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Abstract
Ionic liquids (ILs) have gained popularity as “green” and safe replacements for conventional organic solvents. They are
defined as ionic salts displaying a melting point below 100 °C. Some of their unique characteristics also include negligible
vapour pressure, good electrical conductivity as well as good thermal and chemical stability. While their “green” nature
has since been disputed, they can be used and applied in many additional fields, such as solar energy production, new
lighting technology and much more.

In this thesis, the aim is to gain fundamental knowledge on ILs, specifically their structures and behaviour, in order
to design materials tailored for specific applications. We also aim to use ILs to access otherwise difficult to synthesize
materials and study their properties and applications.

The thermal properties of ILs are one of their most important characteristics. However, it is still poorly understood
how the structural aspects of ILs influence their particular thermal behaviour. By studying different systems, we derived
relationships between the structure and the thermal behaviour of ILs. Hydrogen bonding and other supramolecular
interactions play a major role in controlling both the melting temperature and the IL's ability to support a liquid crystalline
mesophase. This control was shown both in a series of ILs based on 1-alkyl-3-dodecylimidazolium bromide and in a series
of ILs based on azobenzene-imidazolium compounds.

The stability issues associated with the electrolytes used in dye-sensitized solar cells (DSSCs) present a major
disadvantage. We tested using ILs as electrolytes to avoid this problem. In our study, we used 1,3-dialkyltriazolium ILs
as electrolytes in combination with the iodide redox couple, and not only was the stability of the DSSC improved but also
the performance of IL-based DSSCs.

Efficient luminescent materials are always sought after. Using ILs in combination with lanthanides, we achieved highly
luminescent compounds as well as some magnetic ones. ILs can also be used to access anhydrous forms of otherwise
hydrophilic species, such as ions of the lanthanides. We have used acetate ILs to attain water free complexes of the ions
from the whole lanthanide series, starting from the hydrated species. This simple process could be applied to more species
of hydrophilic metals that are otherwise known to form hydrates.

Finally, the ligand obtained through ILs, 1,3-diethylimidazole-2-thione was used to aid in the studying of phase
transitions when combined with zinc chloride (ZnCl2). It helped to reveal a yet unseen amorphous step in the solid-solid
phase transition from a single crystal into another one, where morphology of the particle was preserved. I forsee that more
fundamental structural studies can be conducted by forcing the coordination of the soft-donor nitrogen onto lanthanides
by using dicyanamide ILs in the future.
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Abstract 

Ionic liquids (ILs) have gained popularity as “green” and safe replacements 

for conventional organic solvents. They are defined as ionic salts displaying a 

melting point below 100 °C. Some of their unique characteristics also include 

negligible vapour pressure, good electrical conductivity as well as good ther-

mal and chemical stability. While their “green” nature has since been disputed, 

they can be used and applied in many additional fields, such as solar energy 

production, new lighting technology and much more.  

In this thesis, the aim is to gain fundamental knowledge on ILs, specifically 

their structures and behaviour, in order to design materials tailored for specific 

applications. We also aim to use ILs to access otherwise difficult to synthesize 

materials and study their properties and applications. 

The thermal properties of ILs are one of their most important characteristics. 

However, it is still poorly understood how the structural aspects of ILs influ-

ence their particular thermal behaviour. By studying different systems, we de-

rived relationships between the structure and the thermal behaviour of ILs. 

Hydrogen bonding and other supramolecular interactions play a major role in 

controlling both the melting temperature and the IL's ability to support a liquid 

crystalline mesophase. This control was shown both in a series of ILs based 

on 1-alkyl-3-dodecylimidazolium bromide and in a series of ILs based on az-

obenzene-imidazolium compounds. 

The stability issues associated with the electrolytes used in dye-sensitized so-

lar cells (DSSCs) present a major disadvantage. We tested using ILs as elec-

trolytes to avoid this problem. In our study, we used 1,3-dialkyltriazolium ILs 

as electrolytes in combination with the iodide redox couple, and not only was 

the stability of the DSSC improved but also the performance of IL-based 

DSSCs. 

Efficient luminescent materials are always sought after. Using ILs in combi-

nation with lanthanides, we achieved highly luminescent compounds as well 

as some magnetic ones. ILs can also be used to access anhydrous forms of 

otherwise hydrophilic species, such as ions of the lanthanides. We have used 

acetate ILs to attain water free complexes of the ions from the whole lantha-

nide series, starting from the hydrated species. This simple process could be 

applied to more species of hydrophilic metals that are otherwise known to 

form hydrates. 

Finally, the ligand obtained through ILs, 1,3-diethylimidazole-2-thione was 

used to aid in the studying of phase transitions when combined with zinc chlo-

ride (ZnCl2). It helped to reveal a yet unseen amorphous step in the solid-solid 

phase transition from a single crystal into another one, where morphology of 

the particles was preserved. I forsee that more fundamental structural studies 

can be conducted by forcing the coordination of the soft-donor nitrogen onto 

lanthanides by using dicyanamide ILs in the future.  
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1D          One dimensional 

ACN          Acetonitrile 

Chol          Choline 

CV          Cyclic voltammetry  

DADMA        Diallyldimethylammonium 
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DFT          Density functional theory 

DMSO         Dimethylsulfoxide 

DSC          Differential scanning calorimetry  

DSSC         Dye sensitized solar cell 

ESI-MS         Electospray ionization mass spectroscopy  

EtOAc         Ethyl acetate  

FTIR          Fourier transform infrared spectroscopy 

HF          High frequency 

HOMO         Highest occupied molecular orbital  

IL           Ionic liquid  

ILC          Ionic liquid crystal 

LC          Liquid crystalline 

LEC          Light emitting electrochemical cell 

LED          Light emitting diode  

LLCT         Ligand to ligand charge transfer 

LMCT         Ligand to metal charge transfer 

Ln           Lanthanide 

LN2          Liquid nitrogen  

LUMO         Lowest unoccupied molecular orbital 

Me          Methyl 

MLCT         Metal to ligand charge transfer 

MOF          Metal organic framework  

MRI          Magnetic resonance imaging  

ncs          Non-crystalline solid 

NMe2         Dimethylamino 

NMR          Nuclear magnetic resonance  

NO2          Nitro 

OAc          Acetate  

OMe          Methoxy 

PIL          Polymer ionic liquid 

POM          Polarized optical microscopy  

ppm          Part per million 

PDF          Pair distribution function 

PPMS         Physical properties measurement system 

PXRD         Powder X-ray diffraction  



QY          Quantum yield 

RE          Rare earth 

RT          Room temperature  

RTIL          Room temperature ionic liquid  

SAXS         Small angle X-ray scattering  

SCXRD         Single crystal X-ray diffraction  

SILM         Supported ionic liquid membrane 

SiO2          Silicon oxide 

Sm          Smectic 

t-Bu          tert-Butyl 

TGA          Thermogravimetric analysis 

THF          Tetrahydrofuran 

TSIL          Task-specific ionic liquid 

UV          Ultraviolet 

ZIL          Zwitterionic liquid  

δ           Chemical shift      
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1. Introduction 

1.1. Ionic liquids 

 

In chemistry, one of the most important components of any reaction is the 

solvent. Organic solvents are the class that is mostly used due to their facile 

access and decades worth of use. However, they present some major draw-

backs, including their toxicity and their volatility,1 hence, there is an urgent 

need to replace such solvents with greener and safer alternatives. Ionic liquids 

(ILs) were first discovered over a century ago2,3 and defined by Barrer in 

1943.4 They are commonly defined as low melting salts, having a melting 

temperature below 100 °C. However, this definition is operational and other 

unique properties could be used to define a higher melting salt as an IL. 

Among them, they exhibit negligible vapour pressure, good chemical and ther-

mal stability, good electrical conductivity and low combustibility.5,6 All of 

these properties have made ILs a good alternative for organic solvents but they 

can also be used in various applications, including catalysis, electrochemistry 

and extraction.7-14 A typical IL is composed of an organic cation (most com-

monly imidazolium, triazolium, phosphonium, etc) as well as a typically inor-

ganic anion (Cl-, Br-, PF6
-, etc).15 The nature of the cation means that their 

structure can easily be tuned by well-known organic chemistry techniques 

such as Suzuki or Williamson reactions.16,17 ILs have been widely investigated 

over the past decades and have been further divided into different types, i.e. 

room-temperature ILs (RTILs),18-20 task-specific ILs (TSILs),21,22 polyionic 

liquids (PILs)23,24 and supported IL membranes (SILMs).25,26 As these ILs of-

ten contain cyclic cations, they exhibit the proper shape (disk or rod-like) to 

form ionic liquid crystals (ILCs).27 

1.2. Liquid crystalline phase and ionic liquid crystals 

 

The liquid crystalline phase, also called mesophase, could be considered as 

the ”fourth state” of matter.28-31 It exists between the solid (crystalline) phase 

and the isotropic liquid phase.32 It is defined as having orientational or posi-

tional long-range order in at least one direction but no fixed position for a 

molecule (or an aggregate or a particle).33 Different degrees of order are ob-

served and form different kinds of mesophases. The nematic phase is the least 

ordered and only displays a common alignment of its molecule along a direc-

tion defined by a vector called the director (n).34 A smectic phase (Sm) or 

lamellar phase is characterized by a 1D periodic stack of layers, so some po-

sitional order is exhibited by this type of phase.34,35 Higher-order mesophases 

are also formed when the molecule involved exhibits a particular geometry, 
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such as disk-shaped molecules. These molecules can then organize in colum-

nar or even cubic mesophases.36 The common ground for the formation of 

these mesophases is the molecules that induce them, which are called ”meso-

gens”. Their geometry is one of the most important factors in determining the 

type of LC phase formed. Rod-like (calamitic mesogens) and disk-like 

(discotic mesogens) are the most common and can be described as cylinders 

exhibiting highly anisotropic structures.37 The terminology ionic liquid crys-

tals (ILCs) simply designate the formation of an LC phase by an ionic mate-

rial. The formation of the mesophases can be induced by thermal events (ther-

motropic ILCs)38 or by the effect of concentration (lyotropic ILCs).39  

1.3. Ionic liquids in solar cells 

 

Solar cells have been increasingly developed over the past years in order to 

increase the amount of electricity produced by a clean source of energy. Reg-

ular solar cells are made out of semiconductors and are limited in their archi-

tecture. To overcome the problems posed by the conventional cells such as 

their rigid architectures and physical limitations, new solar cell types are con-

stantly being researched. Thin film-based solar cells are becoming increas-

ingly popular due to their flexibility and simpler architectures. The recent ad-

vancement of dye-sensitized solar cells (DSSCs) revealed that the organic 

electrolyte commonly used in their manufacturing process was the cause of 

their short lifetime. This issue could cause DSSCs to only be viable in niche 

applications or as a research platform. To circumvent this drawback, ILs have 

been proposed as non-volatile electrolytes.40-42 However, ILs are usually quite 

viscous materials and therefore, tend to retard the physical diffusion of the 

redox couple. Using ILCs as electrolytes can circumvent this problem, as a 

diffusion path is created by the order induced in the ILC. When ILCs are used 

instead of ILs as electrolytes, they show an improvement in photocurrent den-

sity as well as in light to electricity conversion efficiency.42  

1.4. Metal containing ILs 

 

Embedding metals in ILs, whether in the cation or the anion, enables them to 

exhibit the physical properties of the metal as well as the characteristics of 

ILs. Among these metals, rare earths (REs), of which lanthanides (Ln) are the 

main constituents, are becoming increasingly more of interest.43 REs have a 

more important role in today’s society, as they are used in a wide variety of 

applications. They find uses in fields ranging from refinement of petroleum 

products to more efficient lighting technology, contrast agent for magnetic 

resonance imaging (MRI) or, more importantly, as permanent magnets present 
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in cars, wind turbines or even portable electronics.44,45 REs can be incorpo-

rated into ILs in various ways but one of the most common is to generate the 

lanthanide hexahalide anion (LnX6
3-) in an IL. Weakly coordinating halides or 

ligands (i.e. bis(trifluoromethanesulfonyl)imide, Tf2N
-) are preferred as they 

are more likely to produce RTILs.46-48 When introduced into ILs, REs tend to 

exhibit some outstanding properties such as high colour purity with a narrow 

linewidth for RE such as Eu or Tb12,49,50 as well as a high response to external 

magnetic fields for RE such as Dy.51 ILs can also enable access to anhydrous 

Ln complexes and unique coordination of Lns.52,53  

1.5. Ionic liquids to access new materials 

 

Although ILs supporting specific properties can be used as materials as they 

are, ILs can also be used to access other compounds that are otherwise difficult 

to obtain. For example, the modification and dissolution of cellulose-based 

materials have been enabled by the use of ILs.54 Imidazole-2-thiones are one 

example. They have been easily accessed by a straightforward reaction of ILs 

with elemental sulphur,55,56 while they were previously synthesized by cy-

clization of a diamine derivative with a low yield.57 Moreover, as they are 

composed of two soft donors, nitrogen and sulfur, they can constitute a great 

material to study various soft metals.58,59 
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2. Scope of the thesis  

This thesis was driven by the ever-growing interest expressed in the field of 

ILs. The goal was to study ILs in all their aspects in order to design materials 

to study specific systems or attain specific physical properties.  

 

The first part of the thesis focuses on the fundamental study of ILs. At first, a 

series of ILs based on a known system is studied where one parameter is sys-

tematically varied to determine the influence on the thermal and mesophase 

behaviour (Paper I). Next, with a specific application in mind (photoisomeri-

sation), another series of ILs is studied. Here the influence of different substit-

uents is studied in relation to the photoisomerisation efficiency as well as to 

the thermal behaviour of the IL (Paper II).  

 

The second part of the thesis focuses on the application of ILs. First, a set of 

known ILs based on 1,3-dialkyltriazolium iodide was studied as electrolytes 

for application in DSSCs (Paper III). Afterwards, we turned our attention to 

the lanthanide series and their unique properties. Different systems were stud-

ied. In one of the papers, we studied the influence of the cation on the physi-

cochemical properties of a Tb salicylate anion (Paper IV). In the last paper of 

this chapter, we explored the ability of ILs to obtain anhydrous lanthanide 

acetate complexes (Paper V).  

 

The last part of the thesis focused on the use of ILs to access different materi-

als or different coordination. We first focused on a very versatile ligand, the 

1,3-diethylimidazole-2-thione, which is accessed by a synthetic process ena-

bled by ILs. This ligand emerged as a valuable tool to study a very well-known 

phenomenon, solid-solid phase transition. In Paper VI, we discussed a com-

plex of the ligand and ZnCl2 that had an extraordinary behaviour and revealed 

a yet unseen phenomenon of a crystal-amorphous-crystal transformation that 

occurred with preserving the shape of the particles. Lastly, utilizing a dicyan-

amide IL, we studied the complexation of lanthanides with a soft nitrogen do-

nor (Paper VII).  

 



5 

3. Materials and characterization methods 

More details on the synthetic procedures and characterization methods can be found 

in the papers. 

3.1. Synthesis of ionic liquids 

 

The general procedure for the synthesis of the ILs was always the same 

(Scheme 1). The synthesis was realized as follows: 1-alkylimidazole was ei-

ther purchased (1-methylimidazole and 1-vinylimidazole from Sigma Al-

drich) and distilled over KOH before use, or synthesized by equimolar reac-

tion of 1H-imidazole and the corresponding alkyl iodide in the presence of the 

base potassium carbonate K2CO3 in dry THF.  The alkyl iodide was added 

dropwise to the imidazole at 0 °C and stirred vigorously at room temperature 

for 2 h. The product was then recovered by filtration and subsequent evapora-

tion of the solvent. The IL was then synthesized, using standard Schlenk tech-

niques, by reacting the corresponding 1-alkylimidazole with a slight excess 

(1.1 molar equivalent) of alkyl halide (Cl, Br or I) in dry acetonitrile. The 

reaction was placed under reflux (80 °C) for 72 h. After completion, the 

Schlenk tube was placed under dynamic vacuum (1 x 10-3 mbar) in order to 

evaporate the solvent and excess of unreacted products. Dry ethyl acetate 

(EtOAc) was then added to the mixture and stirred for 30 min, after which the 

solvent was removed. The process repeated until the EtOAc appears colour-

less. The Schlenk tube was again placed under a vacuum to remove the re-

maining solvent.  
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Scheme 1. General diagram of the synthetic procedure of the ILs used in this 

thesis. Where R1 = CnH2n+1 or CH2-CH=CH and R2 = CmH2m+1. 

 

3.2. Characterization techniques 

Nuclear magnetic resonance 
1H, 13C and 31P nuclear magnetic resonance (NMR) spectra were recorded at 

room temperature in deuterated solvent on a Bruker 400 MHz spectrometer 

equipped with a BBO probe (Ettlingen, Germany). Chemical shifts are re-

ported in delta (δ) units, expressed in parts per million (ppm). Chemical shifts 

were referenced to the residual solvent signal. 

Infrared spectroscopy 

Fourier Transform Infrared spectra (FT-IR) were collected on a Bruker Alpha-

P attenuated total reflection (ATR)-spectrometer equipped with a diamond 

crystal (Bruker, Ettlingen, Germany) in attenuated total reflection configura-

tion. The data evaluation was carried out with the program OPUS (Bruker, 

Ettlingen, Germany). 
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Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed with a computer-con-

trolled PhoenixDSC 204 F1 thermal analyzer (Netzsch, Selb, Germany). 

Measurements were carried out at a heating rate of 5 °C/min in a sealed alu-

minium crucible with a N2 flow rate of 40 mL/min. 

Thermogravimetric analysis 

ThermoGravimetric Analyses (TGA) was performed with a TG 449 F3 Jupiter 

(Netzsch, Selb, Germany). Measurements were carried out in aluminium ox-

ide crucibles with a heating rate of 10 °C/min and N2 as the purge gas. Given 

temperatures correspond to a 5% onset.  

Temperature controlled polarized optical microscopy  

Optical analyses were made by hot-stage polarized optical microscopy (POM) 

with an Axio Imager A1 microscope (Carl Zeiss MicroImagingGmbH, Göt-

tingen, Germany) equipped with a hot stage, THMS600 (LinkamScientificIn-

struments Ltd, Surrey, UK), and Linkam TMS 94 temperature controller 

(Linkam Scientific Instruments Ltd, Surrey, UK). Images were recorded at a 

magnification of 100× as a video with a digital camera. During heating and 

cooling, the sample was placed between two coverslips. Heating and cooling 

rates were 5 °C/min.  

Mass spectrometry  

A SYNAPT G2-S HDMS Q-ToF Mass Spectrometer (Waters, Manchester, 

UK) with an electron spray ionization (ESI) operated in the positive and neg-

ative ion mode, was used in this study. The ion source was set up as follows: 

capillary voltage: 2500 V, extractor: 1.0 V, RF lens: 0.5 V, ion source temper-

ature: 120 °C and desolvation temperature 250 °C. Nitrogen was used as both 

the cone and desolvation gas at a flow of 70 L/h and 500 L/h, respectively. 

Argon was used as collision gas at a pressure of 2.95•10–4 mbar. The detector 

was time of flight (TOF). 

Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) data were recorded at ambient temperature 

on a PANalytical X’pert PRO diffractometer (Malvern Panalytical, Malvern, 

United Kingdom), operating at 45 kV and 40 mA and using CuKα1 radiation. 

The data were recorded in reflection mode from 5° to 70° with a step size of 

0.01° for 60 min with 0.55 s/step. 
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Single crystal X-ray diffraction measurement 

Single crystal X-ray diffraction (SCXRD) data for single crystal analysis were 

collected on a Bruker Venture D8 diffractometer (Bruxer AXS, Karlsruhe, 

Germany) using CuKα radiation ( = 1.54178 Å at 100 K) or MoKα, ( = 

0.71070 Å at 100 K), on a Stoe IPDS-I single-crystal X-Ray diffractometer 

(Darmstadt, Germany) with graphite monochromated MoKα radiation (λ = 

0.71073 Å at 293 K) or on an Agilent SuperNova (Santa Clara, CA, USA) 

using CuKα radiation ( = 1.54178 Å at 100 K). Absorption corrections were 

carried out with the program SADABS.60 The crystal structures were solved 

with Sir9261 or SHELXT62 and refined with SHELXL63 subroutines within the 

APEX364 or Olex265 software package. Hydrogen atoms for all structures were 

added and treated with the riding atom mode. Illustrations and predicted 

PXRD diffractograms were calculated using Mercury66 or Diamond 4.67 

Small-angle X-ray scattering  

Temperature-dependent small-angle X-ray scattering (SAXS) experiments 

were carried out at the A2 Beamline of DORIS III, Hasylab, DESY (Hamburg, 

Germany), at a fixed wavelength of 1.5 Å.  

UV-vis spectroscopy 

Absorbance spectra of solid-state samples were recorded on powder samples 

using an Agilent Technologies Cary 5000 UV-Vis-NIR spectrophotometer 

equipped with a Praying Mantis diffuse reflectance accessory (Santa Clara, 

CA, USA).  

Photoluminescence 

Photoluminescence (fluorescence and phosphorescence) measurements were 

carried out on a Fluorolog FL 3-22 spectrometer at room temperature (Horiba 

JobinYvon, Unterhachingen, Germany), equipped with a double excitation 

monochromator, a single emission monochromator (HR320) and an R928P 

PMT detector. A continuous xenon lamp (450 W) was used for steady-state 

measurements, whereas a pulsed xenon lamp was used for lifetime measure-

ments. Absolute QY was measured with a G8 integrating sphere (GMP), using 

BaSO4 as blank.  

Electroluminescence 

For electroluminescence measurements, the samples were put in a Schlenk 

flask under vacuum and were excited with Tesla generator VP202 High-Fre-

quency Tester (Leybold Heraeus, Cologne, Germany). An optical fibre was 

used to collect the light emitted from the sample and was inserted into the 

fluorimeter chamber through a hole, directed towards the detector. The elec-

troluminescence was then collected with a standard emission mode.  
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Physical properties measurement 

The magnetic properties were measured on a Physical Properties Measure-

ment System (PPMS) from Quantum Design (San Diego, CA, USA). The Vi-

brating Sample Magnetometer (VMS) option was used for temperature and 

field dependence in static (DC) fields at 0.1 T.  

Cyclic voltammetry 

The experimental cyclic voltammetry curves were obtained with a micro Au-

tolab Type III (Eco Chemie B.V., Utrecht, Netherlands). The working elec-

trode (WE) was a platinum electrode with a surface area of 28.274 mm2. As 

reference electrode (RE), a glassy carbon electrode was used. The cyclic volt-

ammetry experiments were carried out in a 0.025 M solution of the IL in 1-

butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

([C4mim][Tf2N]) and referenced to ferrocene/ferrocenium+ (Fc/Fc+) in 

[C4mim][Tf2N]. Scans were swept cathodically from the initial potential 

−0.2135 V vs. Fc/Fc+ at a scan rate of 10 mV/s. A gold disk (d = 5 mm) was 

used as WE, while a Pt spiral as CE and a Pt wire as RE. 

Ionic conductivity measurement 

For the DSSC cells, the measuring cell for measuring electric conductivity 

consists of a pair of indium tin oxide (ITO) electrodes. The distance between 

the two electrodes is fixed by a Teflon spacer ( 3 mm, height 0.5 mm), which 

is filled with the sample. In addition, a multimeter and thermometer were con-

nected to each electrode to allow for an accurate reading and temperature con-

trol. The conductivity of the electrolytes,  was calculated from the tempera-

ture-dependent resistance which was measured using an anisotropic conduc-

tivity analysis method. 

Solar conversion efficiency measurements  

The solar cells were irradiated on the dye-coated working electrode by a xenon 

lamp at 1 AM, from a Newport (Irvine, CA, USA) 190 Sol2A (model: 

940042A), equipped with an IR cut-off filter. The irradiated area has a specific 

value of 0.12 cm2. The working-electrode and the platinic-layered counter-

electrode were connected with a reference-electrode. The current-voltage 

curves were then recorded at a scan rate of 40 mV/s.  
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4. Chapter 1: Elucidating the structure-

property relationship 

4.1. Effect of methyl substitution on the structure and thermal 

behaviour of dialkylimidazolium ILs (Paper I) 

 

Ionic liquids (ILs) are often referred to as designer solvents due to the ability 

of the user to tune ILs to reach a specific property. Sought after properties 

generally include a defined melting point, a specific liquid crystalline (LC) 

phase, a specific liquidus range and more.6,13,14 All of these properties can be 

traced back to the composition, structure and ordering of the material. By un-

derstanding the structure-property relationship, one can fine-tune ILs to ex-

hibit the exact features needed for a defined application.7-9 

Liquid crystalline (LC) phases are defined as intermediates between the per-

fectly ordered solid-state (crystalline phase) and the disordered liquid state. 

They adopt various degrees of ordering depending mainly on the form of the 

entities involved in their formation as well as their interactions with each other 

(Figure 1). For 1,3-dialkylimidazolium-based ILs, it has been demonstrated 

that having a long alkyl chain (twelve carbon atoms or longer), supports the 

formation of such phases.11,68 However, the influence of hydrogen bonding 

has not yet been established. To detect and assign this type of mesophase, one 

must use a combination of analysis techniques as well as knowledge of the 

structure of the molecule. The techniques used to identify the presence of an 

LC phase are Differential Scanning Calorimetry (DSC) and Polarized Optical 

Microscopy (POM). While specific textures and colours observed under the 

polarized light can give an indication of the nature of the LC phase, more ad-

vanced techniques need to be used to confirm it. In this case, the use of Small 

Angle X-ray Spectroscopy (SAXS) can be of great help. When combined with 

the structural knowledge acquired from Single Crystal X-ray Diffraction 

(SCXRD), one can determine the influential factors as well as the structure of 

the mesophase.     

 

Figure 1. Graphical representation of different liquid crystalline mesophase and their 

characteristic features as observed under a polarized optical microscope69,70 (adapted 

from Paper I). 
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Imidazolium-based ILs are one of the most popular classes of ILs as well as 

one of the most studied, as they provide a platform for easy tunability. It is 

suspected that a multitude of interactions governs both the structure and the 

properties of these ILs. Among those interactions are hydrogen bonding and 

van der Waals interactions. Most imidazolium-based ILs support a hydrogen 

atom in the C2 position (Figure 2). Being located between two nitrogen at-

oms, this proton is the most acidic proton of the cationic part and often dis-

plays strong hydrogen bonds towards the anion. It is also believed to be the 

main proton responsible for the decomposition of these ILs and the formation 

of carbenes. By eliminating this proton, one can determine its influence on the 

properties of ILs and even study its impact on mesophase formation. The re-

moval of this source of hydrogen bonding is expected to cause an increase in 

the melting point of the material as well as drastic changes in the density, vis-

cosity, and thermal and chemical stability. One of the options to remove the 

proton is to simply replace the carbon in position C2 with a nitrogen atom to 

generate triazolium-based ILs. This option, however, alters the chemistry and 

the electronic nature of the 5-membered ring, thus influencing properties in 

other ways. Another option is to simply methylate the position C2. This alter-

native allows for a direct comparison to the already studied system of 1-alkyl-

3-dodecylimidazolium salts.14 

 

 

Figure 2. Graphical representation of 1,3-dialkylimidazolium IL (left); 1,3-dialkyl, 2 

methylimidazolium IL (middle); and 1,3-dialkyltriazolium IL (right) (adapted from 

Paper I). 

 

The first and easiest way to modify the thermal behaviour of 1,3-dialkyl im-

idazolium-based ILs is to vary the length of one of the alkyl chain. If one of 

the substitutions on the nitrogen atom is fixed as a methyl group, one observes 

a decrease in melting point for chains from one to five carbons followed by a 

stabilization between a length of five and nine carbons. Finally, the melting 

points increase rather sharply from ten carbons up to sixteen.14,71 A further 

observation is the presence of a mesophase as of an alkyl chain length of 

twelve carbon atoms. This finding seems to indicate that a longer chain length 

provides enough supermolecular interactions to support the formation of 

mesophases. One could then argue that mesophases should form on any imid-

azolium salt that has a dodecyl chain or longer. However, when studying the 

1-alkyl-3-dodecylimidazolium salt system, one notices that complexity sets 
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in. Mesophases are present for most chain lengths but not for hexyl or butyl. 

Furthermore, the chain length-melting point relationship is a little different. In 

fact, the melting points decrease from methyl to pentyl but then immediately 

increases for hexyl and further. The mesophase window also seems to be quite 

similar for all chain lengths except for a few examples (Figure 3a). All the 

mesophases were initially assigned to Smectic A (SmA) or C (SmC) phases 

by POM. Looking at the triazolium analogues, similar observations are made 

but the mesophase range seems to be extended (Figure 3b). When introducing 

a methyl instead of the proton in the C2 position, the thermal behaviour be-

comes even more complex. The melting point of the ILs actually decreases 

from methyl to butyl just as in the not-methylated IL but this time, it does not 

increase again but is rather stable. The melting point exhibits a typical saw-

like pattern, with the chains of even numbers of carbon exhibiting a lower 

melting point than their direct odd-numbered neighbours. Instead of an in-

crease in melting point, a widening of the mesophase region is observed. This 

feature seems to indicate that the proton in position C2 inhibits the formation 

of mesophases and that long chains seem to favour it. This combination pro-

vides a new way to fine-tune the melting point of ILs, as well as their 

mesophase range and structure. 

 

 

Figure 3. a) Crystalline and liquid crystalline portion of unsubstituted ILs; b) Crys-

talline and the liquid crystalline portion of triazolium ILs; c) Crystalline and the liquid 

crystalline portion of methylated ILs (adapted from Paper I). 
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A more detailed view of what effect the methylation has on the mesophase 

can be obtained by SAXS analysis. First, it allows the confirmation of the 

mesophase assignment done by POM. Second, it provides an insight into the 

changes between the solid-state and the LC state by indicating that the cation’s 

chains reassemble from a herringbone-like structure into a lamellar Smectic 

phase (Figure 4a). And last, it gives insight into the different geometry that 

the cations take depending on the chain length. In fact, the cations order in a 

linear arrangement for shorter chains to a U-shaped conformation for the long-

est one with an intermediary step in the form of a V-shape (Figure 4b). 

 

 

 

 

Figure 4. a) Illustration of the changes in molecular arrangement from the crystalline 

state to the mesophase of [CnC1C12Im][Br]: herringbone-like structure in the crystal-

line phase (left) and lamellar Smectic liquid crystalline phase (right); b) Graphical 

representations of the different conformations observed for varying chain length: 

near-linear structures are shown for n = 0-4, (left); a V-shaped configuration might 

be formed for 5 ≤ n ≤ 10, (middle); a U-shaped molecule might be supposed for n = 

11, 12 (right) (adapted from Paper I). 
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4.2. Effect of substitution on the structure and isomerization 

efficiency of azobenzene ILs (Paper II) 

 

Ionic liquid crystals are usually observed in ILs that contain anisotropically 

shaped ions (i.e. rod-like or disk-like). One of their particularities is that they 

display long and short-range order along one or more crystallographic orien-

tations.9,72,73 However, in the other(s) orientation(s), it will demonstrate a ran-

dom arrangement, reminiscent of a liquid. ILCs can be either thermotropic or 

lyotropic. Thermotropic ILCs exhibit a mesophase within a certain tempera-

ture range while lyotropic ILCs are governed by the concentration of the me-

dium they are placed in. However, usually both share common characteristics. 

They are generally formed by a combination of rigid and flexible chemical 

groups and influenced by the interactions between the ions (i.e. van der Waals 

interactions, hydrogen bonding interactions, etc.).74,75 

Although tuning of the chain length is the most used method of adjusting the 

thermal behaviour of imidazolium-based ILs, other methods can be employed. 

In fact, as imidazolium ILs are such a versatile platform, they can be endowed 

with more complex groups. The azobenzene group has attracted a tremendous 

amount of attention over the years due to its flexibility as well as the possibil-

ity of using light to influence its properties. These groups adopt the thermo-

dynamically more stable trans conformation readily but can be converted into 

the cis state by using an appropriate wavelength (usually within the UV 

range). This behaviour allows azo-ILs to have uses in light-controlled ion 

transporters and even potentially enhance the time of drug release. In addition, 

as the configuration changes, so do other properties, such as conductivity and 

viscosity. Therefore, this class of ILs could also be used as an optically in-

duced conductivity controller.76-80 

Figure 5. The general structure of the studied compounds (R = Me (1), t-Bu (2), OMe 

(3), NMe2 (4), NO2 (5)) (adapted from Paper II). 
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By influencing the electronic configuration of the azobenzene moiety, one 

would expect to influence primarily the optical properties. However, changing 

the electronic environment of the cation also influences its interactions with 

the anion and thus, the thermal behaviour of the IL. By substituting the azo-

benzene moiety with groups of increasing electron-donating ability, we aimed 

to study their influence on the crystal structure, thermal phase behaviour, as 

well as efficiency of the trans-cis conversion. To do so, we synthetized five 

compounds containing a mesogenic group (dodecylimidazole) linked to a sub-

stituted azobenzene moiety by an ether bridge (Figure 5). The different sub-

stituents are ordered and named for their different natures and increasing elec-

tron-donating abilities respectively from methyl (Me) to tert-butyl (t-Bu), 

methoxy (OMe), dimethylamino (NMe2) and finally nitro (NO2). The synthe-

sis was carried out by first performing an azo-coupling using the substituted 

aniline and phenol. This procedure was then followed by Williamson ether 

synthesis with 1,2-dibromoethane and finally, converted into a bromine salt 

by a simple alkylation of dodecylimidazole moiety (Figure 6).  

 

Figure 6. Synthesis of compounds 1–5. i) NaNO2, NaOH, Na2CO3, HCl, H2O, r.t., 4h; 

ii) K2CO3, CH3CN, reflux, 20h; iii) CH3CN, reflux, 72h (adapted from Paper II). 

 

Despite our best efforts, only three of the five compounds could be recrystal-

lized with sufficiently good quality for single X-ray diffraction analysis. Two 

of the compounds (methyl substituted and methoxy substituted) crystallized 

isostructurally in the triclinic space group P1̅. The tert-butyl substituted com-

pound crystallized as a hemihydrate in the monoclinic space group Cc. All 

structures formed cationic bilayers with a head-to-head arrangement. In the 

isostructural structures, the alkyl chain and azobenzene unit orient parallel to 

each other and virtually perpendicular (65-75°) to the imidazolium plane 

forming a shape that closely resembles the letter “U” (Figure 7). As predicted, 



16 

the azobenzene unit presents an all-trans conformation in all the crystal struc-

tures. Hydrogen bonds and electrostatic interactions are typical for this type 

of molecule and mainly appear in the form of π···π, C-H···π and C-H···Br 

interactions. The different substituents seem to only affect the C-H···π inter-

actions as the presence of the oxygen in the methoxy causes one “arm” of the 

molecule to be closer to one -CH3 group. The hemihydrate compound presents 

a slightly different configuration of the cation with a sharper angle (45-50°) 

between the alkyl chain and the azo unit. The head-to-head π···π interactions 

are also shorter and stronger in this compound compared to the methyl and 

methoxy substituted compounds while C-H···π interactions have been drasti-

cally reduced between the arms of different cations. The hydrogen bonding 

network has been extended significantly due to the presence of water and the 

tert-butyl substituent. 

 

 

 

Figure 7. Projections of the crystal structure of methyl-substituted compound on the 

bc (top) and projections of the crystal structure of the hemihydrate tert-butyl substi-

tuted compound on the ac plane (bottom) (adapted from Paper II). 
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The thermal behaviour of all compounds was analysed by TGA for decompo-

sition temperature and water content, and by DSC for phase transition analysis 

and POM for phase assignment (Figure 8). All compounds decomposed be-

tween 250 °C and 270 °C. All compounds were anhydrous except for the hem-

ihydrate whose nature was confirmed by TGA. Analysis with DSC indicated 

that only the compounds with tert-butyl and dimethylamino substituent can be 

considered as ILs as their melting points lie at 99.5 °C and 31.3 °C, respec-

tively. All other compounds can be considered as low-melting salts but they 

exceeded the 100 °C melting temperature that defines ILs. However, among 

the compounds, all presented a mesophase except for the nitro substituted 

compound. All the mesophases were identified as a SmA phase by their char-

acteristic oily streak and focal conic textures. The temperature window in 

which a compound is present in its mesophase varied greatly. Both the methyl 

(1) and tert-butyl (2) substituted salts presented a cold recrystallization upon 

heating at 63.9 °C and 66.8 °C, respectively, which corresponds to a transition 

from their Smectic phase into their crystalline phase. They exhibited a melting 

point (Cr-SmA) at 132.9 °C and 99.5 °C. They melted into an isotropic liquid 

at 169.9 °C and 193.5 °C, respectively. The methoxy substituted compound 

(3) presented a more streamline thermal behaviour as it melted directly from 

its crystalline phase into an isotropic liquid at 101.4 °C. Upon cooling, it first 

went through a SmA mesophase at 107.4 °C before recrystallizing into a crys-

talline solid at 57.1 °C. The dimethylamino substituted salt (4) presented a 

textbook example of a thermogram as it exhibited two reversible transitions 

that occurred at similar temperatures upon heating and cooling. The crystalline 

compound first melted into a SmA liquid crystalline phase at 31.3 °C before 

turning into an isotropic liquid at 89.7 °C. The latter transition was reversed 

at 88.5 °C while the recrystallization occurred at 30.4 °C. The nitro-substituted 

compound (5) was the only compound that did not present a mesophase, and 

simply melted into an isotropic liquid at 101.7 °C, and recrystallized at 77.9 

°C. 
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Figure 8. DSC thermograms of compounds 1–5 (Me = 1, t-Bu = 2, OMe = 3, NMe2 

= 4 and NO2 = 5) as described in Figure 5 . For each compound, the upper (lower) 

line corresponds to the 2nd heating (cooling) curve with representative SmA textures 
as seen between crossed polarizers: (left) oily streak texture and (right) focal conic 

texture upon cooling (adapted from Paper II). 

 

These differences in thermal behaviour can be tracked back towards the struc-

ture. Although the methyl- and methoxy-substituted salts displayed similar 

crystal structures, the addition of the oxygen atom resulted in stronger elec-

trostatic interactions and an immobilization of the azo group, thus preventing 

the formation of a mesophase upon initial melting. The other relationship one 

can draw from the crystal structure comes from the differences between the 

methyl and tert-butyl substituted compound. Although they display similar 

phase behaviour, the latter has a much wider mesophase window. As the sub-

stituents are directly facing each other in the crystal structure of the tert-butyl 

compound, they form more electrostatic interactions and are able to hold an 

order for a longer time, thus widening the mesophase window. This cohesion 

also explains the absence of mesophase for the nitro substitution and the small 

mesophase window (58.4 °C) for the dimethylamino. Moreover, as these are 

polar groups, repulsive interactions are operating more strongly and prevent 

crystallization.  
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Azobenzene-containing compounds are known to have reversible transitions 

from their thermodynamically stable trans configuration into the cis confor-

mation upon UV irradiation. As the substituents on the azobenzene increase 

in electron-donating capabilities, one should be able to determine the influ-

ence on the efficiency of the conversion. Furthermore, the more electron-do-

nating a substituent is (Me (1)< t-Bu (2)< OMe (3)< NMe2 (4)< NO2 (5)), the 

more red-shifted the absorbance should be (Figure 9). To assess this trend, 

methanolic solutions of the compounds were measured, as well as neat pow-

ders. As expected, the main absorbance band located at 343 nm for the Me 

shifted to 344 nm (t-Bu), 352 nm (OMe) and 408 nm (NMe2). This band has 

been assigned to a π  ̶π*. The other band that is typically observed for azoben-

zene units is generally present around 430-440 nm and is ascribed to a n ̶ π* 

transition. This band did not experience any shift. It is important to remember 

that these bands correspond to the molecule in its trans conformation. 

 

 

Figure 9. UV-Vis absorption spectra of methanolic solutions of compounds 1–5 with-

out and upon irradiation at 366 nm (adapted from Paper II). 

 

To assess the influence on the conversion to the cis-isomer, the solutions and 

neat powders were irradiated at 366 nm prior to measuring the absorbance 

once again. This irradiation caused a blue-shift of the π ̶ π* band of 11 nm 

(Me; 1), 40 nm (t-Bu; 2), 42 nm (OMe; 3) and 28 nm (NO2; 5). This trend 

relates to the decrease in π-conjugation upon conversion into the cis-isomer. 

For the NMe2 substituent, the bands overlap in such a manner that renders it 

next to impossible to accurately calculate the shift and conversion. This shift, 

along with the variation in absorbance, allows for an evaluation of the com-

pleteness of the conversion (Table 1). The conversion efficiencies have been 

found to be 53% for the trans-cis conversion for the Me substituent, 90% for 

the t-Bu, 92% for the OMe and 68% for NO2. As stated previously, the con-

version from trans to cis isomers was also observed with the NMe2 substituent 

as the band exhibited a decrease in intensity, but no accurate conversion could 

be calculated. In addition, the reverse reaction was activated as well in the 
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NMe2 substituent, thus preventing a complete conversion. All of these meas-

urements confirmed the density functional theory (DFT) calculations, which 

predicted a reduced HOMO-LUMO bandgap when transitioning from the 

trans conformation to the cis. It also predicted that the NMe2 substitution does 

not cause significant changes to the HOMO-LUMO gap, thus explaining its 

poor conversion. 

 

Table 1. Photochromic properties of methanolic solutions of compounds 1–5 (adapted 

from Paper II). 

No. R Without irradiation Upon irradiation at 366 nm 

  λπ–π*/ 

nm 

Aπ–

π*/ 

a.u. 

λn–π*/ 

nm 

λ*
π–

π*/ 

nm 

A*
π–

π*/ 

a.u. 

λ*
n–

π*/ 

nm 

Aa/ 

a.u. 

cisb/ 

% 

1 Me 343 0.81 430 332 0.38 437 0.43 53 

2 t-Bu 344 0.68 435 304 0.07 439 0.61 90 

3 OMe 352 0.36 431 310 0.03 443 0.33 92 

4 NMe2 408 0.65 435 – – – – – 

5 NO2 363 0.50 438 335 0.16 439 0.34 68 

a) A = Aπ–π* – A*π–π*, b) cis = (A/Aπ–π*) · 100% 61, Aπ–π* and A*π–π* 

correspond to values at λπ–π* 
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5. Chapter 2: Ionic liquids in application 

 

The challenge of producing cleaner electricity is ever-growing. In the last sev-

eral decades, a multitude of alternative means of electricity production have 

been developed, such as wind-power, new hydroelectric production methods 

and most of all, photovoltaics. Traditional solar cells use semiconductors, and 

more often, silicium (Si). However, these cells are limited in their efficiency 

by a physical barrier called the Schockley-Queisser limit.81 This prevents so-

larcells from achieving higher than 33% efficiency. Additionally, traditional 

silicon-based solar cells present the extra disadvantage of being very rigid in 

design. A promising alternative is the Dye-Sensitized Solar Cells (DSSCs), 

also called Grätzel cells.82,83 They can absorb diffused light and approach the 

Schockley-Queisser limit more closely. Furthermore, as it utilizes a dye that 

is adsorbed onto a nanocrystalline TiO2 layer, they can be made flexible (Fig-

ure 10).  In order to operate, DSSCs use a redox couple. The most commonly 

used one is I3
-/I-, although transition metal-based couples such as Co3+/Co2+ or 

Cu2+/Cu+ are being developed and showing promising results.84-86 One of the 

main drawbacks holding DSSCs back is the volatility of the electrolytes used 

to operate. This causes the lifetimes of the cells to be quite poor.87 

 

 

 

 

Figure 10. Schematic overview of the operating principle of a DSSC (adapted from 

Paper IV). 
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5.1. Tackling major world energy problems: ILs used as 

electrolytes for solar cells (Paper III) 

 

Due to their specific physicochemical properties such as high electrical con-

ductivity, chemical and thermal stability as well as their negligible vapour 

pressure, iodide based ILs have been tested as electrolytes in DSSCs.40-42 The 

ILs tested presented some issues due to their low conductivity and high vis-

cosity. As an alternative, ILCs have been shown to improve both the photo-

current density and photoelectric conversion efficiency when used in 

DSSCs.41,42,88 Using our knowledge of structure-property relationships, we 

can design ILCs to be used as electrolytes. This was demonstrated by the use 

of imidazolium-based iodide ILs that formed mesophases, and performed bet-

ter than their counterparts that could not form an LC phase. It was also found 

that the electrolyte was most efficient when operating within this mesophase 

range. Therefore, it is crucial to develop ILCs that exhibit an LC phase over a 

wide range of temperatures.41,42 

 

As previously noted in the section 4.1., the presence of an acidic proton on the 

C2 position of the imidazole ring has negative effects on the formation of 

mesophases. In contrast, triazolium ILs have been shown to reliably form 

mesophases over a wider range of temperatures. In addition, the substitution 

of this acidic proton bearing carbon by a nitrogen atom prevents the most com-

mon degradation mechanism of imidazolium-based ILs, the formation of car-

benes. In addition, the ILs need to be able to accommodate the redox couple 

I3
-/I-. To study the impact of the mesophase on the performance of the electro-

lyte, a series of symmetric and asymmetric 1,3-dialkyl-1,2,3-triazolium iodide 

salts are investigated. Furthermore, to confirm the claim that triazolium ILs 

are more efficient and more stable, they were compared to the 1,3-dialkylim-

idazolium ILs that have been previously reported (Figure 11).  

 

 

 

 

Figure 11. Representation of the studied ILs: asymmetric (left) and symmetric (mid-

dle) 1,3-dialkyl-1,2,3-triazolium iodides. Related 1,3-dialkylimidazolium iodides 

(right) were studied for referencing as we use a different experimental setup com-

pared to the literature (adapted from Paper III). 
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Structurally, the ILs displayed the same characteristics as their bromide ana-

logues and demonstrated once again that this class of ILs is governed by hy-

drogen bonding and other weak electrostatic interactions in the solid state.  

DSC measurements showed that mesophases were present for the long-chain 

(> eight carbon atoms) 1-alkyl-3-methyl-1,2,3-triazolium regardless of asym-

metry, but no mesophase is observed for the ILs that have a hexyl chain or 

shorter (Figure 12, bottom). It also revealed that the longer the alkyl chain, 

the wider the mesophase window becomes. The characteristic increase in 

melting temperature was observed with compounds with shorter alkyl chains 

having the lowest melting point (40.7 °C for C6). It is important to note that 

different types of mesophases were observed in these compounds. While the 

asymmetrically substituted compounds displayed the common SmA phase, 

the symmetric ILs both showed the presence of the more ordered SmC phase. 

Both were identified by their characteristic textures when observed under 

POM.   

 

To confirm the applicability of these ILs as electrolytes, 25 mol% of iodide 

(I2) was added and temperature-dependent conductivity measurements were 

conducted. In addition, the insertion of iodide in the ILs lead to a depression 

of the melting point by 30 °C and a change in thermal behaviour. In general, 

iodide addition induced a widening of the mesophase window. The conduc-

tivity was measured at the standard operating procedure of DSSCs, 40 °C. It 

revealed a dramatic increase in conductivity upon the addition of iodide (1.1 

µS cm-1 before I2 and 808.5 µS cm-1 after addition of I2 for C4) and also showed 

that compounds with a lower melting/flow point have a greater conductivity.  
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Figure 12. Representation of the partition of crystalline and liquid crystalline 

mesophase present for each compound (bottom) and their characteristic textures ob-

served under POM (top) (adapted from Paper III). 

 

The devices that were fabricated were tested not only for their overall solar 

conversion efficiency but also for their stability. The cells were tested 24h 

after fabrication as well as two months later. As both the fabrication and test-

ing methods were homemade, the cells were referenced against cells fabri-

cated using the imidazolium-based electrolyte previously reported. Overall, 

the DSSCs fabricated with the triazolium ILs displayed comparable results to 

the imidazolium salts. However, the stability of the triazolium salts were 

greatly improved when compared to the references. Over a period of two 

months, the cells barely lost any efficiency while the imidazolium electrolytes 

displayed a loss of 5-10% in efficiency. Furthermore the conductivity meas-

urements showed that the highest efficiency is displayed by the compound 

having the highest conductivity (Figure 13). Generally, the compounds that 

exhibited a greater conductivity also performed better as electrolytes and dis-

played greater efficiency. This trend allowed us to preliminary test the elec-

trolytes and assess which one could be of interest in a device.  
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Figure 13. Conversion efficiencies of the different compounds at T0 and T + 2 months 

overlayed with the conductivity measured at 40 °C (adapted from Paper III). 
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5.2. Lighting applications: Highly luminescent ILs (Paper IV) 

 

Rare earth metals (REs) are chemically interesting in many ways. Contrary to 

the elements in the rest of the periodic table, they display a smaller ionic size 

when moving across the period, which is commonly referred to as the contrac-

tion of lanthanides.89 Furthermore, they exhibit the highest magnetic strength 

of any element (Nd, Gd, Tb and Dy). Additionally, some exhibit astounding 

optical properties (Eu, Tb and Dy). These physicochemical properties have 

made REs essential in applications such as permanent magnets or even most 

modern lighting applications such as LEDs or LECs.90-92 Chemically speak-

ing, RE chemistry is very similar from one element to the other, owing to that 

they all have similar electronic configuration (with a fully occupied 6s orbital). 

In addition, they all have a strong affinity to oxygen and are good reducing 

agents (−2.3 V). Their most stable oxidation state is +3 but some can be found 

in +2 (Sm, Eu and Yb) or +4 (Ce) states.  

 

5.2.1. Lanthanide salicylato complexes embedded in ILs 

 

In an attempt to find efficient emitters, we tried to embed RE complexes into 

ILs. The most common IL system seemed like a good place to start as it has 

been found that imidazolium-based ILs can act as an antenna and enhance 

photoemission. They have also been revealed to remain at a relatively long 

distance from the metal centre, hence prohibiting an efficient energy transfer. 

A good way to enhance this transfer is to use a conjugate system such as ben-

zoate complexes that have been shown to have good emissions in the solid-

state. Keeping that in mind, the salicylate ligand seems to be a good candidate. 

It is inexpensive and easily available and the precursor sodium salicylate 

(Na[Sal]) is well characterized optically and exhibits high quantum yield.93 

 

In order to fully study this class of ligand, we selected six different cations 

that fit into different categories such as aromatic cations (1-butyl-3-methylim-

idazolium [C4C1Im]+, 1-ethyl-3-methylimidazolium [C2C1Im]+, 1-ethyl-3-vi-

nylimidazolium [C2Vim]+), polymerizable cations (1-ethyl-3-vinylimidazo-

lium [C2Vim]+ and diallyldimethylammonium [DADMA]+), and non-aro-

matic cations (diallyldimethylammonium [DADMA]+, choline [Chol]+ and 

tetrabutylphosphonium [P4444]
+) (Figure 14). Additionally, to study the influ-

ence of these different cations on the luminescent properties, we selected one 

optically inactive lanthanide, lanthanum, as well as one optically relevant, ter-

bium. Tb3+ is known for its reliable green photoemission. Furthermore, it was 

chosen in relation to light-emitting electrochemical cells (LECs) that are at-

tracting more and more attention.94 In LECs, Ir3+ is quite often used as an 
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emitter. It is however one of the most expensive metals and needs to be re-

placed by more available, and comparably inexpensive alternatives such as 

Tb3+.95-97 

 

 

Figure 14.  Preparation of [Cat][RE(Sal)4] (RE = La or Tb). (Blue: Aromatic; Red: 

Polymerizable and Green: Non-aromatic) (adapted from Paper IV). 

 

The simple synthesis of the complexes consisted of the combination of the 

RE(III) salicylate and the corresponding cation in anhydrous ethanol. This 

combination led to the precipitation of the complex and subsequent filtration 

afforded a high yield. The purities of the complexes were assessed by means 

of FTIR spectroscopy, 1H, 13C and 31P NMR for the La-containing salts as well 

as by ESI-MS. Furthermore, single crystals suitable for SCXRD analysis were 

grown for [C2C1Im][RE(Sal)4] (RE = La or Tb) and revealed that the anion 

was polymeric in nature and consisted of tetramers, where one lanthanide cen-

tre was coordinated by four salicylates and half a water molecule (Figure 15). 

The polymeric nature of the anion gives a plausible explanation for that crys-

tals could only be grown for the [C2C1Im]+ cation, as such structure notori-

ously prevents the formation of single crystals. (All compounds were obtained 
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as white solids.) As expected, the salicylate ligands exhibit different coordi-

nation modes with some being chelating (with both µ1-bidentate mode and µ2-

bidentate mode) and one being monodentate. The link between the chains is 

ensured by moderate hydrogen bonds, while the cations bind via a variety of 

weak interactions such as OH∙∙∙, CH∙∙∙ or ∙∙∙ stacking. 

 

 

Figure 15.  Anionic unit [La4(Sal)16(H2O)2]4− as observed in 

[C2C1Im]4[RE4(Sal)16(H2O)2] (RE = La or Tb) (RE atoms are shown in green, O – 

red and C – black). [C2C1Im]+ and H atoms are omitted for clarity purposes. La atoms 

are shown in green, O – red and C – black (adapted from Paper IV). 

 

Thermally, the salts were analysed by TGA as well as DSC and revealed that 

all compounds decomposed before melting at around 209 °C to 233 °C, except 

for the compounds with [P4444]
+ as a cation. These two compounds presented 

a more complex behaviour with a solid-solid transition at 46.3 °C as well as 

the formation of a mesophase over a short temperature range right before melt-

ing at 162.4 °C. This featured behaviour indicates that although the com-

pounds were synthesized from ILs, their complexation with RE3+ salicylates 

yielded only salts and not ILs. This observation can likely be attributed to the 

polymeric nature of the anionic part of the salt and is overcome in the case of 

the phosphonium cation due to its added flexibility. The decomposition, which 

seems mostly unaffected by the cation, can be imputed to the decomposition 

of the salicylate ligand, which is impacted by the highly basic nature of the 

RE3+ centres. 
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Detailed photophysical characterizations were performed on all samples. They 

revealed that the Tb3+ compounds exhibited strong green photoemission, as 

expected, while the La3+ compounds displayed weak photoluminescence in 

the blue region (Figure 16, top right). This emission can be attributed to the 

fluorescence of the salicylate ligand and was confirmed by the similarity of 

the emission maximum to the one of the starting Na[Sal].  This emission has 

its origin in the π-π transitions within the salicylate ligand. For the Tb3+ com-

plexes, this broad emission band was not observed and confirmed the efficient 

energy transfer from the salicylate ligand to the Tb metal centre.  

 

 

 

 

 

Figure 16. (Left) Normalized photoemission spectra of terbium compounds. The ex-
citation wavelength is 310 nm for all the compounds; (Top right) normalized emission 

spectra of the lanthanum compounds, λex = 310 nm; (Bottom right) CIE coordinate 

areas for La-compounds (yellow circle) and for Tb-compounds (black circle) obtained 

from emission spectra at 310 nm excitation (adapted from Paper IV). 
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To understand the influence of the cations on the emission, we have studied  

the lifetimes and the quantum yields (QYs) of the terbium complexes. One 

should notice that all of the QYs were superior to 40% and was even 63% for 

the [DADMA][Tb(Sal)4]. The precursor on the other hand only exhibited a 

yield of 25%, indicating that there is an efficient energy transfer from the cat-

ions to the emitter (Figure 17). We also want to acknowledge the good corre-

lation between the lifetimes and the QYs as the longest lifetimes also exhibited 

the highest QYs. Some trends can also be derived from these measurements 

as the highest QYs are displayed by the cations that are non-aromatic in nature 

while at the same time exhibiting a rather simple and comparably more rigid 

structure. In fact, compounds with the phosphonium cation, which is bulky 

and flexible, displayed the lowest QY. This reduction can be attributed to the 

vibronic deactivation that can be induced by the freedom displayed in longer 

alkyl chains. 
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Figure 17. Quantum yields and lifetimes of the Tb3+ complexes (adapted from Paper 

IV). 
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To confirm the applicability of these complexes in devices such as LECs, the 

samples were subjected to a high frequency (HF) tesla generator and probed 

for electroluminescence. They all displayed this phenomenon and the emis-

sion exhibited the exact same features as the photoemission (Figure 18, left).  

One of the interesting particularities of terbium is that, in addition to display-

ing good luminescent properties, it is also paramagnetic. When subjecting the 

samples to temperature dependant magnetic susceptibility measurement, one 

notices that all samples display similar behaviours. This behaviour exempli-

fies the Curie-Weiss law and indicates that there is no magnetic ordering from 

room temperature all the way down to 2 K (Figure 18, right). This absence 

can be attributed to the great distances observed between the terbium centres. 

 

 

 

 

Figure 18. (Top left) Photograph of electroluminescence spectrum of 

[C2C1Im][Tb(Sal)4] excited with the HF tesla generator; (Bottom left) Electrolumi-
nescence spectrum of [C2C1Im][Tb(Sal)4]; (Right) Temperature dependent suscepti-

bility and inverse susceptibility of [C2C1Im][Tb(Sal)4] measured at 0.1 T from 2 K to 

300 K (adapted from Paper IV). 
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5.3. Accessing anhydrous lanthanide complexes with help of 

ILs (Paper V) 

 

5.3.1. Using imidazolium acetate ILs to access anhydrous lanthanide 

acetates  

 

 

Trivalent lanthanides are notoriously oxophilic, which makes obtaining any 

lanthanide compound in its anhydrous form a challenge. Water is often found 

in the metal’s coordination sphere and access to the anhydrous form usually 

requires strict atmospheric conditions to prevent contact with oxygen and 

moisture. The acetate anion is simple and offers exciting chemistry due to its 

wide variety of coordination modes (Figure 20, top).98-100 However, few 

homoleptic lanthanide complexes have ever been reported with lantha-

nides.101-103 As ILs can offer a water-free environment and can be used as both 

solvent and reagent, they present the ideal medium to obtain homoleptic wa-

ter-free complexes of lanthanide acetates. Due to their nature, they can be used 

at temperatures above the boiling temperature of water and could even be used 

to dehydrate lanthanide salts. In addition, they tend to promote large coordi-

nation numbers and exclude any uncharged solvent molecule. To probe the 

feasibility, we chose two RTILs in 1-ethyl-3-methylimidazolium acetate 

([C2mim][OAc]) and 1,3-diethylimidazolium acetate ([C2C2im][OAc]). 

 

Synthetically, the procedure is rather simple (Figure 19, top). The hydrated 

lanthanide trichloride salt (LnCl3•xH2O with x = 6 or 7) is reacted neat with 

the IL ([C2mim][OAc] or [C2C2im][OAc]) and heated to 100 °C to drive off 

any water released. The Ln: IL ratio at which they were reacted varied. This 

simple procedure revealed quite complex results depending not only on the IL 

used or the molar ratio at which the reagents were mixed but also the size of 

the lanthanide. A combination of multiple analytical techniques (FTIR, NMR, 

DSC, SCXRD and PXRD) allowed us to identify three distinct products: a 

dimeric compound with the formula [C2mim]2[Ln2(OAc)8], a polymeric one 

with the formula [C2mim]n[{Ln2(OAc)7}n] and the monohydrated acetate 

Ln(OAc)3(H2O).104 Depending on the molar ratio used for the reaction, the 

same lanthanide can give all of the compounds. At the lowest molar ratio 1:3 

(LnCl3: IL), the large lanthanides (La, Pr, Nd and Sm) yielded only the mon-

ohydrated acetate Ln(OAc)3(H2O). If the ratio was raised to 1:5, the dimeric 

compound was formed, phase pure, for the smallest lanthanides (Dy, Ho, Er, 

Tm, Yb and Lu). The polymeric compound was observed for the larger lan-

thanides (Nd, Sm and Gd) while the medium lanthanides (Eu and Tb) pre-

sented a mix of both polymers and dimers. The largest lanthanides (La and Pr) 

once again only produced the monohydrated acetate. If the ratio was raised 
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even further and a large excess of 1:10 was used, the dimeric 

[C2mim]2[Ln2(OAc)8] can be obtained for all lanthanides apart from lantha-

num. To obtain the dimers of the lanthanum salt, the cation needed to be 

changed to 1,3-diethylimidazolium acetate ([C2C2im][OAc]) (Figure 19, bot-

tom). The selectivity of the different products seemed to be a combination of 

ion size and lanthanide: IL ratio. The smaller lanthanides seemed to form the 

dimer preferentially while the larger ones preferentially formed the monohy-

drated acetate or the polymer. Some presented a mix of dimers and a polymer. 

This tendency was, however, completely overcome when a large excess of IL 

was used in the synthesis. Interestingly, if the compounds were not washed 

with acetonitrile, degradation occured via the production of acetic acid after a 

couple of weeks. The exact process of degradation was not known but the 

dimers usually degraded into the polymer before returning to the simplest 

form, the monohydrated acetate. 

 

 

 

 

 

Figure 19. (Top) General scheme of the synthesis of anhydrous salts of anionic 

4f/[OAc]- complexes; (Bottom) comprehensive representation of the compounds ob-

tained with the different lanthanides and molar ratio used (adapted from Paper V). 
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Structurally, the same family of compounds, whether it is the dimer or the 

polymer, always crystalizes isostructurally regardless of the lanthanide. In 

both series of crystals, the acetate ligand coordinates the Ln centre with the 

same modes. The three coordination modes are h3m22, h2m2, and h2m22 (Figure 

20, bottom). This results in the metal centres being 9-coordinated with oxygen 

atoms in the form of a slightly distorted tricapped trigonal prism. The main 

difference between the dimer series and the polymer one is the amount of each 

mode displayed. The dimers present a lower proportion of terminal acetates 

(h2m2) compared to the polymeric structures. While the dimeric units are ra-

ther insensitive to the ionic size of the lanthanide present and exhibit almost 

constant bond distances and angles, the polymeric unit is much more sensitive. 

The Ln-O distances are generally longer in the polymeric structures.  

 

 

 

Figure 20. (Top) Observed coordination modes of the [OAc]– ion with trivalent lan-
thanide cations; (Bottom left) [Ln2(OAc)8]2– dimeric unit in the crystal structures of 

[C2mim]2[Ln2(OAc)8] and [C2C2im]2[La2(OAc)8]; (Bottom right) Polymeric chain 

[{Nd2(OAc)7}n]– in the crystal structure of [C2mim]n[{Nd2(OAc)7}n] (adapted from 

Paper V). 

 

FTIR spectroscopy was also used to confirm the nature of the bonding modes 

exhibited by the acetate ligand. The characteristic band that can be observed 

in FTIR around 1500 cm-1, corresponding to the C-O stretch, is greatly af-

fected by the modes adopted. The CH3 deformation band observed at 1440 

cm-1 is also affected (Figure 21). Since, the oxygen atoms are not equivalent 

and display three different binding modes in the complexes, it is only logical 
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that multiple bands are also observed for the dimer. The C-O band seems to 

be the most affected as it is now doubled, while the CH3 band only shifted. 

Interestingly, the polymer display yet again some differences. In fact, the CH3 

band also displays a double peak just as the C-O stretching band. This dou-

bling comes most likely from the hydrogen bonding present in the structure 

that changes the vibrational behaviour of the methyl group involved in it. 

 

 

 

Figure 21. FTIR spectra of the polymer [C2mim]n{[Ln2(OAc)7}n] (top) and dimer 

[C2mim]2[Ln2(OAc)8] (bottom) showing the difference in the C-O stretch (blue) and 

CH3 deformation band (adapted from Paper V). 
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The thermal behaviour of both compounds is also drastically different. We 

used a combination of DSC and POM to explore the behaviour of both series. 

The first observation is that neither series can be qualified as IL as they both 

exhibit melting points above 100 °C. However, they both display other differ-

ent characteristics of ILs. The polymeric series shows the presence of a high 

order mesophase right before its melting point as well as a cold recrystalliza-

tion upon reheating (Figure 22, left). The dimeric series on the other hand 

shows a cold recrystallization as well as a solid-solid transition (Figure 22, 

right). The difference in behaviour as well as the lower melting point exhibited 

by the dimer (146 °C compared to 188 °C for the polymers at the onset of the 

transition) can be attributed to reduced connectivity in the dimeric structure. 

This structural difference also helps to explain the presence of a mesophase in 

the polymer.  

 

 

Figure 22. (Left) DSC thermograms of the polymer [C2mim]n{[Ln2(OAc)7}n] exhib-

iting a mesophase before melting as shown by the polarized micrograph. (Right) DSC 

thermograms of the dimer [C2mim]2[Er2(OAc)8] (adapted from Paper V). 
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6. Chapter 3: Ionic liquids to access new 

frontiers 

 

Imidazole-2-thione is a well-studied class of pharmacophore (an ensemble of 

steric and electronic features that is necessary to ensure the optimal supramo-

lecular interactions with a specific biologic target and to trigger (or block) its 

biological response).105,106 1,3-Diethylimidazole-2-thione (C2C2ImT), a 

known zwitterionic liquid (ZIL), can be made easily from ILs59,107  and  can 

be used to study soft metals. This compound presents a unique electronic con-

figuration in the solid-state with a carbon-sulfur bond that cannot be defined 

as either a double or single bond. In solution, its behaviour becomes even more 

unusual as it is found as a zwitterion with charges that are located close to 

each other (Figure 23). The positive charge is located on the imidazole ring, 

while the negative is solely situated on the sulfur atom. This ligand can be 

applied in very varied scientific fields, including the study of interesting new 

fundamental understandings of solid-solid phase transitions in Zn complexes. 

 

Figure 23. Schematic drawing of the C2C2imT ligand in the solid-state (left) and its 

zwitterionic form (right). 
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6.1. Shape-conserving crystal-amorphous-crystal transition in 

Zn-thione complexes: Are the first-order phase transitions 

that simple? (Paper VI) 

 

By reacting ZnCl2 with two molar equivalents of C2C2ImT in water, mm-sized 

transparent colourless crystals were obtained. The identity of the complex was 

quickly determined by SCXRD (Figure 24, left α) but when analysing the 

PXRD data, we noticed that the predicted and measured data were not the 

same. In addition, during the PXRD sample preparation, the colourless crys-

tals turned into an orange powder. This coloration prompted further investiga-

tion and led to the discovery of a polymorphic phase of the original compound 

that matched the PXRD data (Figure 24, right β). The polymorph seemed to 

be a pressure modified structure of the first crystal obtained from isothermal 

evaporation of the aqueous solution. We noticed that this form appeared very 

quickly upon any mechanical impact on the large crystals. The colour change 

could be noted almost immediately if the crystals were lightly touched with a 

spatula or sometimes even when cut with a scalpel. The main differences be-

tween the two forms lie in the orientation of the alkyl chains, as well as the 

positioning of the imidazole rings. This positioning and orientation has a slight 

influence on the angles present in the Zn tetrahedra. The Cl-Zn-Cl angles are 

slightly larger in the β modification (109.6° vs 108.4-109.1°) but the most 

drastic change is in the S-Zn-S angle, which is considerably larger in β (104.7° 

vs 94.7-95.7°). 

 

 

Figure 24. Graphical representation of the changes between the two polymorphs of 

ZnCl2(C2C2ImT)2 (left) α and  (right) β (adapted from Paper VI). 
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As phase transitions often manifest themselves upon temperature changes, 

both forms were examined using differential scanning calorimetry (DSC). The 

data (Figure 25) revealed essentially similar quantitative results, however,  

displayed a broad solid-solid transition located around 79 °C on heating and 

exhibited a similar melting point of 151 °C compared to 154 °C for . After 

the initial melting of , the DSC traces were identical, displaying partial crys-

tallization upon heating (~130 °C) followed by a melting transition at 154 °C. 

The observed transitions are present on all five cycles, however, their intensity 

increases with an increasing number of run, hinting at kinetically hindered 

processes. In both thermograms, vitrification were observed at -1 °C upon 

cooling. This transition was then reversed upon heating at 0 °C. The data sug-

gested that after melting,  was never reformed, and indeed after the DSC 

experiment for , only an orange liquid was observed. The data confirmed 

that the polymorphs are monotropic. 

 

 

Figure 25. DSC thermograms of α (left) and β (right) (adapted from Paper VI).  

 

In order to assign the solid-solid transition, SCXRD studies were conducted 

on a crystal of . First, a unit cell determination was realized on a crystal of 

α, followed by a slight pressure applied to it and a second unit cell determina-

tion revealed the crystal transformed into β. Second, a suitable single crystal 

was selected and placed at 7 °C on the diffractometer. The unit cell was then 

determined, and the temperature increased incrementally to 120 °C, at 2 

°C/min. Once the desired temperature was attained, the crystal was left at the 

set temperature for 5 minutes. After that, the unit cell was measured again. 



40 

Analysis of the SCXRD data (Figure 26, bottom) showed that the crystal re-

mained as  up to 57 °C at which point it started exhibiting signs of amor-

phization both in the diffraction pattern and micrograph. Further heating 

caused a loss of crystallinity and further amorphization at 67 °C (rendering a 

proper unit cell determination impossible) before regaining some crystallinity 

at 77 °C and exhibiting the characteristic orthorhombic unit cell of . From 97 

°C to 120 °C, the diffraction became weaker and weaker. It is important to 

note that throughout the entire heating process, the crystal retained the same 

shape. Slight colour changes were observed throughout the experiment, how-

ever, and from 97 °C, it became more apparent that the crystal exhibited an 

orange colour indicative of . 

 

 

 

 

Figure 26. Evolution of the crystal shape, colour and diffraction pattern upon contin-

uous heating starting from  characterized via conventional (top) and polarized  op-

tical microscopy (middle), and SCXRD (bottom); (ncs= non-crystalline solid) 

(adapted from Paper VI). 

 

 

To further verify the DSC assignment and shape preservation, the phase trans-

formations were confirmed by employing POM as well as micrographs taken 

during the SCXRD study (Figure 26, middle and top respectively). Crystals 

of α (colourless at RT) were observed to change colour upon heating at 95 °C. 

Crystals of β (orange) were observed to retain their original colour at 120 oC. 

At 175 oC,  was observed to be an orange liquid upon melting. These obser-

vations complemented the DSC analysis, and allowed us to conclude that upon 

initial melting and subsequent recrystallization,  had been entirely been con-

verted into , which suggested the latter to be monotropic. The  modification 

is thermodynamically metastable at room temperature, but the interconversion 

to β upon releasing the solvent (H2O) must be kinetically hindered. 
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An additional confirmation came from the PDF (pair distribution function) 

analysis conducted on the PXRD pattern extracted from the amorphous phase. 

It confirmed the hypothesis drawn where we believe that the S-Zn-Cl tetrahe-

dra did not dissociate or move much during the phase transition and the ligand 

served as a “glue” to hold the structure and shape together. This is confirmed 

by the temperature dependent Raman experiment that exhibits no changes in 

the characteristic vibration of the Zn local environment (Figure 27 left). One 

additional confirmation came for the indexing of the face of the crystal. As 

pointed out in the structural description, the two polymorphs are crystallo-

graphically unrelated. Thus, the same face should exhibit completely differ-

ent, non-symmetrically related, Miller indices before and after the transition. 

This situation turned out to be the case, as one can index the same face as 

(011) when in the  state and as (-1-1-1) when in the  form (Figure 27, right). 

 

 

Figure 27. Temperature dependent Raman spectrum of the compound (left) showing 

the local environment remain the same throughout all the processes and indexed crys-

tal faces of the two stages (right) (adapted from Paper VI). 

 

Theoretical calculations based on the DFT methods were utilized to investi-

gate the electronic structure, estimate optimal geometries and understand the 

nature of the phase transformation in the complexes, both in the gas phase and 

in the solid-state. The geometry-optimized conformations of both compounds 

in the gas phase were found to be in very good agreement with those obtained 

from SCXRD data. DFT calculations indicated multiple close local energy 

minima in the gas phase or solution, suggesting easy transformation between 

the different conformations and high importance of the intramolecular inter-

actions, which certainly were important during the crystallization and in the 

solid state. For the latter a slight (8.8 kJ/mol) energetic preference for  phase 

has been calculated. 
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As the transition can even be detected by the naked eye through a colour 

change, UV-Vis spectroscopy also showed different absorption for the two 

forms. These have been confirmed to originate from the different packing of 

the crystal by time-dependent DFT. Absorption bands in the UV region (200-

300 nm) can be assigned to the S0  S1 and S0  S2 transitions corresponding 

to π–π* and n–π* electronic states of the imidazole ring in ZnCl2(C2C2ImT)2. 

The broadband observed at lower energies (400–600 nm) can be attributed to 

electronic charge-transfer transitions between occupied molecular orbitals of 

one unit and unoccupied molecular orbitals of the neighbouring complexes. 

This charge transfer finds its origins in intermolecular interactions. As the in-

teractions were significantly more intense in β, this transfer was the origin of 

the orange colour observed on those crystals. 

In summary, a rare crystal-amorphous-crystal phase transformation that ex-

hibits crystal shape preservation has been uncovered between two configura-

tional isomers of ZnCl2(C2C2ImT)2. The transition can be achieved by a slight 

mechanical impact or temperature increase. This transition is in part imputed 

to the flexible and electronically unique nature of the ligand and in part to the 

complaisant nature of the d10 metals. The two isomers exhibit significant col-

our change related to their coordination environment (π-π stacking and hydro-

gen bonds). This type of transition is thought to be much more common than 

previously thought and could well be the default mechanism through which 

most single-crystal to single-crystal transitions occur. This system simply al-

lowed us to witness it due to some incredibly slow kinetics. 
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6.2. Forcing dicyanamide coordination to REs (Paper VII) 

 

Dicyanamide (DCA) ILs are usually characterized by a low melting point and 

a low viscosity.108,109 In addition, the anion [DCA−] has some remarkable prop-

erties that include hydrophobicity and a structure that exhibits a quasi-conju-

gated π-system and multiple possible coordination modes. The π-system can 

serve as an effective mediator for optical and magnetic properties that are of-

ten exhibited by RE metals.110 These ILs have already been used to extract 

transition metals.111 Although it is composed of weak N-donors, we believed 

that DCA ILs can be used to force the coordination of N onto f-elements while 

preventing the presence of water. To probe the potential of DCA ILs, we tried 

multiple synthetic routes, all combining hydrated lanthanide chloride salts 

(LnCl3•xH2O, where x = 7 for La and 6 for all other Ln). In order to force the 

complexation, AgDCA was used in one route to produce the water-insoluble 

AgCl. [C2mim][DCA] was used neat as both solvent and reagent.  

 

Figure 28. (left) Schematic representation of the coordination in the 

[C2mim][Ln(DCA)4(H2O)4] complex; The blue color represents the μ2-DCA; (right) 
Schematic representation of the coordination in the [C2mim]3n[La(OH2)4(μ2-

DCA)4]n[La(OH2)2(μ3-DCA)3(μ2-DCA)4]2n(Cl)4n complex; The orange color repre-

sents the μ3-DCA. 

Two different sets of compounds were obtained, [C2mim][Ln(DCA)4(H2O)4] 

(where Ln = La, Nd, Eu, Tb, Dy or Yb) and [C2mim]3n[La(OH2)4(μ
2-

DCA)4]n[La(OH2)2(μ
3-DCA)3(μ

2-DCA)4]2n(Cl)4n. Their identities were con-

firmed by SCXRD and such analyses revealed that the first set of compounds 

were all isostructural and the metals were eight-coordinated with four DCA 

anions and four water molecules. The DCA ligands exhibited only one binding 

more for all of the larger lanthanides, the terminal N atom was binding (Figure 

28, left). For the complex with the smaller lanthanide, Yb, the bridging N-

atom exhibited lone-pair-π bonding interactions. However, they only involved 

the DCA anion and the imidazole ring from the IL. This resulted in this series 

of structures to resemble metal-organic frameworks (MOFs) (Figure 29, top 
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right). The other compound presented a more varied bonding as well as the 

presence of a chlorine atom. In this structure, two different coordination 

modes could be observed for two independent La atoms. The first presented 

the same bonding as in the other structure, while the other only supported two 

water molecules and seven DCA anions (Figure 28, right). These anions were 

not only bonded in a terminal fashion but also by their bridging nitrogen (Fig-

ure 29, bottom). To the best of our knowledge, this finding is the first case of 

lanthanide complexes exhibiting this type of bridging mode. 

 

 

 

 

Figure 29. (Top left) Example of the coordination mode adopted by DCA in 

[C2mim][Ln(DCA)4(H2O)4] (Ln = Tb here); (Top right) Projection of the crystal 
structure of compound [C2mim][La(DCA)4(H2O)4] along the a-axis. The cations are 

not shown; (Bottom) Coordination and connectivity around the two La metals in 

[C2mim]3n[La(OH2)4(μ2-DCA)4]n[La(OH2)2(μ3-DCA)3(μ2-DCA)4]2n(Cl)4n as well as 

its packing along the b-axis (adapted from Paper VII). 
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The photoluminescent properties of the three relevant lanthanides (Eu, Tb and 

Dy) have been studied at room temperature and 77 K. As expected, all of the 

metals display their respective lines corresponding to their energy levels (Fig-

ure 30, top). Furthermore, the lines get sharper and more intense as the tem-

perature is lowered and the influence of vibronic contributions is consequently 

reduced. This sharpening of lines indicates a transfer of energy from the DCA 

ligand to the metal. The lowering of the temperature also induces a change in 

emission wavelength (Figure 30, bottom). This shift indicates the possibility 

of using such compounds as chemical thermometers. The different bands ob-

served also serve as an indicator of the chemical environment, especially in 

the case of Eu. The presence of a dominant 5D0  7F4 and 5D0  7F0 indicates 

a low point symmetry of Eu as well as the single chemical environment.112 For 

the Tb compound, the relative intensities indicate that the local symmetry 

around the metal is more varied. For the Dy compound, the 4F9/2  6H13/2 tran-

sition is extremely sensitive and determines the visible appearance of the com-

pound.113 This transition is strongly influenced by the local environment of the 

Dy.  

 

 

Figure 30. (Top left) Excitation (λem = 612 nm) and emission (λex = 394 nm) spectra 

of the Eu compound; (Top right) Excitation (λex = 547 nm) and emission (λex = 368 

nm) spectra of the Tb compound; (Bottom left) Excitation (λem = 574 nm) and emission 

(λex = 368 nm) spectra of the Dy compound; (Bottom right) The CIE 1931 chromaticity 

diagram for the Eu, Tb and Dy (red – Eu; green – Tb, blue – Dy, circle – at RT, square 

– at LT (77 K) (adapted from Paper VII). 
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7. Conclusion 

 

This thesis contributed to the understanding of the structure-property relation-

ship of ILs and furthering their use in various environmentally conscious ap-

plications. More specifically, the discovered relationships allow for a better 

understanding of which interactions influence the thermal behaviour of ILs 

and therefore give design guidelines for tuning the properties of ILs. In addi-

tion, the use of these guidelines allowed for the development of materials that 

can be used in various applications such as lighting.  

The influence of supramolecular interactions, such as hydrogen-bonding or 

even π-π interactions on the thermal behaviour of ILs, has long been debated. 

This work devised a more complete understanding of their influence on not 

only the melting point of the ILs but also their ability to form mesophases as 

well as their extent. The design guidelines can therefore be used in future stud-

ies to create new classes of IL with defined melting temperature of mesophase 

window. 

The use of ILs in various applications, such as solar cells or lighting devices, 

has been explored. ILs used as electrolytes in DSSCs can circumvent their 

issue of electrolyte stability. By switching to a triazolium based cation in the 

electrolyte used, we achieved not only higher performance but also higher sta-

bility than the commonly used imidazolium. In addition, the use of ILs to sup-

port emissive metals such as lanthanide ions, has been proven to create some 

efficient emissive materials. Moreover, when their IL nature is conserved, 

they could be applied as thin films more easily, which give access to an array 

of new applications. In this regard, we developed photo- and electrolumines-

cent terbium based materilas that were synthetized using ILs. The compounds 

once again highlighted the importance of interatomic forces in the determina-

tion of the properties of materials. ILs are also a very useful tool to access 

anhydrous species of otherwise relatively hydrophilic species. In fact, they can 

be used to access anhydrous lanthanide acetate compounds via a straightfor-

ward procedure. 

Finally, ILs can be used to access materials that are otherwise hard to obtain 

and study, as the complexes would not form in other media. The use of ILs to 

access thione-based ZILs has enabled the structural study of zinc complexes 

as well as the discovery of an intermediate stage in the solid-solid phase tran-

sition. The shape preserving single crystal to single crystal transition exhibited 

kinetics that are slow enough to allow us to observe the X-ray amorphous 

stage that lies between the two crystalline phases. Other ILs can also be used 

to study the coordination of lanthanides with a soft donor such as nitrogen via 

their complexation to dicyanamide. 
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8. Further prospects 

 

The structure-property guidelines derived here will help to cleverly design ILs 

for a given purpose as well as help develop new classes of ILs. This knowledge 

will allow us to select ILs according to their melting points or even the type 

of mesophase they form. Further research into this area could include varia-

tions in the composition of the chains in order to observe the effect. The ge-

ometry of the chains could also be changed by introducing some saturation, 

branching or other functional groups. 

In addition, the results obtained for the DSSC study will help develop more 

stable electrolytes based on ILs and hopefully drive the field of DSSCs for-

ward. By studying the proposed ILs further or even changing the redox couple, 

more stable electrolytes could be obtained. 

All the luminescent materials uncovered could help discover some suitable 

materials for various applications such as LECs or even chemical thermome-

ters. By keeping the materials into an ILs state, one could apply the materials 

much more easily and therefore fabricate devices that could be used in lighting 

applications.  

The methodology derived for dehydrating lanthanide acetate salts, could be 

used to obtain more anhydrous species of otherwise hydrophilic salts. This 

finding could even lead to improved processes to dry salts of various metals. 

The study realized on 1,3-diethylimidazole-2-thione will not only stimulate 

the search for intermediate stages in solid-solid transitions, but could also 

serve as an encouragement for studying more soft metals utilizing this curious 

ligand.  

Finally, the use of ILs as structural probes for lanthanides could lead to further 

the understanding of the coordination sphere of these metals. This could in 

turn lead to new materials with a tuned coordination in order to enhance the 

physicochemical properties of these lanthanides. 
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Populärvetenskaplig sammanfattning  

Joniska vätskor (JV) har vunnit popularitet som ”gröna” och ofarliga alternativ 

till konventionella organiska lösningsmedel. De definieras som joniska salter 

som uppvisar en smältpunkt under 100 °C. Några av deras unika egenskaper 

inkluderar också obetydligt ångtryck, god elektrisk konduktivitet samt god 

termisk och kemisk stabilitet. Trots att deras ”gröna” karaktär har bestridits så 

har de tillämpats inom många områden, bland annat solkraftsproduktion och 

belysningsteknologi.  

I denna avhandling är målet att erhålla grundläggande kunskap om JV, deras 

strukturer och egenskaper för att designa material som är skräddarsydda för 

specifika tillämpningar. Vi strävar också efter att använda JV för att kunna 

tillverka material som annars är svåra att syntetisera, samt studera deras 

egenskaper och applikationer.  

Bland de viktigaste särdragen hos JV är de termiska egenskaperna. Trots det 

finns det endast en begränsad förståelse för hur strukturen påverkar dessa. 

Genom att betrakta olika system härledde vi några samband mellan strukturen 

och de termiska egenskaperna hos de JV som erhållits. Vätebindningar och 

andra supramolekylära interaktioner spelar en stor roll för både 

smälttemperaturen av JV och deras förmåga att bilda flytande kristallina 

mesofaser. Detta kunde påvisas både i en serie av JV baserade på 1-alkyl-3-

dodecylimidazoliumbromid och i en annan serie baserad på  azobensen-

imidazolium. Samma typ av observationer kunde även göras för en 

nyutvecklad klass av JV baserade på tioler och aminer. Denna upptäckt gör 

det möjligt att välja passande jonpar för att erhålla JV som passar specifika 

behov.   

JV kan användas som elektrolyter i solcellsapplikationer såsom 

färgsensiterade solceller. När triazolium-baserade JV används som 

elektrolyter, i kombination med redoxpar i form av jodid, förbättrades inte 

bara prestandan för solceller baserade på JV, utan också deras stabilitet.  

Effektiva luminiscerande material är ständigt eftertraktade och genom att 

använda JV i kombination med lantanider kunde starkt luminiscerande 

föreningar erhållas, såväl som några magnetiska föreningar.  

En ligand erhållen med hjälp av JV, 1,3-dietylimidazol-2-tion, användes för 

att studera bildandet och fasövergångar för ett zink-komplex. Dessa försök 

påvisade förekomsten av ett tidigare okänt amorft steg i en fasövergång mellan 

två fasta faser med en bibehållen morfologi. Slutligen noterades att mer 

grundläggande strukturstudier kunde utföras genom att framtvinga 

koordinering av det mjuka donatorkvävet till lantanider med hjälp av JV 

baserade på dicyanamid. 
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Résumé  

Les liquides ioniques (LIs) ont gagné en popularité en tant que substituts « 

verts » et sûrs des solvants organiques conventionnels. Ils sont définis comme 

des sels ioniques présentant un point de fusion inférieur à 100 °C. Certaines 

de leurs caractéristiques uniques incluent également une pression de vapeur 

négligeable, une bonne conductivité électrique ainsi qu'une bonne stabilité 

thermique et chimique. Leur nature « verte » a cependant été contestée depuis 

et ils ont trouvé des applications dans de nombreux autres domaines. 

Dans cette thèse, l'objectif est d'acquérir des connaissances fondamentales sur 

les LIs, leurs structures et leur comportement afin de concevoir des matériaux 

adaptés à des applications spécifiques. Nous visons également à utiliser les 

LIs pour accéder à des matériaux autrement difficiles à synthétiser et étudier 

leurs propriétés et applications. 

Les propriétés thermiques des LIs sont l'une des caractéristiques les plus im-

portantes. Cependant, les facteurs influençant leur comportement sont encore 

assez mal compris. En examinant différents systèmes, nous avons dérivé 

quelques relations entre la structure et le comportement thermique. Les liai-

sons hydrogène et d'autres interactions supramoléculaires jouent un rôle ma-

jeur à la fois dans la température de fusion ainsi que dans leur capacité à for-

mer une mésophase cristalline liquide. Cela a été démontré à la fois dans une 

série de LIs composé de bromure d’1-alkyl-3-dodécylimidazolium et dans une 

série de LIs azo-benzène-imidazolium.  

Les LIs peuvent être utilisés comme électrolytes dans des applications de cel-

lules solaires. Les LIs basés sur les triazolium utilisés comme électrolytes en 

combinaison avec le couple d’oxydoréduction d'iodure améliorent non seule-

ment les performances des cellules solaires à pigment photosensible à base de 

LIs, mais aussi leurs stabilités. En utilisant des LIs en combinaison avec des 

lanthanides, nous avons obtenu des composés hautement luminescents ainsi 

que magnétiques. Les LIs ont également permis d'accéder à des acétates de 

lanthanides anhydres qui sont notoirement difficiles à obtenir. 

Enfin, le ligand obtenu grâce aux LIs, le 1,3-diéthylimidazole-2-thione a été 

utilisé pour étudier des complexes formés avec des métaux mous. Il est ca-

pable d'aider à l’étude des transitions de phase lorsqu'il est combiné au chlo-

rure de zinc (ZnCl2) et de découvrir un nouveau mécanisme pour expliquer la 

transformation d’un monocristal en un autre. Plus fondamentalement, les LIs 

à base de dicyanamide peuvent forcer la coordination de l'azote, donneur mou, 

sur les lanthanides et en permettre l’étude structurelle. 
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