHz, with faster motion for the two groups on 

the pyrrolidinium ring, as shown by their T1 minimum occurring at a lower 

temperature.  

 

Figure 4-21: a) C3mpyr cation with 1H sites color coding and number and b)  1H spin-lattice relaxation rates 

measured at 500 MHz as a function of temperature for sample C3mpyr FSI with 1 m LiFSI. 

The fitted activation energies (see Table 4-2) display a similar trend, as seen 

previously for the C3mpyr with 3.2 m LiFSI, with ring protons presenting lower 

activation energies. All activation energies are slightly smaller, as expected for a 

sample with a lower viscosity126. Moreover, the methyl group at the end of the alkyl 

chain presents the smallest activation energy, as expected for these more mobile 

protons due to the mobility of first the molecule, plus the rotation of each segment 

of the alkyl chain and then the rotation of the three hydrogens. It must be noted that 

in our analysis, we neglected the interplay between rotational diffusion and local 

motions, as only one relaxation rate was measured. 
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Table 4-2: Extracted activation energies Ea and correlation times at infinite temperature for 1H T1 

measurements on C3mpyrFSI with 1 m LiFSI at 500 MHz. 

 

Using the parameters shown on Table 4-2 and Equation 4-5, correlation times can be 

calculated over a range of temperature (see Figure 4-22). Similar conclusions can be 

drawn on this second system. As expected from the lower viscosity, all correlation 

times are now shorter compared to the more concentrated sample. Indeed, the 1 m 

and 3.2m samples correspond to molar fractions of 25 and 50 mol% of LiFSI, 

respectively. 

 

Figure 4-22: Correlation time τc calculated from 1H longitudinal relaxation rates plotted as a function of 

1000/T for sample C3mpyrFSI with 1 m LiFSI. 
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4.2.I.2 Spin lattice relaxation for 19F nuclei 

 

As discuss earlier, in the case of 19F T1 spin lattice relaxation, two different relaxation 

mechanism can be studied, either the intramolecular homonuclear dipolar relaxation 

between two fluorine nuclei, and most likely when the FSI is on the cis-conformation, 

or  the intermolecular heteronuclear dipolar relaxation between fluorine nuclei and 

the surroundings hydrogens as one would expect a great association between the 

cation carrying on the hydrogens and the anion carrying the fluorine. 

The 19F T1 longitudinal relaxations were fitting using the intermolecular heteronuclear 

dipolar relaxation, which was supposed to be predominant. Thus Figure 4-23 reports 

the fit from the intermolecular mechanism for both concentrations. (Similar fit and 

results were in fact obtain separately in the intramolecular case) 

 

Figure 4-23 : 19F longitudinal relaxation rates at 300 MHz as a function of temperature for C3mpyrFSI at 1 

m and 3.2 m of LiFSI, using the intermolecular heteronuclear dipolar relaxation 

According to Table 4-3, which represents the extracted activation energy EA, the τ0 

and the correlation time τc at 50°C for the two concentrations, the fluorine and thus 

the anion have a higher activation energy at higher concentration, and a higher 
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correlation time. This can be explained by the apparent higher viscosity of the sample 

at higher concentration. Correlation time trend are displayed in Figure 4-24. 

Table 4-3: Extracted activation Energy and correlation time at infinite temperature for 19F T1 measurements 

on C3mpyr FSI at 1 m and 3.2 m of Li FSI. 

 

   

Figure 4-24: 19F calculated correlation time τc as a function of 1000/T for sample C3mpyr FSI at 1 m and 3.2 

m Li FSI in the intermolecular heteronuclear dipolar relaxation 

 

4.2.I.3 Spin lattice relaxation for 7Li nuclei 

 

As mention earlier, the 7Li T1 relaxations at two concentrations were fitted using the 

quadrupolar relaxation equation (Equation 4-8). Figure 4-25 represent the plot of the 

T1 parameter as function of temperature, and the corresponding fits. 
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Figure 4-25: 7Li spin lattice relaxation at 300MHz as a function of temperature for sample C3mpyr FSI at 1 

m and 3.2 m of Li FSI 

Similarly to the fluorine relaxation, according to Table 4-4, which represents the 

extracted activation energy EA, the τ0 and the correlation time τc at 50°C for the two 

concentrations, the lithium have a higher activation energy at higher concentration, 

and a higher correlation time. This can be explained by the apparent higher viscosity 

of the sample at higher concentration. Correlation time trend are displayed in Figure 

4-26. 

Table 4-4: Extracted activation Energy and correlation time at infinite temperature for 7Li T1 

measurements on C3mpyr FSI at 1 m and 3.2 m of Li FSI. 

 

 



Part 2: 
N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide mixed with lithium 

bis(fluorosulfonyl)imide  

117 
 

  

Figure 4-26: 7Li calculated correlation time τc as a function of 1000/T for sample C3mpyr FSI at 1 m and 3.2 

m Li FSI 

 

The T1 longitudinal relaxations were analysed as shown in the last sub-chapters, 

unfortunately there were not enough results for the extraction of the correlation 

time for the 1H T1 longitudinal relaxation. This prevented us from comparing the 

extracted correlation times of the different species present in the ionic liquid. 

However it should be noted that extraction of these parameters will be important in 

the future in order to correlate with NOE transfer. 

4.2.II  NOESY H-H measurements 

 

As shown in Figure 4-27, one of the first experiments carried out in order to prepare 

for the HOESY experiments was the single pulse 1H experiment on the N-methyl-N-

propyl pyrrolidinium bis(fluorosulfonyl)imide (C3mpyr FSI) mixed with 1 molal of 

lithium bis(fluorosulfonyl)imide (LiFSI). Therefore, the different peaks corresponding 

to the different hydrogen sites on the C3mpyr cation were assigned. The methyl group 

on the nitrogen, attributed to the peak position four, corresponds to a singulet, as 

there no hydrogen neighbours but also due to the peak intensity corresponding to 

three (display in red). The methyl groups at the end of the chain, corresponding to 
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peak 1 has been attribute to the triplet due to the two neighbours, and furthermore 

due to the peak intensity corresponding to three. Peak 5 and 6 has been attribute 

due to the peak intensity of four, and has been distinguish one to the other, due to 

the stronger chemical shift of the CH2 group the closer to the nitrogen. Similar 

reasoning has been use to distinguish peak 2 and 3. 

  

Figure 4-27: 1H spectrum corresponding to the C3mpyr FSI IL doped with 1 m LiFSI 

Subsequently, 1H-1H NOESY experiments were carried out at different fields. First of 

all, these NOESY experiments help to confirm the peak assignments, as the spatial 

correlations for the different hydrogen sites can be observed. But secondly, these 

NOESY experiments were realized in order to observe the intensity of the 1H-1H 

NOESY transfer. Indeed, as the aim of this work is to realize some heteronuclear 

transfer between either 7Li or 19F nuclei to the surroundings hydrogens, it is also 

interesting to see during the HOESY experiments, there will be some homonuclear 

relayed NOE through bonds. 
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Figure 4-28: 1H-1H NOESY experiments realized at a) 17.61 T and b) 11.74 T 

As presented in Figure 4-28, two NOESY experiments were realized at two different 

fields (17.61 T and 11.74 T), in order to see the impact of the field on the NOE transfer 

during NOESY experiments. It is quite clear that the NOE transfer between hydrogens, 

despite the close distance between nuclei, is weak. The NOE transfer is actually even 

weaker at lower field which corresponds to the field strength at which HOESY 

experiments will be carried out. Thus in the further work, as the HOESY transfer is 

already weak, the potential NOESY transfer relayed through bonds, will be assumed 

negligible beyond the direct HOESY transfer. 

 

 

 

 

4.2.III Cross relaxation rates measurements 

4.2.III.1 1H-7Li HOESY experiments 

4.2.III.1.1 C3mpyr 1 m Li FSI 

 

The first HOESY measurements were carried out on C3mpyrFSI with 1 molal LiFSI at 

50°C as at this temperature the ionic liquid is fluid enough and thus the NMR signal 

present a good enough signal over noise ratio. As the major interest was to 

understand the interactions of the lithium cations with its surroundings, we began 
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with 1H-7Li HOESY experiments, thus probing the cation-cation interactions. Build-up 

curves were extracted and using the previously extracted self-diffusion coefficients 

for both cations, and the calculated spin lattice relaxation for each hydrogen sites and 

for the lithium, these build-up curves were fitted following the methods outlined in 

the previous chapter (see Figure 4-29). 

 

Figure 4-29: 1H-7Li HOESY build-up curves for C3mpyrFSI with 1 m LiFSI at 50°C 

In Figure 4-30, the cation C3mpyr is represented with hydrogen atoms coloured 

according to the intensity of the cross-relaxation rates, red standing for the largest σ 

value, and blue for the smallest one. Figure 4-30 a) correspond 1H-7Li experiments at 

50°C and b) at 20°C. The same colour coding will be used for the other experiments 

and the others cations, as an aid to highlight the variations of cross-relaxation rates 

within the same molecule. The colour coding should not be used in order to compare 

different systems, only the cross-relaxation numbers displayed in the different 

figures can be compared.  
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Figure 4-30: 1H-7Li Overhauser rates for the C3mpyr and lithium cations (1 molal LiFSI). Cross-relaxation 

rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE at a) 50°C and 

b) 20°C (uncertainty of 2.5% for each cross relaxation values) 

According to the colour coding on Figure 4-30 a), it is easy to see that the highest 1H-

7Li cross relaxation rate value by far correspond to methyl group at the end of the 

alkyl chain. The second strongest value is reported on the CH2 on the cycle the further 

away from the nitrogen site. The four other cross-relaxation rate which are closer to 

the nitrogen site, all exhibits lower cross relaxation rates values. This trend can be 

explained due to the repulsion between the Li+ and the nitrogen positively charges. 

As shown in Figure 4-30 b) which represents the extracted 1H-7Li cross-relaxation 

rates for the same system, but this time at 20°C, a similar trend can be noticed. 

However, by directly comparing the cross relaxation values at 50°C and at 20°C, one 

should note that at 20°C, the methyl group on the nitrogen and the CH2 close to the 

nitrogen on the cycle, exhibiting quite higher values compared to the two CH2 on the 

alkyl chain, which was not the case at 50°C.Thus by decreasing the temperature, the 

lithium looks like to exhibit a higher interaction with the cycle and the methyl group 

compared at higher. 

Figure 4-31 represents a bar graph of the extracted cross-relaxation rates, with the 

one corresponding to the 1 molal concentration in blue. First, there is clear 

correlation between the Overhauser effects measured at the two temperatures, 

indeed all hydrogens atoms the further away from the nitrogen exhibits a higher cross 

relation values, thus experiencing a stronger effect, again, probably due to repulsion 

between the Li+ and the nitrogen positively charges. Secondly, cross-relaxations rates 

are all lower at 20°C than the ones at 50°C, and the spread in values is also lower. 
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Lower cross-relaxation rates at lower temperature may be explained by slower 

dynamics and/or increasing average distances between the two cations. 

 

Figure 4-31: Cross-relaxation rates measured for C3mpyr FSI doped with 1 molal and 3.2 molal Li FSI at 

20°C and 50°C (uncertainty of 2.5% for each cross relaxation values) 

4.2.III.1.2 C3mpyr 3.2m Li FSI 

 

In order to see the impact of the LiFSI concentration, similar experiments were 

carried out at 20°C and 50°C for a LiFSI molality of 3.2 mol.kg-1. Again, Figure 4-32 a) 

and b) represent the experimental cross-relaxation rates for C3mpyrFSI with 3.2m 

LiFSI, at 50°C and 20°C respectively. 
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Figure 4-32:1H-7Li Overhauser rates for the C3mpyr and lithium cations (3.2 molal LiFSI). Cross-relaxation 

rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE at a) 50°C and 

b) 20°C (uncertainty of 2.5% for each cross relaxation values) 

Interestingly, in Figure 4-32 a), corresponding to 1H-7Li experiment at 50°C, the cross-

relaxation rates exhibit a similar trend as for the previous concentration at the same 

temperature. Indeed, except for the methyl group on the nitrogen, all other 

hydrogens sites exhibit a cross relaxation rates smaller at lower temperature, which 

can be potentially explained a slower dynamics due to the apparent higher viscosity. 

For the extracted cross relaxation on Figure 4-32 b), still corresponding to the 3.2 

molal concentration but this time at 20°C, this time the highest value is reported from 

the methyl group on the nitrogen, followed by the two CH2 groups on the cycle and 

then the methyl group at the end of the alkyl chain. The two last sites in the middle 

of the alkyl chain are still some of the lowest reported values, but not by far. In fact, 

according to Figure 4-31 in red, the cross relaxation values extracted for the 3.2 molal 

concentration at 20°C corresponds (almost all) to the smallest extracted. 

This behavior can be potentially explained by a higher viscosity leading to slower 

motions, which leading the NOE transfer.  

 

4.2.III.2 1H-19F HOESY experiments 

 

In order to have a better understanding of interactions between ions in the ionic 

liquid, we decided to record 1H-19F Overhauser cross-relaxation rates. Similarly to the 

1H-7Li experiments the same acquisition and fitting procedure was followed for 1H-
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19F experiments. However, the Overhauser effect between two nuclei of close 

gyromagnetic ratio can be either positive or negative, as commonly seen in 

homonuclear NOEs. That is indeed what was observed in our case, further 

complicating their interpretation. In the following section, the discussion will be 

focused on the C3mpyrFSI sample mixed with 1 m LiFSI at various temperatures. 

As an example, Figure 4-33 shows the HOESY build curves carried out at 40°C, with 

the fits. At this temperature, it appears that some signals are the reverse than the 

others.  

This negative cross-relaxation rate can be explained with Equation 4-9. Indeed, the 

cross-relaxation rate is the difference between the double quantum transition and 

the zero quantum transition probabilities, thus if the zero quantum mechanism is 

predominant over the double quantum one, the cross-relaxation rate will be 

negative. 

Equation 4-9 

𝜎12 = 𝑊2 −𝑊0 

Equation 4-10 

𝑊0 =
1

10
(
𝜇0
4𝜋

)2
ħ2𝛾1

2𝛾2
2

𝑟6
𝜏𝑐

1 + (𝜔1
2 − 𝜔2

2)𝜏𝑐2
 

Equation 4-11 

𝑊2 =
3

5
(
𝜇0
4𝜋

)2
ħ2𝛾1

2𝛾2
2

𝑟6
𝜏𝑐

1 + (𝜔1
2 +𝜔2

2)𝜏𝑐2
 



Part 2: 
N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide mixed with lithium 

bis(fluorosulfonyl)imide  

125 
 

 

Figure 4-33: 1H-19F Overhauser build-up curves for C3mprFSI doped with 1 m LiFSI at 40°C, with the 

corresponding fits. 

Figure 4-34 represents the extracted cross-relaxation rates for each of the hydrogen 

sites, at four temperatures (20-30-40-50°C). For each specific site, the cross-

relaxation rates follow the same trend, and one can see that the zero crossing occurs 

at different temperatures for each site. (See Figure 4-34). Interestingly, a closer look 

at Equation 4-9, combined with the expression of the transition probabilities from 

Equation 4-10 and Equation 4-11, reveals that the zero and double quantum 

transition probabilities correspond to the spectral densities at the difference and sum 

of the Larmor frequencies of 1H and 19F at 11.74 T or 500 MHz for 1H, which 

corresponds to ωH − ωF = 30 MHz and ωH + ωF = 970 MHz, therefore corresponding 

respectively to 5.3×10-9 and 0.16 ×10-9. Therefore, the zero quantum transition 

probability will mostly result from the contribution of “slow” dynamics and the 

double quantum transition probability from “fast” dynamics. 

In the case of the cross-relaxation rates extracted from 1H-19F Overhauser transfers 

(see Figure 4-34), negative cross-relaxation rates can be observed at low 

temperature, which is expected as the zero quantum process and slow dynamics are 

then predominant. Considering the associated timescales (ωH + ωF = 970 MHz andωH 

− ωF = 30 MHz), “slow” dynamics will correspond to self-diffusion and rotational 
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diffusion of the whole ion usually above the nanosecond scale and “fast” dynamics 

will be considered as resulting from the rotation of the different groups or chain127 

usually from the nano to the pico second scale. Therefore, two atoms close to each 

other are expected to undergo faster fluctuations of their dipolar interaction, while 

two atoms which are further away may experience slower reorientations and 

fluctuations of the dipolar vector. It might imply that slow dynamics may correlate 

well with long range NOEs while fast dynamics may be linked with short range NOEs. 

Therefore, when a negative NOE is detected, one can expect slow dynamics to 

dominate the Overhauser transfer, and the ranking of NOEs may be related to the 

longer distances. At higher temperature and when positive NOEs are detected, the 

opposite may be true, and shorter distances may be probed. In fact, this behaviour is 

suggest by a theory from Gable et al81,128, which will be describe later on. 

  

Figure 4-34: Cross-relaxation rates as a function of temperature extracted for C3mpyrFSI with 1 mol.kg-1 

LiFSI (C3mpyrFSI cation with hydrogen sites colours and numbers in insert) (uncertainty of 2.5% for each 

cross relaxation values) 

As the interplay between the distances and dynamics becomes complex, one can see 

that it becomes difficult to theorize on which site is closer to fluorine of the FSI anion 

as the order of magnitude of the cross-relaxation rates will be depend upon the 
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temperature. Similarly to the 1H-7Li HOESY experiments, it is thus difficult to directly 

correlated with distances. 

 

4.2.IV Interpreting the cross-relaxation values in 

terms of spatial proximities 

 

In order to correlate the cross-relaxation rates σ and the proximity between ions, a 

deeper understanding is needed. Different theoretical studies are presented in the 

literature and three models are presented and applied in the following sections.  

 

4.2.IV.1 Model A: Fluctuation of the intermolecular 

dipolar interaction with a single correlation time and a 

fixed distance, the strong ion pairing case 

  

The simplest interpretation of the Overhauser rate is obtained with the standard 

equation derived for intramolecular heteronuclear dipolar cross-relaxation rates: it is 

derived for a pair of spins at a fixed distance from each other, in the same molecule, 

and experiencing a single motion (and a single correlation time describing it), 

generally resulting from rotational diffusion. As mentioned earlier, the cross-

relaxation rate σ corresponds to the difference of probabilities between the two 

possible transitions for population transfer in the four state spin systems, as shown 

on Equation 4-12: 

𝜎 = 𝑊2 −𝑊0 

𝑊0 =
1

10
𝑏2𝐽(𝜔1 −𝜔2) 
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𝑊2 =
6

10
𝑏2𝐽(𝜔1 +𝜔2) 

Equation 4-12 

The magnitude of the effect, b, is obtained from the standard equation for dipolar 

relaxation, where r is the fixed distance between spins 1 and 2. 

𝑏 =
𝜇0
4𝜋

ℎ𝛾2

𝑟3
 

Equation 4-13 

Thus the cross-relaxation between spin 1 and 2 can be written as follow: 

𝜎 = (
𝜇0
4𝜋

ℎ𝛾1𝛾2
𝑟3

)
2

(0.6 × 𝐽(𝜔1 + 𝜔2) − 0.1 × 𝐽(𝜔1 − 𝜔2)) 

Equation 4-14 

In the case of an intra-molecular dipolar magnetization transfer with the underlying 

motion described by a single correlation time c, the spectral density is given by 

Equation 4-15 

𝐽(𝜔) =
𝜏𝑐

1 + 𝜔2𝜏𝑐2
 

Equation 4-15 

And the cross-relaxation rate σ can be now written as  

: 

𝜎 = (
𝜇0
4𝜋

ℎ𝛾𝐻𝛾𝑋
𝑟3

)
2

(0.6 × (
𝜏𝑐

1 + (𝜔𝐻 +𝜔𝑋)2𝜏𝑐2
) − 0.1 × (

𝜏𝑐
1 + (𝜔𝐻 − 𝜔𝑋)2𝜏𝑐2

)) 

Equation 4-16 

One should note that in this case, the cross-relaxation rates are d-6 distance 

dependent. 
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4.2.IV.2 Model B: Hard sphere model and distance of 

closest approach 

 

In previous studies, ions in ionic liquids have been modelled as hard spheres, in order 

to calculate how the intermolecular interactions are modulated by the relative 

translational diffusion of the interacting molecules129–131. An expression for the 

spectral density of the dipolar interaction, was calculated, with two parameters: the 

translation correlation time τtrans and the distance of closest approach between the 

two interacting spins d: 129,130 

J𝐷𝐷
𝑖𝑛𝑡𝑒𝑟(ω, d, D𝐻 , D𝑋) ∝

72

d3
∫

u2

(u6 − 2u4 + 9u2 + 81)

𝑢2𝜏𝑡𝑟𝑎𝑛𝑠
(u4 + (ω𝜏𝑡𝑟𝑎𝑛𝑠)2

du
∞

0

 

Equation 4-17 

In the case of “standard” self-diffusion, τtrans is defined as τtrans = d²/D12, with D12 

corresponding to the relative translation diffusion coefficient, which is given as the 

sum of the self-diffusion coefficient of the participating molecule. Thus Equation 4-17 

can be re-written as follows: 

J𝐷𝐷
𝑖𝑛𝑡𝑒𝑟(ω, d, D𝐻, D𝑋)

∝
72

d3
∫

u4d2

(u6 − 2u4 + 9u2 + 81)(DH + D𝑋)(u4 +
ω2d4

(DH + D𝑋)2

du
∞

0

 

Equation 4-18 

Now, by combining Equation 4-14 and Equation 4-18, and by doing a series 

development of the cross-relaxation rate expression at the first order for short 

distances, (including the calculated diffusion coefficient) the cross-relaxation rates 

scale as: 

σ ∝ 1.4 × 1010𝑑−1 − 2.7 × 1019 + 𝑂(𝑑2) 

Equation 4-19 

In that case, we can correlate cross-relaxation rates with one over the distance of 

closest approach. 
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4.2.IV.3 Model C: Inter molecular dipolar spin pair 

transfer: short to long range NOE 

 

Interestingly, according to a new study, carried on by Gabl, Steinhauser and 

Weingärtner81,128, the first model, which takes into account the intramolecular cross-

relaxation between isolated pairs of spin, obviously neglects the modulation of the 

vector between spins resulting from the translational diffusion of both ions. Indeed, 

the earlier model (as in the BPP theory) only takes into account the rotational motions 

of ions, characterized by a single correlation time in the isotropic case. However, it 

has been known for a long time, from the theories of intermolecular spin lattice 

relaxation, that translational dynamics renders the spectral density J(ω) long 

range132–137. 

Taking into account both rotational and translational dynamics of ions, Weingärtner 

and co-workers calculated the spectral density for the dipolar interaction between 

the two interacting spins using parameters typical for ILs, and pointed out that the 

function is no longer Lorentzian but is instead stretched out to higher frequencies as 

represented in Figure 4-35. 

 

Figure 4-35: Representation of the spectral density as a function of log(ω) according to the GSW model 

(reproduction of the figure from the original work81) 
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In that case, one can see that J(ωI-ωS) is of intrinsic long range nature J(ωI+ωS) have a 

short range one. Furthermore, J(ωI-ωS) will be always larger than the J(ωI+ωS), and 

will vary much more with the distance between spins. Furthermore, the effect will be 

increased as the spins frequencies become closer to each other. The descriptions of 

the full theory is beyond the scope of this work, but can be found in detailed in the 

different publication from gabl et al81,128. 

 

4.2.V  Application of these models to the HOESY data 

4.2.V.1 1H-7Li HOESY experiments 

 

In order to convert the cross-relaxation rates into distances, we applied the first 

model corresponding to the intra molecular spin pair transfer using Equation 4-14. 

Thus in Equation 4-14, only two parameters are left unknown and able to vary, the 

correlation time τc and the distance r. Figure 4-36 represents a 3D plot of Equation 

4-16 with the correlation time of fluctuation process and the distance between them 

as variables. On this figure, on the one hand, the value of σ increases as the 

correlation time gets higher, therefore, one can expect that as the temperature gets 

higher, the Overhauser effect will pass through a maximum, and then decrease. On 

the other hand, the sigma values at all correlation times increase as r becomes 

smaller, which is expected. Interestingly, as shown in Figure 4-31, (σ for each 1H peaks 

for the C3mpyrFSI with 1 m Li FSI, between 20 and 50 °C), all the σ values increase 

with temperature. As the temperature increase from the left to the right in Figure 

4-36, the increase of cross-relaxation rates means that these points are located on 

the right hand side of the peak. 
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Figure 4-36: 3D representation of the cross-relaxation rate expression in the case of an intramolecular spin 

pair transfer with two theoretical spin pair example 

Unfortunately, as neither the correlation time nor the distances between spins are 

known, no immediate conclusion can be provided for the distance between the 7Li 

and the 1H sites. Indeed, for two different pairs of spins A and B, as shown in Figure 

4-36, even if spins in A are closer to each other compared to the spins in pair B, due 

to the smaller τc of pair B, the extracted cross-relaxation rate σ for pair B is higher. 

However, this equation for the spectral densities was used here under the 

assumption that strong ion pairing between the molecules bearing the interacting 

spins would validate the use of the equations derived for intra-molecular 

magnetization transfer, i.e. with the Overhauser effect driven by the fluctuations of 

the dipolar interactions coming from rotational diffusion. In our case, for 1H-7Li 

experiments, as both ions are cations, strong ions pairing is unlikely. In such ionic 

liquids, hydrogen-lithium interactions can be better described in the framework of 

Model B (the hard sphere model using the distance of closest approach). In this case, 

we will assume that the strongest cross relaxation rate is obtained for the smallest 

distance of closest approach. 

Thus, using the cross-relaxation numbers report in Figure 4-30, relative distances of 

closest approach between lithium and the different hydrogen atoms can be 

extracted. Several assumptions have to be made: first, the d−1 dependency of the 
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cross-relaxation rate, second, that the closest approach of the Li+ to the cation 

corresponds to the strongest cross-relaxation rate, third, that the shortest distance 

of closest approach is equal to the the sum of the hydrogen atomic radius (0.38 Å) 

and the lithium ionic radius (0.9 Å). Therefore, if the strongest cross-relaxation rate 

corresponds to 1.28 Å, the others distance of closest approach can be deduced from 

the ratio of cross-relaxation rates as presented in Table 4-5 .  

Table 4-5: Distance of closest approach between lithium and the different hydrogen sites for C3mpyr FSI 

with LiFSI 1 molal at 20°C and 50°C 

 

 

Figure 4-37: Representation of C3mpyr cation with the hard sphere model corresponding to the region of 

closest approach for the lithium to each hydrogen sites 

dLi -H / Å dLi -H / Å
1H sites 20°C 50°C

(1 mol/kg LiFSI) (1 mol/kg LiFSI)

1: CH3-CH2 1.34 1.28

2: CH3-CH2-CH2 1.64 1.88

3: CH2-CH2-N 1.77 2.00

4: CH3-N 1.42 1.94

5: N-CH2-CH2 1.50 1.81

6: N-CH2-CH2 1.28 1.58
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Table 4-6: Distance of closest approach between lithium and the different hydrogen sites for C3mpyrFSI 

with LiFSI 3.2 molal at 20°C and 50°C 

 

 

4.2.V.2 1H-19F HOESY experiments 

4.2.V.2.1 Model A 

 

In the case of the 1H-19F Overhauser transfer, the first model, involved a pair of spins 

with a fixed distance between them and a single correlation time for the rotational 

diffusion. As the 1H atoms belong to a cation and the 19F to the FSI anion, the first 

model was considered as relevant as electrostatic interactions may lead to strong ion 

pairing and long-lived ion pairs, in which the fluctuation of the inter-nuclear distance 

may be too slow to play a significant role in dipolar relaxation. As in the 
1H-7Li 

expression, only two parameters are left unknown and able to vary, the correlation 

time τc and the distance r. Figure 4-38 represents a 3D plot of Figure 4-38, with the 

correlation time of the pair of spins and the distance between the pair of displayed 

on the x and y axis respectively.  

dLi -H / Å dLi -H / Å
1H sites 20°C 50°C

(3.2 mol/kg LiFSI) (3.2 mol/kg LiFSI)

1: CH3-CH2 1.67 1.28

2: CH3-CH2-CH2 1.81 1.88

3: CH2-CH2-N 1.77 2.11

4: CH3-N 1.28 1.85

5: N-CH2-CH2 1.47 1.81

6: N-CH2-CH2 1.38 1.52
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Figure 4-38: 3D representation of the cross-relaxation rate expression in the case of a fixed distance r 

between spins and a single correlation time describing the fluctuation of the dipolar vector’s orientation (two 

different views). 

A completely different behavior is highlighted here: as shown in Figure 4-39, for short 

correlation times, the cross-relaxation rate is positive, and reaches a maximum 

around 0.1 ns. For a correlation time of 3.16 × 10-10 s, the cross-relaxation rate 

vanishes and later becomes negative at larger correlation times, reaching a minimum 

around 10 ns before vanishing again around 1 s. This negative cross-relaxation rate 

is due to the close proximity between the gyromagnetic ratios of both nuclei (γH = 

267.51 × 106, γF = 257.66 × 106 rad.s-1.T-1). Thus for slower motions, the J(H - F) term 

becomes dominant an the transfer is negative. 

 

Figure 4-39: Plot of the cross-relaxation rate as a function of the correlation time (log scale) assuming a fixed 

distance r=1Å between the 1H and 19F spins.  

Interestingly, the range of correlation times between 10-10 to 10-9 s which is the range 

obtained from the spin lattice relaxation experiments covers exactly the region where 
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the zero-crossing is detected (see Figure 4-40). Furthermore, as the correlation time 

is expected to increase from low temperature measurements to high temperature 

ones, a negative cross-relaxation rate is expected for low temperatures, and a 

positive one at high temperatures. This behavior corresponds quite well with what 

was experimentally observed experimentally for the 1H-19F heteronuclear 

Overhauser transfer, as shown in Figure 4-34.  

 

Figure 4-40: 3D representation of the cross-relaxation rate expression in the case of of a fixed distance r 

between spins and a single correlation time describing the fluctuation of the dipolar vector’s orientation with 

correlation time range corresponding to range extracted from T1 experiments. 

Unfortunately, as in the 7Li-1H experiments, neither the correlation τc nor the distance 

r are known, thus it is difficult to theorize directly on the distance r. However, there 

is one potential way to overcome the issue of the two unknown variables. Indeed, as 

shown on Figure 4-41, the minimum, the zero crossing, and the maximum occurs 

always at the same correlation time, corresponding to 5.43 × 10-9, 3.68 × 10-10 and 

1.25 × 10-10 seconds, respectively, whatever the distance between spins. Thus, if at 

least two of these minima are detected on the studied range of temperature, an 

equation for the correlation time can be extracted, and the correlation can be 

calculated at each temperature, leaving only one variable. Unfortunately, in the 
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present case of Figure 4-34, only the zero crossing appears, thus the correlation time 

was kept as a variable and no more information can be extracted. 

 

Figure 4-41: 3D representation of the cross-relaxation rate in the case of a fixed distance r between spins and 

a single correlation time describing the fluctuation of the dipolar vector’s orientation. The lines show the 

positions of the minimum and maximum. 

 

4.2.V.2.2 Model B 

 

The hard sphere model was not used in the case of 1H-19F experiments as the 

hydrogen sites are present on a cation and the fluorine sites are present on an anion. 

Therefore, the non-repulsive nature of the interaction makes the hard sphere model 

less relevant as one would expect the distance of closest approach to be the same or 

at least similar for all H-F pairs. 

 

4.2.V.2.3 Model C 

 

In fact, a better model to interpret the 1H-19F Overhauser magnetization transfer is 

based on the GSW theory. As explained earlier, this model takes into account both 

translational and rotational dynamics of ions, which is a key point for an 1H-19F spin 



Part 2: 
N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide mixed with lithium 

bis(fluorosulfonyl)imide  

138 
 

pairs, as their gyromagnetic ratios are very close . Thus the sum of the gyromagnetic 

ratio is at relatively high frequency, and the subtraction of the gyromagnetic ratio is 

very low:  

At 11.7 T: ωH + ωF = 970 MHz ωH − ωF = 30 MHz 

In order to be able to extract the different inter-nuclear distances for each site, we 

will consider the σ values measured at a temperature of 20 °C (as shown in Figure 

4-42). Indeed at this temperature, the cross-relaxation rates are negative, and the 

furthest from the zero-crossing region. The magnitudes of the rates are also 

distributed over a wide range of values. We then assume that the differences in σ 

values at this temperature are predominantly due to variations in the average inter-

nuclear distance rather than the dynamics. Thus as shown in Figure 4-41, at a fixed 

correlation time, the stronger the magnitude of the cross-relaxation rate, the closer 

the spins are to each other. 

 

Figure 4-42: Magnitude of cross-relaxation rates extracted for the C3myprFSI sample doped with 1 molal 

LiFSI at 20°C (uncertainty of 2.5% for each cross relaxation values) 

First, 1H-19F cross-relaxation rates show the opposite trend as the one observed for 

1H-7Li rates: indeed, fluorine sites show a greater correlation with hydrogen sites 

close to the positively charge nitrogen sites. This behaviour can be explained if one 
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considers the attraction between the negatively charged anion to the positively 

charged region of the cation. Indeed, even if the steric hindrance make this behaviour 

unlikely, the potential strong coordination between the positive charge delocalize on 

the nitrogen of the cation and the negative charge delocalize on the nitrogen of the 

anion, can be predominant beyond the steric hindered. 

 

4.2.VI Comparison with Molecular Dynamics 

simulations 

 

In order to test the different models, for both series of cross-relaxation rates (1H-7Li 

and 1H-19F), molecular dynamics simulations can be used to extract the coordination 

sphere of lithium or fluorine around the C3mpyr cation. 

 

4.2.VI.1 Cation-Cation interactions 

 

To summarize, the 1H-7Li cross-relaxation rates were compared to one another using 

the second model (hard sphere model and distance of closest approach), in order to 

extract distances of closest approach between the lithium cation and the different 

hydrogen atoms of the C3mpyr cation. It turns out that the lithium gets closer to the 

hydrogen atoms which are located far away from the positive charge. For the 1H-7Li 

Overhauser rates, (on the C3mpyrFSI sample doped with 1 molal LiFSI at 50°C), the 

lithium to hydrogen distances are ordered as follow: 

C1 > C6 > C5 > C2 > C4 > C3 
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Figure 4-43: C3mpyr cation with numbering, colour coding and experimental cross-relaxation rates (x10-4 s-

1) between 1H and 7Li for C3mpyrFSI with 1 molal LiFSI at 50°C 

MD simulations provide the carbon-lithium radial distribution functions (RDF) and 

coordination numbers (CN), obtained after equilibrating the two systems at 353 K (as 

shown in Figure 4-44). The RDF peaks are relatively broad due to the significant 

variations in the C-Li distances. 

 

Figure 4-44: Carbon-lithium radial distribution functions (RDF) in solid line, and coordination numbers 

(CN) in dashed line obtained from the MD simulations for C3mpyrFSI with 1 molal LiFSI at 50°C  

The RDFs in Figure 4-44  shows a first coordination shell at a distance of around 4-5 

Å and the carbon-lithium distance range in the following order: 

C1 > C6 > C4 > C2 > C5 > C3 

By looking at the Figure 4-45, one can see that the correlation with cross relaxation 

numbers trend extract from HOESY experiments are in good correlation with the 
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carbon-lithium distance of closest approach trend extract from the MD simulation. 

Thus, this confirms the choice of the second model used later on and thus confirms 

that the lithium appears to be further away from the positive charge carry on by the 

nitrogen, and in fact closer to the end of the alkyl chain and the CH2 on the cycle the 

furthest from the nitrogen. 

  

Figure 4-45: Graphical illustration of the correlations between the experimentally measured 1H-7Li cross 

relaxation rates and carbon-lithium distance derived from the MD, corresponding to Figure 4-43 and Figure 

4-44 data respectively. 

 

4.2.VI.2 Cation-anion interactions 

 

In the case of the 1H-19F HOESY cross-relaxation rates, as the hydrogen sites are 

located on a cation and fluorine on an anion, the electrostatic attraction between the 

two ions makes the hard sphere model most likely not applicable, and also that the 

third model using the GSW theory looks like to be the more accurate for the 1H-19F 

spin pair. By making the assumption that the influence of the correlation is negligible 

beyond the influence of the distances, for the 1H-19F Overhauser experiments realized 

on the C3mpyrFSI doped with 1 molal LiFSI at 20°C, the fluorine to hydrogen distances 

are ordered as follow: 

C5 > C3 > C2 > C4 > C6 > C1 
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Figure 4-46: C3mpyr cation with numbering, colour coding and experimental cross-relaxation rates (x10-4) 

of 1H-19F experiments for C3mpyr FSI with 1 molal Li FSI at 20°C (uncertainty of 2.5% for each cross 

relaxation values) 

Now, similarly to the 1H-7Li experiments, by looking at the carbon fluorine radial 

distribution functions (RDF) and coordination numbers (CN) calculated from the MD 

simulations after equilibrating the two systems at 353 K shown in Figure 4-47, 

comparison with the cross-relaxation rates experiments can be done. The RDF peaks 

are relatively broad due to significant variations in the C-Li distances. 

 

 

Figure 4-47: Carbon-fluorine radial distribution functions (RDF) and coordination numbers (CN) obtained 

from the MD simulations for C3mpyrFSI with 1 molal LiFSI at 20°C 

First of all, from the RDF plot, one can notice that all the distance of closest approach 

for the different C-F groups are more or less similar, around 2.8 Å, confirming the 

assumption that the fluorine can approach all sites at a similar distance. 

Secondly, at a first glance, the CN shown in Figure 4-47 exhibit the following trend  
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C1 > C6 > C2 > C4 > C5 >C3 

But interestingly, while taking a closer look at the coordination numbers, a cross-over 

region can be seen at around 5.5 Å. This can be understood due to the structure of 

the FSI anion, featuring two fluorine sites. As the FSI anion can be oriented in different 

ways relatively to the cation, at a given time some fluorine sites are at a distance over 

5.5 Å and the others at a distance smaller than 5.5 Å. Thus over 5.5 Å, the CN exhibit 

a different trend, as follow: 

C5 > C3 >C4 >C6 >C2 > C1  

In fact, as shown in Figure 4-48, between these two distance ranges, the longer range 

order of coordination numbers (at 6.5 Å) is the one that correlates best with the 

magnitudes of the 1H-19F cross-relaxation rates. It should be noted that the 

correlation between these longer range C-F coordination numbers and the 1H-19F σ 

values is much better compared to the shorter range, however the correlation is still 

not perfect. In fact the cross relaxation rates will correspond to a combination of both 

short range and long range dynamics. However, overall, this result seems to 

corroborate the theory of Weingärtner and co-workers, as indeed the 1H-19F cross-

relaxation rates appear to correlate best with longer-range interactions than the 1H-

7Li values. 

 

Figure 4-48: Graphical illustration of the correlations between the experimentally measured 1H-19F cross-

relaxation rates and carbon-lithium coordination numbers (CN) derived from the MD, corresponding to 

Figure 4-46 and Figure 4-47 data respectively 
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In fact, this trend showing a strong correlation of the FSI with the hydrogens sites 

around the nitrogen correlates with the 1H-7Li results. Indeed, on the one hand, if one 

assumes the lithium is surrounded by anions, at high temperature, the close 

approach of the lithium to the methyl group at the end of the alkyl chain can be 

explained by some lithium having enough energy to break the activation energy 

barrier and momently escape the coordination with the FSI. In this case, this free 

lithium will tend to be the repelled by the nitrogen’s positive charge, as explained by 

the stronger correlation with the methyl group at the end of the alkyl chain. In the 

other hand, a lower temperature or /and a higher LiFSI concentration (leading to less 

disrupted/stronger ion pairing and a higher viscosity), will induce a potentially 

stronger coordination between the lithium cation and FSI anion. In that case the 

lithium is trapped in a poly-ion structure that is negatively charged and end up being 

more around the nitrogen atom. This phenomenon seems to be observed in the 

structural studies of solid state samples (vide infra). 

 

4.2.VII Conclusions 

 

Quantitative 1H-7Li and 1H-19F cross relaxation rates have been measured from the 

C3mpyrFSI system mixed with LiFSI and interpreted in terms of the ion interactions 

and internuclear distances based on different models. Regarding the 1H-7Li HOESY, it 

has been shown that at high temperature (50°C) and low concentration (1 molal), the 

lithium cation seems to be able to get closer to the methyl group at the end of the 

alkyl chain and to the ring CH2 the furthest from the nitrogen, rather than the 

hydrogens sites close to the nitrogen. This trend can be explained by the repulsion of 

the lithium cation by the positive charge centred on the nitrogen. Interestingly, by 

lowering the temperature or increasing the concentration, and even more by doing 

both simultaneously, the distribution of the cross relaxation rates becomes narrower 

and shows that the lithium ions can approach closer to the hydrogen groups on the 

ring and to the methyl group on the nitrogen. This result has been attributed to a 

potentially stronger coordination between the lithium and the FSI anion. According 
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to the 1H-19F experiments, the anion seems to more strongly associate with the 

hydrogen groups close to the nitrogen.  

The interpretation of the extracted cross relaxation rates in terms of distances has 

also been discussed with different models considered. Using a hard sphere model 

and interpreting the cross relaxation rates in terms of a distance of closest approach, 

the 1H-7Li experiment at 50 °C at 1 molal LiFSI was in good agreement with the 

distances of closest approach obtained from the RDF plots extracted from the 

molecular dynamics simulation. In the case of the 1H-19F experiments, it has been 

shown that in fact the trend displayed by the extracted cross relaxation rates 

correlates better with C-F coordination numbers (obtained from MD simulations) at 

longer distances, as predicted by the GSW theory81.
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The last two chapters have demonstrated the capacity of the developed Maple code 

to extract different parameters from NMR data sets, such as the spin lattice 

relaxation time, or cross-relaxation rates through the fit of build-up curves extracted 

from 2D HOESY experiments in a systematic manner. Moreover, the extracted cross 

relaxation rates for each specific proton sites on the C3mpyr cation, exhibit different 

trends that can be correlated with the position of the other studied ion, i.e., the 

lithium for the 1H-7Li experiments or the anion for the 1H-19F experiments. By using 

different models in order to convert the cross relaxation rates into distances, it has 

been highlighted on the one hand, that a hard sphere model and distance of closest 

approach can be used in order to convert the 1H-7Li cross relaxation rates into 

distances, which correlate well with RDF and CN numbers extracted from molecular 

dynamics simulations. On the other hand, regarding the 1H-19F experiments, the 

model of distance of closest approach is unlikely to be valid as one would expect the 

distance of closest approach to be similar for all H-F pairs which has been confirmed 

by the RDF plots extracted from the MD simulations, were all C-F distances of closest 

approach looks pretty similar one to each other in Figure 4-47, compare in the case 

of the C-Li distances of closest approach in Figure 4-44. Interestingly, the trend of 

magnitudes for the 1H-19F cross relaxation rates, correlates well with the C-F CN at 

longer ranges extracted from the MD simulations. This behaviour was predicted by 

another model (so-called GSW theory), which takes into account both translational 

and rotational dynamics of ions. Thus in the rest of this report, all results 

corresponding to 1H-7Li HOESY experiments will be assumed to correlate with the Li-

H distance of closest approach, and all results corresponding to 1H-19F experiments 

will be treated as being reflective of longer range polarisation transfer from the more 

distance fluorine site on the FSI anion.  We note that in both cases the numbers still 

reflect interactions between the IL cation and the first shell of Li+ or FSI− ions around 

it. 

In this chapter we study other IL samples in order to compare how these cation-cation 

and cation-anion interactions vary depending on the IL cation structure. Only the IL 

cation structure is varied, and the concentration of LiFSI will be fixed at around 25% 

mol. 
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4.3.I  Effect of an additional carbon group on the 

alkyl chain 

 

The first new sample studied corresponds to the N-metyl-N-butyl pyrrolidinium 

bis(fluorosulfonyl)imide (C4mpyr FSI) doped with LiFSI at 1 mol.kg-1, which contains 

one additional carbon group on the alkyl chain. Cross-relaxation parameters were 

extracted using the same procedure as before, with the diffusion coefficients and 

relaxation parameters extracted separately. 

 

4.3.I.1 1H-7Li HOESY experiments 

 

As shown in Figure 4-49, which represents the extracted cross-relaxation rates from 

the 1H-7Li HOESY experiments for each specific proton sites of the C4mpyr cation, one 

should that the highest cross relaxation rates corresponds to the CH2 site on the ring, 

the furthest from the positive charge. Then the two hydrogens sites at the end of the 

alkyl chain, the methyl group on the nitrogen, and the CH2 the closest to the nitrogen 

on the ring, all exhibits similar cross relaxation rates. Finally the two last hydrogen 

sites on the alkyl chain, corresponding to the two CH2 group the closest to the 

nitrogen, exhibits both the smallest cross relaxation rates. Thus, according to these 

values, it suggesting that the lithium looks like to be able to approach closer to the 

hydrogens sites the most far away from the nitrogen site on the carbon cycle, and 

less closer to the protons on the chain close to the nitrogen. In fact, the cross 

relaxation intensity trend is pretty similar to the one extracted from the C3mpyr 

system (Figure 4-30), except that in the case of the C4mpyr, the lithium looks like as 

close to the carbon group on the cycle close to the nitrogen and the methyl group 

and the nitrogen than the two carbon group at the end of the alkyl chain. One 

potential explanation of this trend could be firstly, due the motion of the alkyl which 

can prevent the lithium to approach close to the hydrogen groups close to the 
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nitrogen and secondly, a potential sterical hindered due the longer alkyl chain, indeed 

some research already study the impact on the nanostructure of ionic liquids in the 

case of long alkyl chain, and highlight solvophobic segregation of the polar and apolar 

domains60,138 

 

Figure 4-49: 1H-7Li cross relaxation rates for the C4mpyr and lithium cations (1 molal LiFSI at 50°C). Cross-

relaxation rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE. 

(uncertainty of 2.5% for each cross relaxation values) 

 

4.3.I.2 1H-19F HOESY experiments 

 

The 1H-19F cross relaxation rates shown in Figure 4-50 are larger for the groups 

located closer to the nitrogen center of the cation. The largest value is for the CH2 

group on the alkyl chain that is closest to the nitrogen site. Note that these particular 

protons showed one of the lowest 1H-7Li cross relaxation rates. This suggests that the 

FSI anions may be clustering around this group and thereby preventing the Li+ cations 

from getting close to it. The lowest 1H-19F cross relaxation rate is seen for the terminal 

methyl group on the alkyl chain.  This is the group that is furthest from the positively 

charged region of the cation, so this could be explained by the lack of electrostatic 

attraction between the FSI anions and this part of the molecule, and it is also 

consistent with the closer distance of approach suggested by the relatively high 1H-

7Li cross relaxation rate for this group.  Comparing the CH2 groups on the ring, the 

groups more distant from the nitrogen again show a smaller 1H-19F cross relaxation 
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rate combined with a larger 1H-7Li value. These trends were also observed in the 

C3mpyr system. 

 

Figure 4-50: 1H-19F Overhauser rates for the C4mpyr and FSI anions (1 molal LiFSI at 50°C). Cross-

relaxation rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE. 

(uncertainty of 2.5% for each cross relaxation values) 

 

4.3.II  Effect of an additional carbon group on the 

cycle 

 

The next sample studied was N-methyl-N-propyl piperidinium 

bis(fluorosulfonyl)imide (C3mpip FSI) mixed with LiFSI at 1 mol.kg-1, in order to 

investigate the effects of adding a CH2 group in the cycle instead of on the alkyl chain. 

 

4.3.II.1 1H peak assignment 

 

The N-methyl-N-propyl piperidinium bis(fluorosulfonyl)imide (C3mpip FSI) 1H peak 

assignment could not be found in the literature. As the peak assignment is obviously 

required for the HOESY analysis, some single pulse experiments were carried out as 
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shown in Figure 4-51. Interestingly the 1H NMR spectrum contains 8 peaks compared 

to the seven expected for the C3mpip structure as shown in Figure 4-51. 

 

 

Figure 4-51: Single pulse 1H experiments corresponding to the cation structure of the N-metyl-N-propyl 

Piperidinium bis(fluorosulfonyl)imide (C3mpip FSI) doped with LiFSI at 1 mol.kg-1 

Thanks to the peak integration and J splittings shown in Figure 4-51, and the 1H 

spectrum of the N-propyl-N-methyl pyrrolidinium cation, most of the peaks were 

easily assigned as shown in Figure 4-52. However, only one site is left to assign, and 

two multiplets are still visible in the NMR spectrum. 

 

Figure 4-52: 1H single spectrum of the N-metyl-N-propyl Piperidinium bis(fluorosulfonyl)imide in red and 

the N-propyl-N-methyl Pyrrolidinium in black, with the hydrogens sites correspondence.  
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Thus a 1H-13C HSQC experiments were carried on as shown in Figure 4-53 (a single 

pulse 13C spectrum is presented as an external projection that shows the J splittings 

of the different peaks). From this experiment, it can be concluded that these final two 

peaks correspond to the hydrogens on site 7 (numbering in Figure 4-51), with a strong 

J coupling creating the two multiplets. Indeed, normally these protons should be 

equivalent by symmetry and would therefore have an identical chemical shift without 

J coupling to one another, but a break in the symmetry, presumably due to the 

conformation of the ring, makes these two protons non-equivalent. However, the 

almost identical environment of these two protons lead to an almost identical 

chemical shift, and the close proximity lead to a strong J coupling.  

 

Figure 4-53: Zoom of an 1H-13C HSQC experiments with a 13C single pulse experiments as an external 

projection for the indirect dimension. 

Thus the 1H spectrum of the N-methyl-N-propyl piperidinium bis(fluorosulfonyl)imide 

(C3mpip FSI) can be assigned as shown in Figure 4-54. However, as the two peaks 

corresponding to the two hydrogens of site 7 can’t be assigned, both peaks are 

treated separately during the HOESY curve fitting, and the average of both cross 

relaxation rates will be reported herein. 
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Figure 4-54: Assigned 1H spectrum of N-methyl-N-propyl piperidinium bis(fluorosulfonyl)imide (C3mpip 

FSI) cation 

 

4.3.II.2 1H-7Li HOESY experiments 

 

As shown in Figure 4-55, which represents the extracted cross-relaxation rates from 

the 1H-7Li HOESY experiments for each specific carbon sites of the C3mpip cation, one 

can see that the strongest reported cross relaxation value corresponds to the CH2 

group on the alkyl chain that is furthest away from the nitrogen, thus corresponding 

to the two strongly J coupled protons. Thus, according to these values, the trend is 

very similar to the one extracted for the ionic liquid with the C3mpyr cation, with the 

lithium more strongly correlated with the hydrogen sites the further away they are 

from the nitrogen, which carries the positive charge. 
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Figure 4-55: 1H-7Li Overhauser rates for the C3mpip and lithium cations (1 molal LiFSI at 50°C). Cross-

relaxation rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE. 

(uncertainty of 2.5% for each cross relaxation values) 

 

4.3.III Effect of a methoxy group at the end of the 

alkyl chain 

 

The next studied sample still contains a pyrrolidinium cation structure, but this time 

with an oxygen site incorporated on the alkyl chain. This 1-methyl-1-(2-

methoxyethyl) pyrrolidinium bis(fluorosulfonyl)imide (C2O1mpyr) sample was mixed 

with 1 molal of lithium bis(fluorosulfonyl) imide (LiFSI). This modification of the cation 

structure is potentially interesting as another type of heteroatom is added to the 

cation and the oxygen is expected to interact strongly with the lithium. 

 

4.3.III.1 1H-7Li HOESY experiments 

 

Figure 4-56 presents the extracted cross relaxation rates for the 1H-7Li HOESY 

experiments for each specific carbon site of the C201mpyr cation. Interestingly, one 

can see that the largest value of cross relaxation rate occurs for the methyl group 

next to the oxygen at the end of the heteroalkyl chain. Furthermore, the next two 

largest values correspond to the two CH2 groups on the alkyl chain, the larger of these 

being the one closer to the oxygen site. Regarding the cross relaxation rates for the 
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other three sites, corresponding to the cycle and the N-methyl group, the values are 

much lower, with the lowest one corresponding to the ring CH2 group close to the 

nitrogen. This trend suggests that the lithium approaches more closely to the 

hydrogen sites on the alkyl chain, and in fact the strongest cross relaxation rates are 

specifically located either side of the oxygen. This behavior can be explained due to 

the electronegativity of the oxygen and its solvation to the lithium cation. This make 

intuitive sense in that one would expect the lithium to be repelled by the positively 

charge nitrogen site and attracted to the alkyl chain due to the electronegativity of 

the oxygen. 

 

 

Figure 4-56: 1H-7Li Overhauser rates for the C2O1mpyr and lithium cations (1 molal LiFSI at 50°C). Cross-

relaxation rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE. 

(uncertainty of 2.5% for each cross relaxation values) 

 

4.3.III.2 1H-19F HOESY experiments 

 

The 1H-19F cross relaxation rates shown in Figure 4-57 are larger for the groups 

located closer to the nitrogen center of the cation. On should notice that the largest 

value, similarly to the C4mpyr cation, is for the CH2 group on the alkyl chain that is the 

closest to the positive nitrogen site. Then the lowest cross relaxation values are 

observed for the sites that are the furthest away from this positively charge nitrogen, 

i.e., the methyl group at the end of the alkyl chain, and the more distant CH2 group 

on the cycle. Although this trend corresponds to the 1H-19F cross relaxation rates 
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trends observed on the different samples described above, and as expected 

correspond to the inverse as the 1H-7Li cross relaxation trend observe earlier on the 

same system. 

Secondly, it is also interesting to note that the 1H-19F σ magnitudes overall are larger 

in the C2O1mpyrFSI system than the C3mpyrFSI, implying an overall closer association 

of the FSI to this cation. Based on the former discussion about the cation-cation 

interactions, one would expect to see the opposite trend, as a stronger interaction 

between the C2O1mpyr cation and the Li cation would have the potential effect of 

displacing the anion. These apparent discrepancies can be potentially explained by 

either a variation in the dynamics between the different ILs or either described by 

other ranged of NOE effect such as described in the GSW theory. Thus similarly to the 

cation-cation interactions, molecular dynamics simulations were carried out in order 

to try to find a correlation. 

 

Figure 4-57: 1H-19F Overhauser rates for the C2O1mpyr and FSI anions (1 molal LiFSI at 50°C). Cross-

relaxation rates are in .10-4 s-1 and the colour coding corresponds to the relative intensities of the NOE. 

(uncertainty of 2.5% for each cross relaxation values) 

As the extracted cross correlation rates for the C2O1mpyr cation showed the biggest 

difference to the C3mpyrFSI system, molecular dynamics simulations were carried out 

to see if the results correlate well. 
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4.3.III.3 Comparison with Molecular dynamics 

 

Similarly to the C3mpyr, molecular dynamics simulations were carried out in order to 

extract the RDF plots and the coordination number between the different carbon 

sites and both lithium and fluorine sites for the C2O1mpyr FSI ionic liquid doped with 

1 molal LiFSI. 

 

4.3.III.3.1 Cation-Cation interactions 

 

The extracted 1H-7Li cross relaxation rates for the C2O1mpyr cation are summarized in 

Figure 4-58. It turns out that compare to the C3mpyr cation, in the case of C2O1mpyr 

the lithium to be strongly correlated to the carbon sites around the oxygen rather 

than the rest of the molecule. The 1H-7Li cross-relaxation rates for the C2O1mpyrFSI 

sample doped with 1 molal LiFSI at 50°C are ordered as follows: 

C1> C2> C3 > C6 > C4 > C5  

 

Figure 4-58: C2O1mpyr cation with numbering, colour coding and experimental cross-relaxation rates (x10-

4 s-1) between 1H and 7Li for C2O1mpyrFSI with 1 molal LiFSI at 50°C (uncertainty of 2.5% for each cross 

relaxation values) 

MD simulations provide the carbon-lithium radial distribution functions (RDF) and 

coordination numbers (CN), obtained after equilibrating the two systems at 353 K (as 

shown in Figure 4-59). The RDF peaks are relatively broad due to the significant 

variations in the C-Li distances. 
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Figure 4-59: Carbon-lithium radial distribution functions (RDF) and coordination numbers (CN) obtained 

from the MD simulations for C2O1mpyrFSI with 1 molal LiFSI at 50°C 

The RDFs in Figure 4-59 shows a first coordination shell at a distance of around 4-5 Å 

and the C-Li distances for the different carbon are in the following order: 

C1> C2 > C3 > C6 > C4 > C5  

Again, by looking at the Figure 4-60, one can see that the correlation with cross 

relaxation numbers extract from HOESY experiments are in perfect correlation with 

the distances numbers extract from the MD simulation. So according to the molecular 

dynamics simulations, this result confirms again the choice of the second model and 

confirms that the lithium is strongly correlated to the oxygen site in the middle of the 

alkyl chain of the C2O1mpyr cation. 

 

Figure 4-60: Graphical illustration of the correlations between the experimentally measured 1H-7Li cross 

relaxation rates and carbon-lithium distance derived from the MD, corresponding to Figure 4-58 and Figure 

4-59 data respectively. 
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4.3.III.3.2 Cation-Anion interactions 

 

For the C3mpyr cation, in the case of the 1H-19F HOESY cross-relaxation rates, the 

influence of the correlation time was assumed negligible compared to the influence 

of the distances. By applying a similar assumption in the case of the C2O1mpyrFSI 

doped with 1 molal LiFSI at 20°C, the fluorine to hydrogen distances according to the 

HOESY data are ordered as follow: 

C5 > C4 > C2 > C6 > C3 > C1  

 

 

Figure 4-61: C3mpyr cation with numbering, colour coding and experimental cross-relaxation rates (x10-4) 

of 1H-19F experiments for C3mpyr FSI with 1 molal LiFSI at 20°C (uncertainty of 2.5% for each cross 

relaxation values) 

 

Figure 4-62: Carbon-fluorine radial distribution functions (RDF) and coordination numbers (CN) obtained 

from the MD simulations for C201mpyrFSI with 1 molal LiFSI at 20°C 
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The carbon fluorine radial distribution functions (RDF) and coordination numbers 

(CN) extracted from the molecular dynamics simulation carried out on the C201mpyr 

FSI system exhibit a similar behaviour than the C3mpyr cation. Indeed, all the 

minimum distances between the different carbon sites and the fluorine site appear 

to be similar, around ~3 Å, and the RDF curves also exhibit a second bump around 5.5 

Å. Secondly the order of the coordination numbers also changes at a distance of 

around 5.5 Å. 

Thus the C-F coordination numbers order at distances below 5.5 Å is:  

C1 > C6 > C4 > C2 > C5 >C3 

and the order of the C-F coordination numbers at distances greater than 5.5 Å is: 

C5 > C4 > C6 > C3> C2 > C1 

When comparing the extracted cross relaxation rates to the two different trends 

extracted from the C-F coordination numbers as shown in Figure 4-63, the cross 

relaxation numbers exhibit a much closer correlation to the CN numbers at the longer 

distances, thus confirming again the potential importance of the long range 

interactions described by the GSW theory. 

 

Figure 4-63: Graphical illustration of the correlations between the experimentally measured 1H-19F cross-

relaxation rates and carbon-lithium coordination numbers (CN) derived from the MD, corresponding to 

Figure 4-46 and Figure 4-47 data respectively 
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4.3.IV Conclusions 

 

The extraction of 1H-7Li and 1H-19F cross relaxation rates has been carried out on a 

series of ionic liquid electrolytes with differences in the structure of the cation in 

order to observe the effect on the lithium-cation and anion-cation interactions. 

Interestingly, it has been shown that changing the alkyl chain length or the cycle 

length does not appear to have a major impact on these interactions. However, the 

addition of an ether group on the alkyl chain leads to a completely different behavior 

in the case of the 1H-7Li HOESY experiments: in this case, the lithium displays a strong 

association with the hydrogen groups closest to the ether oxygen. This specific 

feature has been related to the ability of oxygen atoms to coordinate lithium ions. 

Furthermore, similarly to what was shown for the C3mpyr cation, this specific 

behavior is in excellent agreement with the molecular dynamics simulations for this 

system. The 1H-19F cross relaxation rates are larger by an order of magnitude in the 

methoxy system, seemingly resulting from slower dynamics (longer c) as implied by 

the apparent larger viscosity. 
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As discussed in the previous chapters, the HOESY experiment is a useful technique 

for studying ion interactions in ionic liquids. We demonstrated that it was possible to 

extract quantitative cross relaxation rates that provide information on the 

organization of ions relative to each other, and that the order of extracted cross 

relaxation rates can correlate well with the order of distances and coordination 

numbers extracted from molecular dynamics simulations. But in fact, as explained 

earlier in the literature review section, HOESY is not the only NMR pulse sequence 

which can help to extract distances between ions. The following section outlines a 

potential complementary approach based on DNP NMR of ionic liquids in the glassy 

state. 

 

4.4.I DNP 

 

Dynamic Nuclear Polarization (DNP) is a rapidly developing NMR technique which has 

several advantages in our case. First of all, one of the primary features of DNP is to 

enhance the NMR signal using magnetization transfer from the electron spins. As 

samples need to be cooled down to low temperatures (~100 K) in order to achieve 

this signal enhancement most efficiently, samples such as ionic liquids will be 

therefore in a solid state. In our case, as the sample is quenched rapidly from room 

temperature to ~100 K, it is possible to make the assumption that the cooling is quick 

enough to obtain a glassy state of the ionic liquid and thus obtain static snapshot of 

the liquid state structure. 

For the following study, the C3mpyr FSI sample at 1 molal of LiFSI was used (Figure 

4-64 (a)) as it was the first sample used for the HOESY experiments and as explained 

earlier a commonly studied ionic liquid. As the REDOR experiment first involves a 

cross polarization transfer from the 1H nuclei to the 13C nuclei, Cross Polarisation 

Magic Angle Spinning (CPMAS) experiments were carried out in order to observe the 

increase in sensitivity due to the DNP mechanism. As shown in Figure 4-64b), which 

represents a 13C CPMAS spectrum recorded from the sample, all six distinct carbon 

sites of the cation are resolved and assigned. The spectrum with DNP enhancement 
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but without 1H decoupling is shown in Figure 4-64) d). The peak at 0 ppm corresponds 

to the silicon plugs used to seal the rotor. 

 

 

Figure 4-64: (a) The molecular structure of the C3mpyrFSI ionic liquid with the six inequivalent carbon sites 

labelled. 13C CPMAS spectra obtained from the solid state C3mpyrFSI-6LiFSI-TEKPol solution are shown 

with (b) DNP enhancement and 1H decoupling, (c) no DNP enhancement and 1H decoupling, and (d) DNP 

enhancement but no 1H decoupling. All spectra were acquired at 9.4 T and 8 kHz MAS with 80 scans 

acquired, a 6s recycle delay, and a sample temperature of approximately 92 K. The peak assignment is shown 

in (b), where S denotes the signal from the silicone plug. 

A summary of the different chemical shifts and peak widths is presented in Table 4-7, 

alongside their measured polarization build-up times (denoted T1*) and the different 

DNP enhancement factors (εDNP). In order to calculate the different DNP 

enhancement, the peaks intensities obtained with microwave irradiation applied 

(DNP enhancements occurring) in Figure 4-64 b), are divided by their corresponding 

peaks intensities in the absence of microwaves irradiation, in Figure 4-64 c).  
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Table 4-7: 13C Isotropic Chemical Shifts (δiso), Peak Widths (Δδ), Polarization Buildup Times (T1*), and 

DNP Enhancement Levels (εDNP) for the six Carbon Sites on the Pyrrolidinium Cation (as indicated in 

Figure 4-64 (a)) 

 

 

One should note that inTable 4-7, peaks widths range from 2.7 to 5.1 ppm. As the IL 

was mixed with a biradical (the nitroxide biradical TEKpol139 at a concentration of 15 

mM) in order to obtain the DNP enhancement, a separate experiment was carried 

out on the same IL without any biradical and showed similar peak widths. This implies 

that the peak widths arise from a structural disorder rather than paramagnetic effects 

due to the presence of the biradical. This is consistent with the assumption that the 

biradical does not alter the structure and short range order of the IL. Moreover, these 

values are consistent with values observed in another glassy IL system (C4mimTFSI) 

studied by 13C solid-state NMR at 175 K. However, it was noted that peaks can narrow 

over time (several hours), which can be due to some slow crystallisation of the 

sample.  Ejecting and re-inserting the sample returned it to the glassy state. 

The aim of these experiments was to extract distances between the lithium and the 

different carbon sites on the cation, through for example 7Li-13C REDOR experiments. 

Unfortunately, the 7Li isotope, the one with the highest natural abundance (92.5%) 

was unable to be studied due to the probe configuration, and thus the IL was mixed 

with a 6Li-enriched Li FSI (95% 6Li). However, the 6Li isotope gives the additional 

advantage of a small quadrupolar moment (~50 times smaller than the quadrupolar 

moment of 7Li), thus 6Li can be treated as a spin half nucleus in the rest of this work, 

which justifies the use of a REDOR119 pulse sequence instead of a REAPDOR120 one. 
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As explained in the Methodology chapter, the REDOR experiment works by 

comparing two spectra obtained with and without the 180° pulse train on the 

dephasing nucleus (in this case 6Li). As shown in Figure 4-65, we can see the 13C signal 

difference of the two spectra with and without the train of 6Li pi pulses, and the 

difference spectrum. Note that the peak from the silicone plug shows no dephasing 

due to having no 6Li present. 

 

Figure 4-65: Spectrum with and without the pi pulse train, and the spectrum corresponding to the 

subtraction of both, extracted from a REDOR experiment realised on the C3mpyr FSI sample doped with 1 

molal 6Li FSI at 8 ms of dephasing time 

 

4.4.I.1 Universal curve fitting 

 

Thus, different spectra at different dephasing times are recorded, and the difference 

in signal is plotted against the dephasing time, resulting in a so-called dephasing curve 

(Figure 4-66).  In order to extract the 6Li-13C distances from these curves, different 

models can be used. The most commonly used model is the universal REDOR curve 

expression, described K.T. Mueller140.  

Using Equation 4-20, which is given by Mueller140: 
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Equation 4-20 

Where Jk represent the kth order of the Bessel function and λn=Dτd,  D corresponds to 

the dipolar coupling in Hz, and τd corresponds to the dephasing time in seconds. Thus, 

the dephasing plot can be fitted using the above equation, as shown in Figure 4-66. 

The expression was truncated to the 5th order Bessel function, and a linear scaling 

factor f was also incorporated and allowed to vary in the fits. 

This way of fitting leads to the extraction of a single 6Li-13C distance (Table 2). 

However, in the glassy IL electrolyte studied here, we expect multiple Li-C distances 

to co-exist due to the structurally disordered glass.  A more advanced method that 

can fit the dephasing curve to multiple distances and distance distributions was 

therefore used. Figure 4-66 shows the universal REDOR curve fitting of all six carbon 

sites of the C3mpyr cation, and the extracted distances are presented in Table 4-8 

. 
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Figure 4-66: 13C-6Li dephasing data fitted according to Equation 4-20. 

 

Table 4-8: Li-C distances d and scaling factors f extracted from the 13C-6Li dephasing data using the 

universal REDOR dephasing curve. 

 

 



Structural studies of frozen N-methyl-N-propyl pyrrolidinium 
bis(fluorosulfonyl)imide mixed with lithium 

173 
 

4.4.I.2 BS-REDOR curve fitting 

 

The BS-REDOR analysis method141 uses maximum entropy Boltzmann statistics, and 

can provide unbiased fits to multiple distances and distance distributions, better 

accounting for the structural disorder in the glassy state IL. Figure 4-67 represent the 

same data as shown in Figure 4-66, but inverted (as required by the fitting software 

1-ΔS/S0), and fitted using the BS-REDOR model. 

Figure 4-67 shows the fitting for the six carbon sites of the C3mpyr cation, with their 

corresponding C-Li distance distributions. 

 

 

Figure 4-67: 13C−6Li REDOR dephasing plots for the six 13C signals of the C3mpyr cation (left) fitted using 

the BS-REDOR method with extracted C−Li distance distributions (right).  
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The extracted Li-C distances are summarized in Table 4-9. Interestingly, one should 

note that the three last carbons corresponding to C4, C5 and C6 (C3mpyr cation with 

corresponding sites in Figure 4-68), present two distinct Li-C distance, one around 3.6 

Å and the other one around 4.75 Å. Furthermore, the probability of presence at these 

distances corresponds to around 20% at the closer distance and thus around 80% at 

the longer one. 

 

Figure 4-68: The molecular structure of the C3mpyrFSI ionic liquid with the six inequivalent carbon sites 

labelled 

By looking at the distances extracted for all sites, the lithium exhibits a clear affinity 

to the carbon sites on the heterocyclic carbon ring, and distances get larger as the 

carbon sites get further away from this cycle. 

Thus the order of the distances of closest approach extracted from the BS-REDOR 

fitting as presented in table 8 corresponds to the following: 

C5 < C1 < C6 < C4 < C2 < C3 

This trend can be explained by the potential clustering of the Li+ cation with the FSI- 

anions. Indeed, as the positive charge of the C3mpyr cation is delocalised on the 

heterocyclic carbon ring, the negatively charged Li(FSI)n clusters will tend to be closer 

to this part of the cation. In fact this can also explain the long distance between 

carbon site on the ring as the most commonly found cluster corresponds to Li(FSI)3
2-

with a van der Waals radius of 4.07 Å56. Thus the shorter distance, which is also less 

common (20%), may correspond to smaller cluster such as Li(FSI)2
-, with a smaller 

radius and lower abundance. 
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Table 4-9: Lithium-carbon distances (dn), distribution widths (Δdn) and relative fractions (fn) extracted for 

each of the carbons on the C3mpyr cation using BS-REDOR analysis.  The distribution widths Δdn for C1, 

C2 and C3 are unspecified due to the 9 Å cut-off used in the fitting. 

 

4.4.I.3 Comparison with molecular dynamics 

 

In order to verify these distances extracted through solid-state NMR, it is interesting 

to compare them with the results of molecular dynamics simulations. Thus the 

extracted distances were converted into a 3D plot of the lithium probability of 

presence around the C3mpyr cation. The molecular dynamics simulation were carried 

out on a room temperature liquid phase [C3mpyrFSI]0.9[LiFSI]0.1. Figure 4-69 shows a) 

the extracted REDOR distances converted in a 3D plot from the REDOR experiment, 

and b) the results of the molecular dynamics simulation.  

In the case of the REDOR experiment, the BS-REDOR analysis yielded a distribution of 

13C-6Li distances that we model as the sum of two Gaussian curves. Thus, the 

probability pi for the lithium to be at the distance ri of Ci is calculated using a sum of 

two Gaussian curves centered at d1,i and d2,i with widths at half-maximum equal to 

Δd1,i and Δd2,i and of respective areas f1,i and f2,i correspond to: 

𝑃𝑖(𝑟𝑖) = 𝑓1,𝑖2(
ln(2)

𝜋
)
1
2
𝑒

4 ln(2)(𝑟𝑖−𝑑1,𝑖)
2

∆𝑑1,𝑖
2

∆𝑑1,𝑖
+ 𝑓2,𝑖2(

ln(2)

𝜋
)
1
2
𝑒

4ln(2)(𝑟𝑖−𝑑2,𝑖)
2

∆𝑑2,𝑖
2

∆𝑑2,𝑖
 

Equation 4-21 

Then the probability to find a lithium nuclei at certain Cartesian position in space is 

obtained by calculated the product of the Pi(ri) for I from 1 to 6. Using the extracted 
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parameters display in Table 4-9, the 3D plot with the lithium preferential positions 

around the cation were realized with maple. 

The two methods appear to be in good agreement, and exhibit similar locations for 

the lithium, with a preferential location above and below the pyrrolidinium ring and 

a higher probability to exist on the same side of the ring as the methyl group.  This 

also provides evidence that the glassy state of the IL does indeed mimic the solution-

state structure. 

 

Figure 4-69: Plots of Li+ spatial distribution around the C3mpyr cation constructed from (a) the 92 K solid-

state 13C-6Li REDOR distance data in Table 2 and (b) a molecular dynamics simulation carried out on a 

liquid-phase [C3mpyrFSI]0.9[LiFSI]0.1 system with a simulated temperature of 298 K. As a reference for 

scale, the carbon-carbon bond lengths on the C3mpyr cation are 1.23 Å. 
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4.4.II  Comparison with HOESY 

 

The extracted spatial distribution of the lithium cation around the C3mpyr cation 

according to the solid-state DNP NMR experiments can also be compared with the 

results of the HOESY experiments carried out on the same sample in the liquid phase. 

Indeed both experiments were carried out on the C3mpyr FSI system, mixed with 1 

molal LiFSI (6Li enriched in the case of the DNP experiments). The 1H-7Li HOESY 

experiments were carried out at 293 and 323 K while the DNP experiments were 

carried out at 92 K. In the liquid state at high temperature (323 K) the 1H-7Li HOESY 

experiments highlight a strong correlation of the lithium cation to the methyl at the 

end of the alkyl chain and then to the CH2 group on the ring, the further away from 

the nitrogen. At lower temperature (293 K), which still corresponds to the liquid state, 

the extracted cross relaxation rates tend to exhibits a different behavior, indeed, in 

this case the lithium appears to be less correlated to the methyl group at the end of 

the alkyl chain, and more correlate with the hydrogen sites around the nitrogen. In 

fact, this trend correlates quite well with the spatial distribution around the C3mpyr 

cation extracted from the DNP experiments, which highlights a strong correlation 

with the carbon groups around the ring. These results may be due to the fact that at 

lower temperatures, when the system has less energy, the reduced dynamics of the 

lithium ions results in a stronger association with the FSI anions, with longer-lived 

Li(FSI)n clusters that interact more with the positively charged region of the IL cation. 

 

4.4.III Conclusions 

 

The DNP experiments allowed the extraction of the carbon-lithium distances from 

the C3mpyrFSI mixed with 1 m of 6Li enriched LiFSI in the glassy state (92 K). These 

results provided the most probable positions of the lithium cations around the 

C3mpyr cation, and highlighted that the lithium appears to be more strongly 

associated with the carbon groups on the cycle and the N-CH3 group compared to the 
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rest of the molecule. These results were in good agreement with room temperature 

liquid-phase molecular dynamics simulations carried out on the same sample, and 

thus, this behaviour has been attributed to a strong coordination of the lithium with 

the FSI. It has been shown that this result is also in good agreement with the extracted 

cross relaxation rate trend from 1H-7Li HOESY experiments at 293 K. This can be 

explained by the theory that at lower temperature, the lithium is more strongly 

coordinated with the FSI anions and as a result it more strongly associates with the 

positively charged part of the C3mpyr cation. 
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5.I  Conclusions 

5.I.1 An improved HOESY build-up curve fitting method 

 

A new way of extracting heteronuclear intermolecular cross relaxation rates from HOESY 

experiments has been developed in order to extract the cross relaxation rates in a quantitative 

and systematic manner and also to improve the fit quality of the build-up curves. By including 

some sample-specific factors into the fitting procedure, quantitative comparisons of the 

extracted NOEs between different samples was made possible. Moreover, we have 

demonstrated a way to improve the time efficiency of the HOESY experiment as reliable and 

reproducible results can be obtained using shorter recycle delays or numbers of mixing time 

steps, potentially reducing the experimental time by a factor of eight. 

 

5.I.2 Quantitative comparison of cross-relaxation rates in ionic 

liquids 

 

It has been demonstrated herein that measuring the cross relaxation rates is a powerful way 

to probe ion interactions in ionic liquid systems. These parameters can be interpreted in terms 

of inter-ionic distances.  In the C3mpyrFSI ionic liquid doped with LiFSI, it has been shown that 

the lithium cation is able to get close to the methyl group at the end of the alkyl chain at high 

temperature and low lithium concentration. Interestingly, this is not the case at lower 

temperature or higher lithium concentration: this can potentially be due to a stronger 

coordination between the lithium and the FSI anions, leading to longer-lived Li(FSI)n clusters. 

Moreover, in the study of other ionic liquids systems with other cations of the same family 

such as C4mpyr or C3mpip, similar results were found, highlighting that at lower temperature 

and concentration, the lithium seems to be more closely associated with the positively 

charged region of the IL cation. However, in the case of the C2O1mpyr with an ether-alkyl chain, 

the extraction of the cross-relaxation rates shows that the lithium cation associates strongly 

with the methyl and CH2 groups neighboring the oxygen atom, rather than to the ring. This 

specific feature has been explained by the ability of the oxygen to coordinate to the lithium 
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ion. Regarding the cation-cation interactions, in all cases studied above, the FSI anion seems 

to be more strongly associated with the hydrogen groups close to the nitrogen which has been 

attributed to the presence of the positive charge centered on the nitrogen. 

5.I.3 Correlating cross-relaxation rates with molecular dynamics 

simulations 

 

The aim of the HOESY experiments is to extract the cross relaxation rates and convert them 

into information on the ionic liquid “structure”, and several models were studied. In the case 

of the 1H-7Li HOESY experiments, a model developed around the distance of closest approach 

and the hard sphere model has been use to compare with the molecular dynamics simulations. 

The extracted cross relaxation rates and the distance of closest approach have shown a good 

correlation in both cases of the C3mpyr cation and the C2O1mpyr cation. In the case of the 1H-

19F HOESY experiment, the hard sphere model is not applicable due to the attraction between 

the cation and anion, thus another theory, referred to as the “GSW theory” herein, has been 

considered. This theory highlights the fact that, in the case of nuclei with similar gyromagnetic 

ratios, the HOESY transfer can be mostly due to long range interactions, beyond the first 

sphere of correlation. Interestingly, the trends displayed by the extracted 1H-19F cross 

relaxation rates have been shown to correlates better with C-F coordination numbers 

extracted from the molecular dynamics simulation at longer distances, as predicted by the 

GSW theory.  

 

5.I.4 Qualitative comparison with glassy state studies 

 

It has been found that studying ionic liquids via low temperature DNP NMR spectroscopy can 

be highly promising and complementary to the HOESY experiment for several different 

reasons. Firstly, the study of ionic liquids in the glassy state provides a snapshot of the liquid 

state structure, thereby allowing solid-state NMR experiments that can measure distances 

directly. Thus by probing the dipolar interactions between the lithium and the different 

carbons present on the cation, the REDOR experiment allowed the extraction of the carbon-
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lithium distances of the C3mpyrFSI mixed with 1 m of 6Li enriched LiFSI. Secondly, the addition 

of a biradical such as the TEKPol, in combination with microwave irradiation, increased the 

sensitivity of the experiments significantly, which is important to counteract the low natural 

abundance of the 13C. These experiments highlighted the fact that the lithium cation is strongly 

associated with the carbons group on the cycle and the N-CH3 group compared to the rest of 

the molecule. These results showed a good agreement with MD simulations and correlated 

well the 1H-7Li HOESY experiments. In the HOESY experiment, the lithium was shown to be 

strongly correlated with the end of the cation’s alkyl chain at high temperature, but correlated 

more and more with the cycle carbons and the methyl group on the nitrogen as the 

temperature decreased and/or the concentration increased. This result was attributed to a 

stronger coordination of the lithium with the FSI anions at low temperatures and as a result a 

stronger association with the positively charged part of the C3mpyr cation. 

 

 

5.II Future work 

 

As explained earlier, this thesis was focused on the quantitative extraction of cross relaxation 

rates in order to help refine our understanding of ionic liquid structure and thus potentially 

the ion transport mechanism. These results open a wide window of potential applications and 

further developments of the experimental methods. 

 

 

5.II.1 Comparison with 7Li-19F HOESY experiments 

 

In order to have a more complete understanding of the ion interactions in ionic liquid 

electrolytes, 7Li-19F HOESY experiments are promising. Indeed, having access to the lithium-

anion cross relaxation rates, in combination with the lithium-cation and cation-anion cross 

relaxation, will lead to a better overall understanding of all the interactions between the three 
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ions, and thus can potentially lead to a clearer picture. Unfortunately, after several attempts, 

no 7Li-19F HOESY signals were recorded. This issue is probably due to the slower dynamics 

between Li+ and FSI, and long correlation times that may result in weak HOESY signals. This 

could potentially be solved by trying these HOESY experiments at lower fields or higher 

temperatures. 

 

5.II.2 More accurate calculation of the spectral densities 

 

The calculation of the spectral densities is one of the most crucial points to be developed. 

Spectral densities can potentially be extracted from the molecular dynamics simulations. 

However, in order to be able to calculate the values of the spectral density at the NMR 

frequencies required (i.e., the sum and difference of the I and S resonance frequencies), longer 

simulations, up to 50 nanosecond need to be carried out. These long molecular dynamics 

simulations may be complicated, but can be possible as it has already been developed on 

proteins142. 

 

5.II.3 Studies of the cross relaxation rate as a function of temperature 

 

Regarding 1H-19F HOESY experiments, because of the close proximity between the 

gyromagnetic ratios, negative NOEs can be observed and attributed to slow dynamics. Further 

studies with a wider range of temperature will be helpful in order to record the temperatures 

and cross relaxation rates at the maximum, minimum, and zero crossing. As these are found 

at specific values of the correlation time, a fit of the extracted cross relaxation rates could 

provide an easier access to both the correlation time and the magnitude of the dipolar 

constant, which can be translated in terms of distances and coordination numbers. Measuring 

the dipolar constants in the solid state state might also be useful to understand the dynamics 

in liquids with the HOESY experiment. Furthermore, molecular dynamics simulations with 

different sample temperatures would be interesting to also carry out in order to be able to 

understand the temperature variation of the cross relaxation rates and ion interactions. 
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5.II.4  Developing 13C-23Na REAPDOR experiments 

 

As sodium-based ionic liquids are attracting increasing interest, observing ion interactions in 

these systems would be highly valuable. 1H-23Na HOESY experiments have been attempted 

during this project, and the 23Na nuclei unfortunately exhibit very short T1s, usually on the 

order of milliseconds. Thus, it was impossible to extract any signal using the HOESY 

experiment, as the signal relaxed too quickly. However, the solid-state 13C-23Na REAPDOR 

experiment on the glassy-state IL with DNP should be possible and dipolar couplings are 

expected to be measurable. Some attempts have been already made at the NHFML in 

Tallahassee (in collaboration with Dr Frederic Mentink-Vigier), on a C3mpyr FSI ionic liquid 

containing 1 molal NaFSI. Reliable dephasing time plots were difficult to extract as the signals 

obtained were too weak, and this data was therefore not presented here. However, these 

attempts revealed a very promising method, and further development of these methods, such 

as new bi-radicals and better optimization of the DNP enhancement should be tried. 

5.II.5 Correlation with ENMR spectroscopy  

 

Electrophoretic NMR spectroscopy is a powerful technique which can lead to the extraction 

of the mobility of the different ions under the influence of an applied electric field. 

Furthermore, the extraction of the mobilities can also gave access to the ion drift direction, 

which can help to understand the different ion associations93,143. During this PhD project, 

ENMR experiments were attempted in collaboration with Professor Louis Madsen in Virginia 

Tech, however unfortunately these did not lead to satisfactory enough results, mostly due to 

very low signal to noise ratios and/or sample degradation at high voltage. Thus, in order to 

reach more viable conditions for ionic liquids, tests at very low voltage and with very small 

distances between the electrodes (to maximise the electric field) were carried out at the 

CEMHTI laboratory, and the first results were encouraging. A cell is currently under 

development in order to optimize the distance between electrodes and facilitates the sample 

preparation. 
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Etat de l’art 

 

Ces dernières décennies, les liquides ioniques ont accru l’intérêt des chercheurs de par leurs 

propriétés étonnantes. En effet, les liquides ioniques, mélanges de sels purs le plus souvent 

liquides en-dessous de 100°C, voire à température ambiante, présentent des propriétés tel 

qu’une vapeur de pression saturante faible, une stabilité à haute température ou encore une 

capacité à dissoudre une large gamme d’échantillons. De plus, les liquides ioniques sont 

intéressants dans les domaines de l’électrochimie, puisqu’ils possèdent généralement une 

large fenêtre électrochimique, et surtout sont pour la plupart ininflammables. 

Les liquides ioniques peuvent être étudiés de multiples façons et pour différents types 

d’application. Ce travail de thèse ce concentre sur l’étude des liquides ioniques par Résonance 

Magnétique Nucléaire pour des applications à l’électrochimie. Plus précisément, ce travail 

porte sur l’étude de la structure et des associations ioniques au sein même de ces liquides. 

Pour ce faire, les expériences ce concentrent sur une séquence d’impulsions RMN spécifique 

appelée Heteronuclear Overhauser Effect SpectroscopY (HOESY). Ce type d’expérience est 

connu depuis longtemps et est déjà fortement mentionné dans la littérature. En effet, les 

expériences d’HOESY consistent à étudier les transferts d’aimantation entre deux spins, via la 

mesure de la vitesse de relaxation croisée σ. L’intensité de la vitesse de relaxation croisée 

étant proportionnel à la distance entre les spins, son calcul peut permettre de remonter à la 

distance entre les spins et donc à la proximité des ions dans le liquide. 

Cependant, l’extraction de la vitesse de relaxation croisée est compliquée, en effet, pour 

permettre l’extraction du paramètre σ, différents types d’équations peuvent être utilisés pour 

ajuster les données théoriques aux données expérimentales. De plus, dans la majeure partie 

des cas, un paramètre de normalisation doit être ajouté pour permettre un bon ajustement 

des courbes. Cependant ce paramètre de normalisation rend ainsi plus compliqué la 

comparaison entre différents échantillons, rendant ainsi l’expérience HOESY, dans la majeure 

partie des cas, uniquement qualitative et non quantitative. 
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Results and discussion:  

Partie 1- Développement d’une procédure automatique d’extraction des 

paramètres 

 

La première partie de ce travail de thèse fut de développer un code informatique permettant 

l’extraction du paramètre de vitesse de relaxation croisée entre les noyaux étudiés. Le 

traitement informatique est automatique et systématique et permet ainsi de comparer les 

différents taux de relaxation extraits, indépendamment du liquide ionique étudié. Ainsi 

différents types de liquide ionique, à différentes concentrations en sel de LiFSI, et/ou à 

différentes température, peuvent être comparés. 

Pour extraire le paramètre de vitesse de relaxation croisée, une équation décrivant l’évolution 

du transfert NOE en fonction de différents paramètres est utilisée (Equation ). Cette équation, 

décrite par Giernoth et al, et dérivée des équations de Solomon, prend en considération cinq 

paramètres, RH, RLi, M0, σ et τ. Les paramètres RH et RLi correspondent à la vitesse de relaxation 

des deux spins étudiés (l’hydrogène et le lithium dans ce cas). Le paramètre τ, « le temps de 

mélange », est intrinsèque à la séquence de pulse RMN et correspond au paramètre de temps 

pendant lequel le transfert d’aimantation entre les deux spins à lieu. Les deux derniers 

paramètres correspondent à la vitesse de relaxation croisée σ et au paramètre M0 considéré 

ici comme le facteur d’échelle. 

Equation 1 

𝑁𝑂𝐸𝐻{𝐿𝑖}(𝜏) = 𝑀0𝜎
2𝑠𝑖𝑛ℎ(𝜅𝜏)

𝜅
𝑒
−(𝑅𝐻,1+𝑅𝐿𝑖,1).𝜏

2 𝜅 = √
𝑅(𝐻,1)
2 − 2𝑅𝐻,1. 𝑅𝐿𝑖,1 + 𝑅𝐿𝑖,1

2 + 4𝜎𝐻,𝐿𝑖
2

2
 

Parmi les quatre paramètres présents dans l’équation ci-dessus, il a déjà été mentionné que 

le temps de mélange τ est intrinsèque à l’expérience réalisée. Les vitesses de relaxation R des 

deux différents spins étudiés peuvent être quant à elles extraites des différentes expériences 

de relaxation réalisées préalablement. Le paramètre M0, utilisé classiquement comme facteur 

d’échelle, est içi utilisé comme facteur de normalisation, pour permettre la comparaison de 

différents échantillons. En effet, dans ce paramètre est présent le rapport des deux rapports 

gyromagnétiques, le ratio du nombre de lithiums relativement au nombre de cations, ainsi 
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que l’abondance naturelle du lithium (dans le cas d’un transfert lithium-cation). Ainsi, l’unique 

variable ajustable reste le taux de relaxation σ. 

L’expérience 1H-7Li est donc réalisée à différents temps de mélange, créant ainsi une série de  

spectres RMN comme présenté en trois dimensions en Figure  a) présentant pour chaque site 

hydrogène une courbe croissante puis décroissante, communément appelée « courbe 

d’accroissement ». La Figure  b) présente un exemple de courbe d’accroissement extrait dans 

le cas d’une expérience 1H-7Li HOESY. 

 

Figure 1 : a) Correspond au plot en trois dimensions d’une expérience 1H-7Li HOESY et en b) les courbes d’accroissement 
correspondante pour les différent pics. 

En utilisant l’Equation , la vitesse de relaxation croisée peut être extrait des courbes 

d’accroissement pour les différents sites hydrogènes. La Figure  représente les différents 

vitesses de relaxation croisée extraits d’une expérience 1H-7Li HOESY à 50°C réalisée sur 

l’échantillon 1-propyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide dopé à 1 molal de LiFSI. 

Le code couleur indique l’intensité de la vitesse de relaxation croisée extrait pour les différents 

pics. Sur l’exemple ci-dessous, il peut donc être observé que la vitesse de relaxation croisée 

est plus intense pour les sites hydrogène les plus éloignés de l’azote central. 
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Figure 2: Cation 1-propyl-1-methylpyrrolidinium avec le code couleur correspondant aux différentes vitesses de 
relaxation croisée extraites pour chaque site hydrogènes (Les sites hydrogènes sont réduits à leurs sites carbones 

correspondant)
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Partie 2- N-methyl-N-propyl pyrolidinium bis(fluorosulfonyl)imide 

mélangé au lithium bis(fluorosulfonyl)imide 

 

Les premières expériences HOESY ont été réalisées sur l’échantillon méthyl-N-propyl 

pyrolidinium bis(fluorosulfonyl)imide mélangé au lithium bis(fluorosulfonyl)imide à 

différentes concentrations (1 molal et 3,2 molal). Les premiers résultats consistent à comparer 

l’échantillon C3mpyr FSI dopé à 1 molal de LiFSI et à deux températures, 20°C et 50°C. Ces 

résultats montrent que dans le cas de l’étude à 50°C présentée Figure  a), le lithium semble être 

plus corrélé avec le groupe méthyle en fin de chaîne, et les groupes CH2 les plus éloignés de 

l’azote sur le cycle, plutôt qu’avec les sites hydrogènes proches de l’azote. Les études à 20°C 

quant à elles, montrent que, à plus faible température, le lithium semble toujours être plus 

corrélé avec le méthyl en fin de chaîne, et les groupes CH2 en milieu de cycle. Cependant, dans 

ce cas le lithium semble être un peu plus corrélé que précédemment aux sites hydrogènes 

proches de l’azote. Dans un second temps, le même échantillon, C3mpyrFSI a cette fois-ci été 

dopé à 3,2 molal de LiFSI. L’étude à deux températures de cet échantillon (20°C et 50°C), a 

montré des résultats similaires à l’étude à concentration plus faible. Cependant, une affinité 

croissante aux sites hydrogène les plus proches de l’azote et les sites situés sur le cycle 

peuvent être observés à plus faible températures et/ou plus fortes concentrations. Ce 

comportement est attribué à l’augmentation de la viscosité lorsque l’on abaisse la 

température et/ou augmente la concentration en LiFSI. En effet, dans ces cas, le lithium serait 

potentiellement plus coordonné avec les groupes FSI, et serait donc contraint de rester dans 

une position autour du cycle. 

Dans l’optique d’avoir une vision plus complète des interactions ioniques dans le 

liquide, des expériences 1H-19F HOESY ont été réalisées. Le processus d’extraction et de 

conversion des données utilisé, est identique à celui des expériences 1H-7Li HOESY. Dans le cas 

des expériences 1H-19F HOESY, en fonction de la température, des pics de corrélation positifs 

ou négatifs sont obtenus. Ce résultat était en effet prévisible du à la proximité des fréquences 

de résonance des deux noyaux étudiés. En Figure  b), est présenté un exemple de vitesse de 

relaxation croisée extraits pour l’échantillon C3mpyr FSI mixé avec 1 molal de LiFSI à 20°C. 

Dans ce cas, tous les pics de corrélation sont négatifs. 
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Figure 3: Vitesses de relaxation croisée (x10-4 s-1)  extrait a) d'une expérience 1H-7Li HOESY à 50°C et b) d'une expérience 
1H-19F HOESY à 20°C pour l’échantillon C3mpyr FSI mixé avec 1 molal de LiFSI. 

La deuxième grande partie de cette étude est de convertir les vitesses de relaxation croisée 

en distances. Dans ce but, différents modèles permettant de convertir ces taux en distances 

ont été utilisés. Le premier modèle étudié, correspondant à l’interprétation la plus simpliste 

de l’effet Overhauser, est extrait des équations standard, dérivées des vitesses de relaxation 

croisées dipolaire hétéro-nucléaire intramoléculaire. Ce modèle est dérivé pour une paire de 

spins à une distance fixe, sous l’influence d’un seul mouvement résultant généralement de la 

diffusion rotationnelle. Le deuxième modèle étudié correspondant au modèle des sphères 

dures, permet le calcul d’une expression différente de la densité spectrale de l’interaction 

dipolaire avec seulement deux paramètres, le temps de corrélation translationnel et la 

distance d’approche minimale entre les deux spins étudiés. Dans ce cas, la vitesse de 

relaxation croisée est proportionnelle à l’inverse de la distance minimale d’approche. Le 

dernier modèle étudié, correspond à une théorie développée par Weingärtner et al (théorie 

GSW), utilisant la dynamique translationelle et la dynamique rotationnelle. Ainsi, une nouvelle 

expression de la densité spectrale de l’interaction dipolaire entre deux spins peut être 

calculée, et montre que la fonction n’est désormais plus Lorentzienne, mais s’étend aux plus 

hautes fréquences. Cette nouvelle expression de la densité spectrale implique un impact 

important des interactions à longue distance. Cet impact est d’autant plus important que la 

fréquence de résonance des spins est proche. 

Les différents modèles sont étudiés dans le cas des différentes expériences HOESY. Dans le 

cas des expériences 1H-7Li HOESY, le modèle deux, prenant en considération le cas des sphères 

dures et des distances d’approche minimale, est retenu. Dans le cas des expériences 1H-19F 

HOESY, dû à la forte proximité des fréquences des spins hydrogène et fluor, le modèle trois 

basé sur la théorie de Weingärtner et al, semble le plus cohérent. Pour tester les différents 
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modèles utilisés, des expériences de dynamique moléculaire sont réalisées. La Figure 70 a) 

représente les vitesses de relaxation croisée extraites des expériences 1H-7Li HOESY, 

comparées aux distances carbone-lithium extraites de la dynamique moléculaire. L’ordre 

d’intensité des vitesses de relaxation croisée du plus faible au plus fort, correspondant à la 

distance de la plus grande à la plus faible, est en bon accord avec l’ordre des distances 

d’approche extraites de la dynamique moléculaire. Dans le cas des expériences 1H-19F HOESY, 

la valeur absolue des vitesses de relaxation croisée est utilisée (les taux étant négatifs). Les 

expériences de dynamique moléculaire montrant une inversion des nombres de coordination 

à distances élevées, les vitesses de relaxation croisée sont comparées à faible et à grande 

distance (Figure 70 b) ). Il est facile d’observer Figure 70 b) que les vitesses de relaxation croisée 

sont en meilleur accord avec les nombres de coordinance extraits à plus grande distance, 

confirmant ainsi le choix du troisième modèle, prédisant l’impact majoritaire des corrélations 

à longue distance. 

 

Figure 70: Comparaison des vitesses de relaxation croisée extraites par expérience HOESY et les plus courtes distances 
d’approche extraites par dynamique moléculaire pour a) les expériences 1H-7Li HOESY, b) les expériences 1H-19F HOESY de 
l’échantillon C3mpyr FSI a 1m de LiFSI 
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Partie 3- Influence de la structure cationique du liquide ionique 

 

Il a été démontré que des vitesses de relaxation croisée peuvent être extraites des expériences 

HOESY, que ce soient des HOESY 1H-7Li ou des HOESY 1H-19F. De plus, l’ordre de plus forte 

intensité des vitesses de relaxation croisée est en accord avec l’ordre des distances d’approche 

les plus faibles extraites de la dynamique moléculaire. Ainsi, l’influence de la structure 

cationique sur la proximité des ions peut être étudiée. 

Les premiers changements sur la structure du cation constituent à ajouter un site carbone, 

soit sur la chaine alkyl, soit dans le cycle. La Figure  a) représente les vitesses de relaxation 

croisée extraites dans le cas du cation C4mpyr. Il peut être observé que, dans ce cas, les σ 

extraits sont plus intenses en fin de chaîne alkyl et sur le cycle. Ce résultat est similaire à la 

vitesse de relaxation extraite dans le cas du C3mpyr, à ceci près que, dans ce cas, les vitesses 

de relaxation sont aussi importantes sur les sites hydrogène proches de l’azote sur le cycle et 

du group méthyle fixé sur l’azote. Ce comportement peut être attribué au mouvement de la 

chaîne alkyl qui pourrait ainsi empêcher l’approche des atomes de lithium, expliquant ainsi la 

proximité accrue près des sites hydrogène proches de l’azote. La Figure  b) représente les 

vitesses de relaxation croisée extraites dans le cas du cation C3mpip. Dans ce cas, les vitesses 

de relaxation sont les plus intenses pour le site hydrogène en milieu de cycle et pour le 

groupement méthyle en fin de chaîne alkyl. Ceci correspond à la même tendance extraite dans 

le cas du C3mpyr. 

 

Figure 5: Vitesses de relaxation croisée extrait d’expérience 1H-7Li dans le cas a) du C4mpyr FSI dopé à 1 molal LiFSI et b) du 
C3mpip FSI dopé à 1.1 molal LiFSI 
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Au vu des études sur les cations C4mpyr et le C3mpip présentant des résultats similaires au 

cation C3mpyr, le cation sélectionné pour la suite présente, cette fois-ci, des modifications 

beaucoup plus importantes. En effet, le dernier cation étudié correspond au 1-méthyl-1-(2-

méthoxyéthyl) pyrrolidinium bis(fluorosulfonyl)imide (C2O1mpyr) mélangé à 1 molal de lithium 

bis(fluorosulfonyl) imide (LiFSI). Les vitesses de relaxation présentées en Figure  a) sont extraits 

d’une expérience 1H-7Li HOESY. Sur cette représentation du cation C2O1mpyr, il peut être 

observé que les vitesses de relaxation croisée les plus intenses sont présents uniquement sur 

les sites hydrogène autour de l’oxygène. Ce comportement peut être expliqué par 

l’électronégativité de l’oxygène. Ce résultat est intuitif puisqu’on s’attend à ce que le lithium 

soit repoussé de l’azote portant la charge positive du cation, et en même temps attiré autour 

de la chaîne à cause de l’électronégativité de l’oxygène. En Figure  b) l’expérience 1H-19F HOESY, 

quant à elle, présente des vitesses de relaxation croisée similaires au σ extraits pour le cation 

C3mpyr. Il est cependant à noter que dans le cas de l’échantillon methoxy, les σ extraits sont 

plus intenses d’un ordre de grandeur. Ce changement de tendance peut être potentiellement 

expliqué par une variation de la dynamique interne, décrite par exemple par la théorie GSW. 

 

Figure 6: Vitesses de relaxation croisée extraites pour l’échantillon C2O1mpyr à 1 molal de LiFSI à 50°C, en a) d’une 

expérience  1H-7Li HOESY, et en b) d’une expérience 1H-19F HOESY. Les vitesses de relaxation croisée sont en .10-4 s-1  

et le code couleur correspond aux intensités relatives des σ extraits. 

Les vitesses de relaxation croisée montrent une tendance bien particulière dans le cas du 

C2O1mpyr. Nous avons donc décidé, comme pour le cas du C3mpyr, de comparer la tendance 

des différentes intensités du σ, à la tendance d’approche la plus faible extraite de la DM dans 

le cas du 1H-7Li, et des nombres de coordination les plus faibles, dans le cas du 1H-19F. Les 

corrélations entre les expériences HOESY et les expériences de DM sont présentées Figure 71.a) 

pour la corrélation cation-cation, et Figure 71 b) pour la corrélation cation-anion. Mieux que 
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pour le cas du cation C3mpyr, les résultats de DM et les vitesses de relaxation croisée dans le 

cas 1H-7Li sont en parfait accord. Dans le cas des expériences 1H-19F, de même que pour le cas 

du cation C3mpyr, les vitesses de relaxation croisée sont en meilleur accord avec les nombres 

de coordination à plus grande distance (ici 6.5 Å). 

 

Figure 71: Comparaison des vitesses de relaxation croisée extraits par expérience HOESY et les plus courtes distances 
d’approches extraites par dynamique moléculaire pour a) les expériences 1H-7Li HOESY, b) les expériences 1H-19F HOESY de 
l’échantillon C2O1mpyr FSI à 1m de LiFSI. 
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Partie 4- Etudes structurales du N-methyl-N-propyl pyrrolidinium 

bis(fluorosulfonyl)imide mélangé avec du lithium à l’état gelé. 

 

La dernière partie de cette thèse est consacrée à l’étude du premier échantillon, C3mpyr FSI 

dopé à 1 molal de LiFSI. Cette étude se porte sur des expériences de polarisation dynamique 

nucléaire (PDN). La PDN est une technique de RMN complémentaire à l’expérience HOESY. En 

effet, lors d’une expérience PDN, l’échantillon est refroidi très rapidement, à très basse 

température (~100K). L’échantillon est donc étudié dans un état gelé, considéré comme un 

instantané de l’état liquide. De plus, l’ajout d’un biradical dans l’échantillon, couplé à un 

gyrotron, permet le transfert de la polarisation des spins électroniques aux noyaux voisins. 

Ainsi, le signal RMN peut être considérablement accru. 

Dans l’étude qui suit, des expériences appelées REDOR (Rotational Echo DOuble Resonance) 

combinées avec la PDN sont utilisées pour permettre d’étudier les transferts de polarisation 

entre le lithium et les carbones voisins.  

Pour permettre l’extraction des distances, différents spectres à différent temps de déphasage 

sont acquis, résultant ainsi à une courbe de déphasage. Cette courbe de déphasage peut être 

ajustée à l’aide de différents modèles, le plus courant étant le « Universal curve fitting ». 

Cependant, dans notre cas, un autre modèle est utilisé,  le « BS-REDOR ». Ce modèle prend en 

compte différentes variables, mais surtout tient compte de la possibilité d’obtenir plusieurs 

distances, et leurs probabilités respectives. Le résultat de cette extraction est présenté dans 

le Tableau .  
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Tableau 1: Distance carbone-lithium (dn), la distribution de taille (Δdn), et leurs fraction relative (fn), extraites pour 
chaque site carbone du cation C3mpyr après analyse par BS-REDOR. 

  

D’après ce résultat, on peut observer que le lithium semble être plus proche des carbones 1, 

5 et 6, correspondant au groupement méthyl sur l’azote, au groupe CH2 sur le cycle proche de 

l’azote, et au groupe CH2 sur le cycle le plus loin de l’azote respectivement. 

Ces résultats sont comparés à une étude de dynamique moléculaire sur le même système, 

mais à température ambiante, donc à l’état liquide. Comme présenté en Figure 72, il peut être 

observé que les probabilités de présence du lithium par rapport au cation C3mpyr sont en très 

bon accord avec la probabilité de présence extraite par dynamique moléculaire. De plus, il est 

intéressant de noté que puisque les études de dynamique moléculaire ont état réalisé pour le 

système à l’état liquide, cela confirme l’hypothèse préalable, qui consistait à dire que les 

études structurales réalisées à froid avec la PDN correspondaient à un instantané de l’état 

liquide dû à la trempe thermique rapide. 
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Figure 72: Représentation de la distribution spatiale du lithium autour des cation C3mpyr construite à partir a) des 
données extraites des expérience DNP 13C-6Li REDOR à 92K et b) des données extraites de la dynamique moléculaire à 

298K 
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Conclusion 

 

Ce travail de thèse a permis de développer une nouvelle méthode d’extraction des 

vitesses de relaxation croisée hétéronucléaire et intramoléculaire des expériences 

HOESY. Ce code informatique permet d’extraire de façon systématique et 

automatique les vitesses de relaxation croisée. De plus, par la prise en compte des 

concentrations de chaque atome, de l’abondance naturelle et de la diffusion, des 

comparaisons quantitatives des σ peuvent être faites entre les différents 

échantillons. Ainsi, différentes expériences d’HOESY ont pu être réalisées, entre 1H-

7Li ou 1H-19F, et ce, sur différents échantillons. Les premières expériences réalisées 

sur le C3mpyr FSI mixé a 1 molal de LiFSI, ont permis d’observer la présence du lithium 

autour du cation C3mpyr, mais aussi la présence de l’anion FSI autour du cation 

C3mpyr. Ainsi, d’après les vitesses de relaxation croisée extraites de ces expériences, 

le lithium semble avoir plus d’interaction avec les sites hydrogènes les plus éloignés 

de l’azote central. Ce résultat concorde avec le fait que la charge positive du cation 

est délocalisée sur cet azote central. L’anion, quant à lui, semble avoir plus 

d’interaction, autour de cet atome central, ce qui, une fois de plus, concorde avec les 

prédictions dues à la localisation de la charge positive. La suite de cette étude s’est 

donc portée sur l’interprétation de ces vitesses de relaxation croisée en termes de 

distance. Pour ce faire, différents modèles pouvaient être utilisés. Dans le cas des 

interactions lithium-cation, un modèle basé sur le modèle des sphères dures et des 

distances d’approche minimale a démontré que les valeurs des différent vitesses de 

relaxation croisée pour les différents sites hydrogène sont en accord avec les 

distances minimales d’approche extraites de la dynamique moléculaire. Dans le cas 

des interactions cation-anion, (1H-19F HOESY), la théorie communément appelée 

GSW prédit que dans le cas de noyaux à rapports gyromagnétiques similaires, le 

transfert NOE est majoritairement dû à des interactions à longue distance. Les 

vitesses de relaxation croisée ont donc été comparés aux nombres des coordinances 

C-F extraits des expériences de dynamique moléculaire. Ils ont montré un très bon 

accord pour les nombres de coordinance extraits à plus longue distance. Ainsi, pour 

étudier l’impact de la structure cationique sur les interactions au sein du liquide, 
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différents types de cation ont été étudiés. Le cation C2O1mpyr, présentant donc un 

site oxygène sur la chaine alkyl est celui qui a montré des interactions lithium-cation 

les plus différentes. En effet, dans ce cas, le lithium semble être localisé à proximité 

des sites hydrogène les plus proches de l’oxygène. Cette tendance, prévisible et due 

à l’électronégativité de l’oxygène, a elle aussi été confirmée par les résultats de 

dynamique moléculaire. La dernière étude de ce travail de thèse consiste à étudier le 

système C3mpyr FSI par des expériences de polarisation dynamique nucléaire. Cela 

présente l’avantage d’étudier l’échantillon dans un état vitrifié, assimilé ainsi à un 

instantané de la structure du liquide, en ayant un rapport signal sur bruit amplifié 

grâce au transfert d’aimantation électronique. Cette étude a montré que le lithium 

semble être dans ce cas majoritairement positionné autour du cycle et du 

groupement CH3 situé sur l’azote. Ce comportement, corrélé par la dynamique 

moléculaire, peut être expliqué par une forte association des ions lithium et des 

anions. Le lithium, fortement associé à l’anion serait donc contraint de rester dans 

une position autour de la charge positive du C3mpyr, en deuxième sphère de 

coordination.
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Pierre MARTIN 
 

Etude de l’interaction entre les ions dans des électrolytes à base 
de liquides ionique par résonance magnétique nucléaire 

 
Ce travail de thèse porte sur l’étude d’électrolytes pour utilisation dans des systèmes de stockage énergétiques tels que les batteries 
lithium-ions. Les matériaux spécifiques à cette étude sont des liquides ioniques à base de pyrrolidinium avec le fluorosulfonylimide (FSI) 
en tant que contre-ion, le tout dopé au lithium.  
La méthode de caractérisation principale est la spectroscopie par Résonance Magnétique Nucléaire (RMN) qui peut être utilisée pour 
résoudre la structure, la dynamique ou encore l’arrangement spatial entre les anions et les cations. Des mesures de diffusion et des 
expériences de relaxation réseau-spin, utilisant 1H pour les cations, 19F pour les anions et 7Li, sont effectuées pour étudier le transport 
ionique dans le liquide ainsi que la rotation moléculaire respective des différents ions. 
Toutefois, dans le but de mieux comprendre le mécanisme de transport des ions à un niveau moléculaire dans ces liquides ioniques, 
l’expérience Heteronuclear Overhauser Effect SpectroscopY (HOESY) a été employée. Cette technique est basée sur le transfert 
d’aimantation entre deux isotopes nucléaires dans l’espace. Puisque le transfert est généralement dû à des interactions de courtes 
portées, des informations concernant les différentes proximités des espèces dans le liquide sont obtenues.  
Une grande partie de cette étude est concentrée sur le développement de la technique HOESY elle-même, avec l’amélioration de la 
séquence d’impulsion RMN mais aussi de l’analyse du signal, dans l’optique d’une étude quantitative et du développement d’une 
procédure automatique et systématique d’ajustement des données t éoriques aux données expérimentales. Des simulations par 
Dynamique Moléculaire (DM) et des mesures de relaxation RMN sont utilisées pour permettre l’analyse des expériences  OESY, 
permettant alors d’accéder à la corrélation des distances entre les noyaux et des paramètres de relaxation tels que les temps de 
corrélation, pouvant permettre une meilleure compréhension du transport ionique. En plus du développement de cette technique, de 
nouveaux liquides ioniques incluant des chaînes alkyles plus longues, des cycles plus longs ou encore un groupe ethero-alkyle sur la 
chaine alkyle sont étudiés par HOESY dans le  ut d’o server l’impact de la structure du cation sur les interactions ioniques. Une autre 
technique complémentaire, la polarisation dynamique nucléaire, est aussi adoptée afin d’étudier les liquides ioniques dans un état vitreux 
imitant leur structure à l’état liquide. 

Mots clés : Liquides ioniques, RMN, HOESY 

Studies of the interactions between ions in ionic liquids 
electrolytes by nuclear magnetic resonance 

 

This work is focused on the study of electrolytes for energy storage devices such as lithium ion batteries. The specific materials are 

pyrrolidinium-based ionic liquid electrolytes with bis-fluorosulfonylimide (FSI) as the counter anion, and also containing lithium.  

The main experimental method of characterization is Nuclear Magnetic Resonance (NMR) spectroscopy, which can be used to probe 

structure, dynamics and spatial arrangements between anions and cations. NMR-based diffusion measurements or spin lattice relaxation 

experiments, using 1H for cations, 19F for anions and 7Li, are used to study the ionic transport in the liquid and the molecular tumbling of 

the different ions respectively. 

However, in order to attempt to better understand the ion transport mechanism at the molecular level in these ionic liquids, the HOESY 

(Heteronuclear Overhauser Effect SpectroscopY) experiment is used. This technique is based on a transfer of magnetization through 

space between two different nuclear isotopes. As this transfer is generally mediated by short-range interactions, it provides information 

on which species are close together in the liquid. 

A large part of this work is based on the development of the HOESY technique itself, both improving the implementation of the NMR pulse 

sequence to reduce the experimental time, but also improving ways to analyze the resulting data in a quantitative way and developing an 

automatic and systematic data fitting procedure. Molecular Dynamics (MD) simulations and NMR relaxation measurements are also used 

to assist the HOESY analysis, allowing correlations with distances between nuclei and motional parameters such as correlation times to 

be established, which will lead to a better understanding of the ion interactions. In addition to this technique development, others ionic 

liquids including longer alkyl, longer cycle or even an ether-o-alkyl group on the alkyl chain, are studied by HOESY in order to observe 

the impact of the cation structure on the ionic interactions. Another complementary technique, dynamic nuclear polarization, is also used 

in order to study the ionic liquid in the glassy state structure which mimics the liquid state. 

Keywords : Ionic liquids, NMR, HOESY 
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