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Abstract 
This work focuses on the synthesis and characterisation of halometallate ionic 

liquids (ILs), including Co(II), Ni(II), Cu(II), Zn(II), In(III), and Fe(III) metal halides. 

Due to their Lewis acidic nature, halometallate ILs are promising candidates as 

catalysts. In addition, ILs show advantageous properties (e.g. low vapour 

pressure and good ionic conductivity) for their use in catalytic applications 

using inductive heating methods such as microwave (MW) radiation or 

magneto-thermal heating. As for any catalyst the understanding of the 

catalytically active species and the properties of the respective catalyst are 

fundamental to explain the catalytic process. As to the best of our knowledge, 

no phase diagram has been reported for mixtures of [C1C4Im]Cl/CoCl2 and 

[C1C4Im]Cl/NiCl2, these were prepared to further understanding of discrete 

anion formation. Thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were used to prepare the phase diagram and it is 

demonstrated how small changes in mole fraction lead to significant changes 

in thermal behaviour. In addition, Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS) were used to find additional evidence for 

anions formed. However only the formation of [MCl4]- could be observed. 

Furthermore, dielectric properties are investigated as they are crucial to a 

future application of halometallate IL catalysts in MW radiation. The data was 

analysed and showed dependency regarding change with temperature and 

frequency. Conductivity was calculated from the obtained data and was 
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confirmed by impedance spectroscopy. The observed dielectric constants vary 

depending on the metal and are in a range from ɛ’ = 3.4-13.9. 

Finally, mechanistic and kinetic studies were carried out to determine the 

catalytically active species of the novel IL [C1C4Im][Fe(NO)2Cl2], which was used 

as a catalyst for carbon dioxide (CO2) conversion. Full conversion with good 

selectivity to the desired product was observed at optimised reaction 

parameters (neat, 40°C, 2 bar CO2, 24h, 5 mol% catalyst loading).  
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DC Direct current 
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exp exponential 

ɛ* Complex permittivity 
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ɛ’’ Imaginary permittivity 
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EA Elemental analysis 

ESI-MS Electron spray ionization mass spectrometry 

Ea Activation energy 

Eapp Apparent activation energy 

ESR Electron spin resonance 

EPR Electron paramagnetic resonance 
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G Conductance  
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ħ Reduced Planck constant 
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Hz Hertz  
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I current 
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IL Ionic liquid 
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ICP-OES Inductively coupled plasma optical emission spectroscopy 

κ Cell constant 

K Kelvin  

kobs Apparent kinetic constant 

kB Boltzmann constant 

k Kinetic constant 
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LUMO Lowest unoccupied molecular orbital 

log Logarithm  

m Mass 

M Molar mass 
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mmol Millimol 

2-MeTHF 2-methyltetrahydrofuran 

MOF Metal organic framework  

MW Microwave  

MAOS Microwave assisted organic synthesis 

mT Millitesla 

n number of moles 

Nu Nucleophile 

NP Nanoparticle 

NMR Nuclear magnetic resonance 

NR Non-reactive 
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σ Conductivity 

P Pressure 
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PEG Polyethylene glycol 

R Resistance 
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r.t. Room temperature 
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S/C% Catalyst loading 
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t Time 
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Chapter 1 

1. Introduction 

1.1 Ionic liquids 

Ionic liquids (ILs) are liquid salts consisting solely of ions and often are defined 

to have a melting point below an arbitrary temperature of 100°C.1-5 They 

possess desirable characteristics such as high polarity, low vapour pressure, 

high ionic conductivity, large electrochemical window, and thermal stability6-8 

which make them interesting candidates for many different fields in chemistry9 

such as analytical chemistry and separation science,10, 11 reaction media,12 

electrochemistry,13 enzyme-mediated reactions,14 catalysis1,  soft and 

composite materials, pharmaceutical ILs,15 gas storage and gas sorption,16, 17 

and computer simulations.18 

Furthermore, these characteristics have been exploited for applications such 

as specialized solvents,19 lubricants,20 thermal fluids,21, 22  magnetic fluids, 22 

optical fluids23 and propellants.24  

1.2 Halometallate ionic liquids 

Halometallate ILs are typically prepared using an organic cation and a metal 

halide salt (MClx). Initially, the main focus was on chloroaluminate(III) ILs, 

especially through the development of low temperature thermal batteries by 

the U.S. Air Force.25 Through the work of Wilkes,25 Osteryoung26 and Hussey27 

chloroaluminate(III) ILs were also used as liquid Lewis acid catalysts to stabilise 

and form transition metal catalysts. Current research has widened its focus to 
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incorporating almost all metals of the periodic table and new applications have 

evolved such as electroplating, polishing treatments, new gas scrubbing 

processes, new inorganic semiconductor materials, and the transformation of 

biomass to energy products.16 The scope of metals has widened to other group 

III metals (Ga, In), group IV (Sn, Pb), transition metals (Ti, Zr, Hf, Nb, Mn, Fe, Co, 

Ni, Cu, Au, Zn, Cd, Hg, ), and all Lanthanides.28 

Some of the early research interests, regarding halometallates, have 

continuously developed such as battery research and electrodeposition. The 

field of battery research has moved on from chloroaluminate(III) ILs to lithium, 

sodium, and magnesium ILs,29-31 while electrodeposition research still focuses 

on halometallate ILs, however not solely on aluminium based ILs, but also on 

transition metals such as iron, zinc and copper.32, 33 

1.2.1 Iron containing ionic liquids 

Haloferrate ILs have been reported with a variety of cations, generally 

containing the anions [FeCl4]-, [FeBr4]-, or [Fe2Cl7]-. However, ILs with χFeCl3 > 

0.6 are not capable of dissolving more FeCl3 and in conclusion an IL containing 

only the anion [Fe2Cl7]- is not being formed. An explanation is that the energy 

of formation is lower than the lattice energy of FeCl3. At χFeCl3 = 0.6 [FeCl4]- 

and [Fe2Cl7]- coexist.16 Scheme 1-1 displays some structures of cations found in 

the literature, which were used in the preparation of haloferrate ILs.34-38  
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Scheme 1-1 Some cations present in the Literature used for the preparation of iron containing ILs. 

Hamaguchi and co-worker first measured the magnetic susceptibility of the IL 

[C1C4Im][FeCl4]39, which was followed by further investigation of the magnetic 

properties of iron containing ILs by the group of Fernandez and de Pedro.34-36, 

40-43 An example for an application is the work of Taubert and co-workers, 

which have reported thermomorphic behaviour for the ILs [C1C4Im][FeCl4] and 

[C1C12Im][FeCl4] and were furthermore able to prepare an ion-conducting, 

paramagnetic and transparent ionogel using [C1C4Im][FeCl4].37, 44 

1.2.2 Indium containing ionic liquids 

Indium has been shown to only form monomeric anion species which is further 

elucidated in section 1.4.2 Phase diagram of chloroindate(III) ionic liquids. 

Scheme 1-2 presents some cations found in the literature, which form ILs 

containing the anion [InCl4]-.45-52 
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Scheme 1-2 Some cations found for indium containing ILs in the current literature. 

The most common appearance of indium in an IL as an anion is in the form of 

[InCl4]-, however it is coordinatively unsaturated and hence reacts with a base 

as a mild Lewis acid.28 Examples for the usefulness of the mild Lewis acidity of 

indium ILs in catalysis will be given in section 1.5 Halometallate ionic liquids as 

catalysts. In addition, indium ILs are hydrolytically stable as was reported 

previously.53 

 

Scheme 1-3 Expansion of the indium coordination sphere.28 

A recent example utilising the ability of ILs to form metal complexes is shown 

by the group of Binnemans, who have investigated the recovery of transition 

metals from LEDs including indium, arsenic, and gallium where the metal is 

recovered with a tribromide IL which is able to form a metal complex (Scheme 

1-4).54 

 

Scheme 1-4 Metal complexation using a tribromide IL.54 
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1.2.3 Copper containing ionic liquids 

The most common copper IL contains a Cu(II) species in the form 

[cation]2[CuCl4].55 Scheme 1-5 shows cations present in the literature utilized 

for the formation of copper containing ILs.56-62 

 

Scheme 1-5 Commonly used cations in copper containing ILs. 

Axtell et al. have investigated Cu(I) chloride mixed with phosphonium or 

ammonium chloride and observed the formation of conducting oils. Through IR 

and Raman spectroscopy they confirmed the formation of [CuCl2]- for an 

equimolar mixture. After further addition of CuCl the species [Cu2Cl3]- was 

observed and other complex anions are suspected.63 

EPR and EXAFS was used to further investigate copper(II) complexes in a 

chlorobenzene solution and the species observed were [CuCl4]2- and [Cu2Cl6]2-

.64 Thiel et al. furthermore confirmed the [CuCl4]2- as a distorted tetrahedron 

through EPR and DFT calculations.65 

1.2.4 Zinc containing ionic liquids 

The most common zinc IL contains a Zn(II) species in the form [cation]2[ZnCl4].66 

Scheme 1-6 shows cations present in the literature utilized for the formation of 

zinc containing ILs.67-71 
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Scheme 1-6 Some cations used for the preparation of zinc containing ILs. 

X-ray photoelectron spectroscopy (XPS) was used to give further insight to the 

speciation of [C1C8Im]Cl and ZnCl2. At χZnCl2 = 0.25 and 0.33 a single anion was 

observed ([ZnCl4]2-) and for χZnCl2 = 0.5 and 0.6 bridging and terminal chlorides 

in [ZnxCl(2x+2)]2-.Furthermore, free chloride was noted at χZnCl2 = 0.25.72 EXAFS 

investigation confirmed the existence of a tetrahedral [ZnCl4]2- anion.73 

Chlorozincate ILs have been reported to be moisture-stable in comparison to 

chloroaluminate ILs which easily hydrolyse. This makes them desirable 

catalysts e.g. for reactions of alcohols or phenols.53 

Lovejoy et al. proposed the use of ZnCl2 and ILs for pharmaceutically active 

materials as they increase their shelf life and show antibiofilm activity.74 

1.2.5 Cobalt containing ionic liquids 

The most common cobalt IL contains a Co(II) species in the form 

[cation]2[CoCl4].75 Scheme 1-7 shows cations present in the literature utilized 

for the formation of cobalt containing ILs.76-78 
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Scheme 1-7 Commonly used cations for cobalt containing ILs. 

UV/Vis spectroscopy was utilised to further investigate [C1C4Im]Cl and CoCl2 

speciation. The tetrahedral anion [CoCl4]2- was observed at χCoCl2 ≤ 0.33 and 

at χCoCl2 ≥ 0.33 different complexes were postulated ([CoCl2(CoCl4)2]4- and 

[Co(CoCl4)3]4-).79 In addition, Wellens et al. monitored the extraction of cobalt 

with UV/Vis spectroscopy through the formation of [P66614]2[CoCl4].80 

Santra et al. investigated magnetic ILs, including cobalt containing ILs, for their 

applicability to isolate oligonucleotides with the help of Fluorescence 

spectroscopy.77 

[C1C4Im][CoCl4] was also used as an electrochemical exfoliation electrolyte and 

as active dopant for catalyst preparation. The catalyst was then used for the 

synthesis of nanosheets with metallic cobalt starting from coal, which was used 

as a carbon source.75 

1.2.6 Nickel containing ionic liquids 

The most common nickel IL contains a Ni(II) species in the form 

[cation]2[NiCl4].81 Scheme 1-8 shows cations present in the literature utilized 

for the formation of zinc containing ILs.81-85 
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Scheme 1-8 Commonly used cations for nickel containing ILs. 

EXAFS showed that NiCl2 dissolved in chloroaluminate ILs formed [NiCl4]2- and 

[AlCl4]- when χAlCl3 < 0.5. However, for χAlCl3 > 0.5 bidentate complexes of the 

type [Ni(AlCl4)3]- were observed, which are known to be of importance as 

catalysts and have found an application with the Difasol process.82, 86 

Fernandes et al. developed a thermochromic and thermoresistive material 

using the IL [C1C4Im]2[NiCl4]. The material is printable and demonstrates a 

colour change from transparent to dark blue due to the formation of the nickel 

anion upon dehydration.83  

1.3 Lewis acidity of halometallate ionic liquids 

Lewis acidic halometallate IL catalysts are a continuously evolving field and now 

includes not just chloroaluminate(III) ILs, but also metal chloride eutectics and 

ILs with Lewis acidic cations.28 Lewis acidity in ILs is dependent on the anion 

speciation and therefore generally only influenced by the halometallate anion, 

as the organic cation is believed to only influence physical properties (e.g. 

viscosity, density, and melting point).16 Speciation reported in the literature for 

different halometallate ILs has shown that they can differ significantly hence 

careful investigation needs to be carried out for each metal halide. Like 
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speciation, also Lewis acidity can vary significantly depending on the metal 

halide. For example [AlCl4]- has been shown to be neutral, as the chloride 

ligands prevent further coordination. Yet, [InCl4]- is a mild Lewis acid as it is 

coordinatively unsaturated.87 

1.3.1 How to influence Lewis acidity? 

As seen in “1.3.3 How is Lewis acidity determined?” the Lewis acidity of 

halometallate ILs can be influenced through the mole fraction of the metal 

chloride. In addition, ligands can have an influence on the Lewis acidity of a 

metal complex depending on their donor and acceptor properties. 

1.3.2 Nitrosyl ligands for improved reactivity 

In the 1980’s nitrogen monoxide (nitric oxide, NO) was discovered to be an 

important signaling molecule within several biological processes, hence the 

research into metal nitrosyl complexes increased. The colorless gas has been 

known since the thirteenth century but only its importance in signaling 

mechanisms and coordination to enzymes initiated a deeper understanding of 

its geometric ambivalence.88 Figure 1-1 shows the molecular orbital diagram 

for the NO molecule, where the antibonding π* orbital is occupied by an 

unpaired electron and the formal bond order is 2.5.  
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Figure 1-1 Molecular orbital diagram for the NO molecule.89 

NO is a strong π-acceptor ligand and can bind to d-metal ions either in a bent 

or linear way. Ligands of this type are then referred to as nitrosyl. In the case 

of the linear bond, the ligand is considered as NO+ (Figure 1-2) and is 

isoelectronic to CO. 

 

Figure 1-2 Bond formation of nitrosonium ligand with a d-metal. 
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As depicted in Figure 1-2 NO+ is a two-electron σ donor and has a strong π-

acceptor ability. The bond between the metal and the nitrosyl ligand is 

described using valence bond terms and molecular orbital terms. Initially an 

electron is transferred to the metal centre and hence the coordination of NO+ 

to the reduced metal centre follows. When bound linearly to the metal centre 

it has been shown that the nitrosyl ligand can be seen as a neutral three 

electron donor.90 

 

Figure 1-3 Bond formation of nitroxyl ligand with a d-metal. 

Figure 1-3 shows the valence bond and molecular orbital description of the 

bond formed between a bent nitrosyl ligand and a metal centre. Due to 

changes in hybridisation and the increased repulsion from the lone pair a bent 

geometry is present. The NO- ligand is considered a one electron donor and the 

angle generally found in metal complexes is 120o.90 
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Figure 1-4 Bond formation between nitric oxide and a d-metal. 

Nitric oxide is a radical and has been shown to have a geometry in between 

linear and bent. Therefore, the nitrogen might be associated with a lone pair 

but the electron might also be on the metal itself (Figure 1-4).  

An important tool to determine the type of nitrosyl ligand is vibrational 

spectroscopy. Depending on the type of ligand, the shift in wavenumber can be 

significantly. Generally, linear M–N–O groups absorb in the range 1650–1900 

cm−1 and bent M–N–O species in the range 1525–1690 cm−1. The IR stretching 

frequency depends on other ligands present in the complex, electronic 

configuration, overall charge of the complex, and the geometry of the complex. 

Due to these many factors it is difficult to draw a distinct conclusion from the 

type of IR stretching frequency and determine the exact structure of the M-N-

O bond and a more extensive variety of spectroscopic methods is needed.91 

1.3.3 How is Lewis acidity determined? 

The strength of the interaction between a Lewis acid-base pair is dependent on 

its base, as it is influenced by the size, shape, steric effects, and relative 
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energies of the LUMO of the acid and the HOMO of the base.92 Contrary to 

Brønsted acids, where the strength is quantified regarding the proton. There 

are a variety of methods, which allow indirect probing of Lewis acidity, each 

with a specific scale. These methods use a basic probe molecule or ion to 

determine the strength of the interaction between the acid-base pair. Methods 

for quantification include computational calculations,93, 94 physical 

measurement (e.g. Gutmann Acceptor Number),95-97 and reaction rate of a 

model reaction catalysed by the respective acid.28, 98, 99 

Gutmann Acceptor Number 

The Gutmann Acceptor Number (AN) was the first method used for estimating 

Lewis acidity in ILs. It was initially developed for investigation of 

donor/acceptor properties before expanding to liquid acids. The Gutmann AN 

is a spectroscopic NMR method using triethylphosphine oxide (TEPO) as a 31P 

NMR spectroscopic probe. TEPO was chosen as a probe due to its good 

sensitivity, good solubility in different solvents, low steric hindrance and 

stability towards acids.87, 96, 100-102 

The scale was defined arbitrarily based on the change in 31P NMR shift due to 

the coordination of the Lewis acid to phosphine oxide. Hexane was defined to 

have AN = 0 and SbCl5 in 1,2-dichloroethane as AN = 100.103 To estimate the AN 

several spectra at different concentrations are recorded and the chemical shift 

extrapolated to infinite dilution (δinf). Then the data is normalized with respect 

to infinite dilution of TEPO in hexane (Δδinf) and then values are calculated with 

the following equation,28 



 

30 | P a g e  
 

 𝐴𝑁 = 2.348 𝑥 ∆𝛿𝑖𝑛𝑓 1-1 

Brown et al. have summarised some AN for halometallate ILs of the type 

[C1C8Im]Cl/MClx (M = Al, Ga, In, Zn and Sn) and the interesting metals for this 

work are highlighted in Table 1-1.28 

Table 1-1 AN values for M = In and Zn in the IL [C1C8Im]/MClx at varying mole fraction. 

χMClx AN (M = In) AN (M = Zn) 

0.00 19.86 19.86 

0.10  20.14 

0.20 32.53 20.50 

0.30  22.51 

0.33 49.25 25.63 

0.40 51.22 63.09 

0.46  64.01 

0.48  65.24 

0.50 57.11 67.26 

0.55  70.55 

0.60 56.53 70.86 

0.67 58.36 72.49 

0.70  73.57 

0.75  83.50 

1.00 74.30 66.00 
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Non-metal containing ILs have also been investigated using this technique and 

other solid state techniques (e.g. Raman spectroscopy) have been used, which 

could be useful also for evaluating halometallate ILs containing a paramagnetic 

metal.104-108 

1.4 Halometallate ionic liquids and the challenge of anion speciation 

During the 1990s, when interest in ILs took hold, the main focus was on 

halometallate ILs, typically chlorometallates. The reaction of a metal halide and 

an organic cation leads to a well-defined cation and one or more halometallate 

anions in dynamic equilibrium, therefore the speciation of the anion can be a 

complex task.9 Especially for the preparation of an IL catalyst the speciation is 

of utmost importance to define the catalytically active species. 

1.4.1 Phase diagram of chloroaluminate(III) ionic liquids 

To date, the most studied metal for halometallate ILs is aluminium and will be 

explored here as an example for a well-defined IL system. As previously 

mentioned, several industrial applications of chloroaluminate ILs have been 

reported in the past, the most notable being the Difasol process, which 

contributed to Chauvin’s Nobel Prize win.7, 109 More importantly, a significant 

part of research on chloroaluminate ILs has focused on the speciation of the 

anion. As demonstrated previously, speciation is a tremendous part of the 

formation of halometallate ILs. In fact, a change in mole fraction can lead to a 

different IL displaying distinct physical and chemical properties.28 In the case of 

chloroaluminate ILs three different species can be observed with Raman 

spectroscopy; [AlCl4]- at mole fraction χAlCl3 = 0.5, and [Al2Cl7]- at mole fraction 
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χAlCl3 = 0.67 in equilibrium with [Al3Cl10]-.26, 110 Fannin et al. reported a phase 

diagram for [C1C2Im]Cl/AlCl3 (Figure 1-5) using differential scanning calorimetry 

(DSC) as well as visual observation (using a standard melting point apparatus) 

for the determination of melting, freezing, and glass transition 

temperatures.111 

 

Figure 1-5 Phase diagram for [C1C2Im]Cl/[AlCl3] including melting, freezing and glass transition 
temperatures (adapted from reference 111). 

A peritectic can be observed at χAlCl3 = 0.5, suggesting the melting of a pure 

compound [C1C2Im][AlCl4]. Eutectic regions around χAlCl3 = 0.33 and 0.67 are 

consistent with the formation of mixtures containing [C1C2Im][AlCl4] and 

[C1C2Im]Cl (χAlCl3 = 0.33) or [C1C2Im][Al2Cl7] (χAlCl3 = 0.67).16, 111 

Additionally, 27Al NMR spectroscopy has been used to characterise 

chloroaluminate ILs. However, care must be taken as results can change 

significantly depending on whether the IL is neat or in solvent. Furthermore, 
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temperature can also influence results for samples with high viscosities, which 

is often the case for halometallate ILs.112, 113  

Phase diagrams for other halometallate ILs have been reported, such as InCl3, 

ZnCl2, and SnCl2.73, 114, 115 Significant differences in anion speciation were found, 

for example In does not form any dimeric anions like Al does. Thus, highlighting 

the importance of investigating each metal halide individually. The known 

phase diagrams for InCl3, ZnCl2, and SnCl2 will be discussed further in the 

following sections. 

1.4.2 Phase diagram of chloroindate(III) ionic liquids 

Figure 1-6 shows the phase diagram for InCl3 and [C1C4Im]Cl prepared from 

data obtained with DSC. The observations were supported by Raman 

spectroscopy and computational methods. At mole fraction χInCl3 = 0.5 a 

eutectic point was observed and the species was confirmed as [C1C4Im][InCl4] 

by Raman  and ab initio calculations. Furthermore, the existence of the anions 

[InCl6]3- and [In2Cl7]- was suggested by theoretical calculations.116  

However, Apperley et al. have investigated mixtures of InCl3 with [C1C8Im]Cl 

and [C1C4Im]Cl to propose a phase diagram and in their research they found 

that no dimeric species could be confirmed for indium.114 
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Figure 1-6 Phase diagram for [C1C4Im]Cl/InCl3 obtained with DSC.116 

The formation of [InCl6]3- at χInCl3 = 0.25 is confirmed and in addition at χInCl3 

= 0.33 the existence of [InCl5]2- is suggested (Scheme 1-9).  

 

Scheme 1-9 Formation chloroindate(III) anions with up to six chlorides and the suggested formation of an 
equilibrium.28 

At a molar fraction χInCl3 > 0.5 a biphasic suspension was observed with a solid 

suspended in a liquid and was confirmed as InCl3 in the neutral [C1C4Im][InCl4] 

IL. Molar fraction χInCl3 ≤ 0.5 was observed to be liquid and for χInCl3 < 0.5 the 

anions [InCl6]3-, [InCl5]2-, and [InCl4] were confirmed to be present depending 

on the molar fraction.114, 117 
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1.4.3 Phase diagram of chlorozincate(II) ionic liquids 

A phase diagram for ZnCl2 with [C1C4Im]Cl was prepared by Alves et al. using 

DSC and Raman spectroscopy. Complex behaviour was observed displaying 

four maxima and minima, likely corresponding to eutectic and isoplectic points. 

The group suggested the following anion speciation at different mole fractions 

[ZnCl4]2− for χZnCl2 = 0.35; [Zn2Cl6]2- for χZnCl2 = 0.64 and [Zn4Cl10]2− for χZnCl2 

= 0.50; and [Zn3Cl8]2− for χZnCl2 = 0.70.118, 119  

Estager et al. carried out further investigation into the different anion 

formation depending on the mole fraction. They reviewed two speciation 

models present in the Literature120-123 and concluded that the speciation 

present for ZnCl2 is in agreement with the previously reported anions from 

Alves et al. only differing in the species present at certain mole fraction. In their 

research Raman spectroscopy, DSC, and Crystallography was used to confirm 

the anions present (Table 1-2).73, 119 

Table 1-2 Anion speciation present at different mole fraction of ZnCl2 with [ZnxCl2x+2]2- being a postulated 
polynuclear species. 

 

1.5 Halometallate ionic liquids as catalysts 

Halometallate ILs are of particular interest for catalysis due to their easily 

tuneable Lewis acidity, achieved simply by changing the speciation of the metal 

complex.124 Some of the most studied metals are the group III halometallates, 

with an increasing Lewis acidity in the following order In < Al < Ga.87 It has been 

stated that the main influence on the Lewis acidity comes from the metal itself 
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and the mole fraction of metal halide in respect to the organic moiety of the 

IL.112-114, 117, 125-127 The main advantages of halometallate ILs as catalysts are 

controllable acidity, ability to dissolve a variety of materials, facile product 

isolation, and dual functionality as both a catalyst and a solvent. These 

generally outweigh their drawbacks, which include viscosity, and moisture 

sensitivity.124 Group III halometallate ILs have been successfully used for a 

plethora of reactions, which include alkylation,128-135 acylation,131, 136 

oligomerization,137-139 Diels-Alder reaction,140-142 hydrogenation,143 

esterification,144-146 condensation,147-149 isomerization,150-152 and oxidation.153 

An early example of a chlorometallate IL used in a catalytic reaction is 

presented by Parshall in 1972, where chlorostannate(II) or germanate(II) 

anions were used as solvent and to form coordinating complexes with platinum 

for olefin hydrogenation. The coordination complex formed showed higher 

stability towards hydrogen reduction and increased selectivity was 

observed.154 

In 1995 the Nobel Prize in Chemistry was awarded to Yves Chauvin not only but 

in part due to the development of the Difasol process which uses NiCl2 

dissolved in an chloroaluminate  IL ([C2mim]Cl-NiCl2-AlEtCl2).155 

Special interest for halometallate IL catalysts has always been on the group III 

elements (Al, Ga, In). A review from Rogers et al. highlights the many 

applications group III halometallate ILs have found (e.g. alkylation, acylation, 

oligomerization, Diels-Alder reactions, hydrogenation, oxidation, 

isomerization, condensation, and esterification). Different anion speciation has 
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been used in catalytic applications with a focus on anions showing an increased 

Lewis acidity.124 

Indium for example has been used as a Lewis acidic catalyst for 

etherification156, alkylation53, and conversion of CO2 to form cyclic 

carbonates157 by several research groups. 

Several examples exist in the literature, where halometallate ILs have been 

used for the glycolysis of poly(ethyleneterephthalate) (PET). The reaction has 

been carried out with thermal heating and microwave assisted heating with 

good selectivity to form the monomer bis(hydroxyethyl)terephthalate 

(BHET).66, 158-160 

Srivastava et al. prepared a Zeolite functionalised with a manganese based 

halometallate IL as a catalyst for the reduction of olefins at mild reaction 

conditions using hydrazine as a reducing agent.161 

Maciejewski et al. reported an IL type catalyst with a chloroplatinate anion and 

imidazolium or pyridinium cation. However, melting points over 100°C were 

observed classifying the catalyst as anionic platinum complexes. The catalysts 

were successfully used for hydrosilylation of olefins with high recyclability 

through easy catalyst separation.162  

Rogers et al. developed a mixed metal species IL with aluminium and gallium 

for Friedel-Crafts acylation and alkylation. Higher yields and better selectivity 

was noted in comparison to single metal IL due to the liquid Lewis acid catalyst 

which presented a dynamic anionic species.163 
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The same group had previously reported a Lewis acidic aluminium and zinc 

mixed species IL, which was applied as a catalyst for a Beckmann 

rearrangement with good conversion and selectivity.164 

Tiong et al. very recently reported the use of a Brønsted-Lewis acidic indium IL, 

InCl3-[HMIM][HSO4], which was used to prepare levulinic acid from cellulose 

and then further upgrade it to ethyl levulinate.165 

Another recent example utilizes a propylphosphonium tetrachloroindate IL 

supported on silica as a heterogeneous, reusable catalyst under solvent free 

conditions for the formation of symmetric and unsymmetric pyrido 

quinolines.166 

1.6 Industrial processes using halometallate ionic liquids 

In addition ILs are also found in industrial processes like the BASIL process 

(BASF), which uses an IL as an acid scavenger in the production of 

alkylphenylphosphines. BASF uses these as photoinitiators for UV curing of 

double-bonded resins, which are often found in printing inks and coatings.167 

The Difasol process (IFP) uses a chloroaluminate IL as a solvent for a nickel 

catalyst in a dimerisation reaction. The process is a biphasic system, where the 

catalyst stays in one phase and the products form a second phase which 

facilitates easy separation.7 

HycaPure Hg (Petronas) is a technology, which uses solid-supported ILs to 

remove inorganic and organic mercury compounds from natural gas. The 
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Harbin Petroleum alkylation process (PetroChina) uses ILs for production of 

isobutylene from liquefied butane gas.7, 86, 168, 169  

The ISOALKYᵀᴹ process (Chevron) uses an acidic IL instead of hydrofluoric or 

sulphuric acids as alkylation catalyst and has shown comparable yields and 

good selectivity at industrial scale in a demonstration unit. A new unit will be 

operational by 2020.170, 171 

1.7 Aims and objectives 

The aim of this work is to expand the knowledge on halometallate ILs regarding 

a future application in inductive heating. As was previously discussed, a range 

of factors must be considered, when employing halometallate IL catalysts. 

Anion speciation, being one of these factors, influences the Lewis acidity hence 

phase diagrams are a necessary tool to determine the species present. In 

addition, further methods might be necessary to determine the active Lewis 

catalyst, as was shown in section 1.3 Lewis acidity of halometallate ionic liquids 

can vary depending on the metal halide. Thus a variation of the traditional 

chlormetallate anion could lead to improved activity through a change in the 

Lewis acidity. Furthermore, an application in inductive heating (e.g. MW 

radiation) requires further investigation on the dielectric properties of the ILs. 

The dielectric constant and loss are important tools to estimate a successful 

application of a material in a MW process. Finally, it is crucial to understand the 

reaction pathway and to verify the catalytically active species of a 

halometallate IL catalyst through mechanistic and kinetic studies. 
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• What is the phase diagram for CoCl2 and NiCl2, and which anion 

speciation is present? 

• How viable are halometallate ILs in MW synthesis? 

• Are halometallate ILs a good catalyst for CO2 conversion and what is the 

catalytically active species? 
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Chapter 2 

2. Synthesis and characterisation of halometallate ionic 
liquids 

2.1. Synthetic procedures 

All oxygen and moisture sensitive operations were carried out under an argon 

atmosphere using standard vacuum-line and Schlenk techniques. Solvents 

were purchased from Sigma-Aldrich as HPLC grade and dried by means of an 

Inert Puresolv MD purification system. All reagents were purchased from Sigma 

Aldrich and purified when required by literature procedures.172 Chemical shifts 

of 1H and 13C NMR are reported in ppm, the solvent was used as internal 

standard. Signals are quoted as s (singlet), d (doublet), m (multiplet), dt (double 

triplet) and td (triplet doublet). Determination of accurate mass was performed 

by the Mass Spectroscopy Service of the University of Nottingham 

(Nottingham, UK) Elemental analysis was performed by the Elemental Analysis 

Service of the University of Nottingham (Nottingham, UK).  

2.1.1 Synthesis of [C1C4Im]Cl 

 

1-Methylimidazolium (100 ml, 1.22 mol) was added to 1-chlorobutane (168.5 

ml, 1.82 mol) and the reaction mixture was heated under reflux at 65°C for 3 

days. After cooling down the solution to r.t., acetone (184 ml) was added and 

the solution was slowly heated again at 40°C for 10 minutes. Afterwards, 

methanol (ca. 5 mL) was added drop-wise until a clear solution was obtained. 
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The product was crystallized in the freezer. Then, the solvent was removed by 

filtration via cannula and the product was dried under vacuum. The final 

product was washed with ethyl acetate to remove residual 1-

methylimidazolium and dried under vacuum at 40°C for 2 days.  

1H NMR (400 MHz, CDCl3): δ 0.89 (t, 3H, J = 7.4 Hz, CH2-CH3), 1.30 (m, 2H, CH2-

CH2-CH3), 1.79 (m, 2H, CH2-CH2-CH2), 4.04 (s, 3H, CH3-N), 4.22-4.27 (t, 2H, J = 

7.4 Hz, N-CH2-CH2), 7.24-7.59 (d, 2H, J = 1.8 Hz, N-CH-CH-N), 10.59 (s, 1H, N-CH-

N) ppm.  

1H NMR data was consistent with those previously reported. 173 

Accurate mass [M]+: Calc. 139.1230, Obs.: 139.1252. 

2.1.2 Synthesis of [C1C4Im]Br 

 

1-Methylimidazolium (100 ml, 1.22 mol) was added to 1-bromobutane (195 ml, 

1.82 mol) and the reaction mixture was heated under reflux at 65°C for 3 days. 

After cooling down the solution to r.t., acetone (184 ml) was added and the 

solution was slowly heated again at 40°C for 10 minutes. Afterwards, methanol 

(ca. 5 mL) was added drop-wise until a clear solution was obtained. The product 

was crystallized in the freezer. Then, the solvent was removed by filtration via 

cannula and the product was dried under vacuum. The final product was 

washed with ethyl acetate to remove residual 1-methylimidazolium and dried 

under vacuum at 40°C for 2 days.  
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1H NMR (400 MHz, CDCl3): δ 0.80-0.93 (t, 3H, J = 7.4 Hz, CH2-CH3), 1.25-1.45 (m, 

2H, CH2-CH2-CH3), 1.68-1.91 (m, 2H, CH2-CH2-CH2), 4.06 (s, 3H, CH3-N), 4.26-

4.29 (t, 2H, J = 7.4 Hz, N-CH2-CH2), 7.46-7.60 (d, 2H, J = 1.8 Hz, N-CH-CH-N), 

10.25 (s, 1H, N-CH-N) ppm.  

1H NMR data was consistent with those previously reported.174 

Accurate mass [M]+: Calc. 139.1230, Obs.: 139.1223. 

2.1.3 Synthesis of [C1C4Im][FeCl4] 

1-Butyl-3-methylimidazolium chloride (2.15 g, 0.0123 mol) was weighed into a 

Schlenk flask in an inert atmosphere. An equimolar amount of anhydrous FeCl3 

(2 g, 0.0123 mol) was added and the mixture stirred for five minutes. The 

product is a green brown liquid. 

Raman: 111, 334 cm-1. 

Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1232, 140.1258. 

Elemental Analysis: Calc. C, 28.52; H, 4.49; N, 8.32; Obs.: C, 28.41; H, 4.54; N, 

8.15. 

2.1.4 Synthesis of [C1C4Im][FeBr4] 

1-Butyl-3-methylimidazolium bromide (1.48 g, 0.00677 mol) was weighed into 

a Schlenk flask in an inert atmosphere. An equimolar amount of anhydrous 

FeBr3 (2 g, 0.00677 mol) was added and the mixture stirred for five minutes. 

The product is an orange brown liquid. 

Raman: 154, 200, 300 cm-1. 

Accurate mass [M]+: Calc. 139.1230; Obs. Obs.: 139.1223. 
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2.1.5 Synthesis of [C1C4Im][InCl4] 

1-Butyl-3-methylimidazolium chloride (2 g, 0.0115 mol) was weighed into a 

Schlenk flask in an inert atmosphere. An equimolar amount of anhydrous InCl3 

(2.53 g, 0.0115 mol) was added and the mixture stirred for one hour. The 

product is a clear liquid. 

115In NMR (400 MHz, neat): δ 442.41 ppm (s, [InCl4]-) 

Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1233, 140.1261. 

Elemental Analysis: Calc. C, 24.27; H, 3.82; N, 7.08; Obs.: C, 23.72; H, 3.94; N, 

6.61. 

2.1.6 Synthesis of [C1C4Im]2[CuCl4] 

1-Butyl-3-methylimidazolium chloride (2 g, 0.0115 mol) was weighed into a 

Schlenk flask in an inert atmosphere. Anhydrous CuCl2 (0.77 g, 0.00575 mol) 

was added and the mixture was heated to 60°C and stirred overnight. The 

product is a light brown liquid. 

Raman: 275 cm-1. 

Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1232, 140.1260. 

Elemental Analysis: Calc. C, 39.72; H, 6.25; N, 11.58; Obs.: C, 39.07; H, 6.47; N, 

11.04. 

2.1.7 Synthesis of [C1C4Im]2[ZnCl4] 

1-Butyl-3-methylimidazolium chloride (2 g, 0.0115 mol) was weighed into a 

Schlenk flask in an inert atmosphere. Anhydrous ZnCl2 (0.78 g, 0.00575 mol) 

was added and the mixture was heated to 60°C and stirred overnight. The 

product is a white solid at room temperature. 
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Raman: 230, 275 cm-1. 

1H NMR (400 MHz, CDCl3): δ 0.22 (s, 3H, CH2-CH3), 0.68 (s, 2H, CH2-CH2-CH3), 

1.24 (s, 2H, CH2-CH2-CH2), 3.43 (s, 3H, CH3-N), 3.7 (s, 2H, N-CH2-CH2), 7.01-707 

(d, 2H, J = 24.7 Hz, N-CH-CH-N), 8.37 (s, 1H, N-CH-N) ppm.  

Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1232, 140.1259. 

Elemental Analysis: Calc. C, 39.57; H, 6.23; N, 11.54; Obs.: C, 39.49; H, 6.27; N, 

11.41. 

2.1.8 Synthesis of [C1C4Im]2[NiCl4] 

1-Butyl-3-methylimidazolium chloride (2 g, 0.0115 mol) was weighed into a 

Schlenk flask in an inert atmosphere. Anhydrous NiCl2 (0.745 g, 0.00575 mol) 

was added and the mixture was heated to 80°C and stirred overnight. The 

product is a blue solid at room temperature. 

Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1232, 140.1262. 

Accurate mass [M]-: Calc. 239.03; Obs.: 239.0564. 

Elemental Analysis: Calc. C, 40.13; H, 6.31; N, 11.70; Obs.: C, 39.16; H, 6.54; N, 

11.74. 

2.1.9 Synthesis of [C1C4Im]2[CoCl4] 

1-Butyl-3-methylimidazolium chloride (2 g, 0.0115 mol) was weighed into a 

Schlenk flask in an inert atmosphere. Anhydrous CoCl2 (0.747 g, 0.00575 mol) 

was added and the mixture was heated to 80°C and stirred overnight. The 

product is a blue solid at room temperature. 

Raman: 350 cm-1 ([CoCl4]-). 
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Accurate mass [M]+: Calc. 139.1230, 140.1263; Obs.: 139.1234, 

 140.1263. 

Elemental Analysis: Calc. C, 40.11; H, 6.31; N, 11.69; Obs.: C, 39.81; H, 6.43; N, 

11.50. 

2.1.10 Synthesis of [Fe(NO)2Cl]2 

 

Iron (III) chloride (FeCl3, 2 g, 12.3 mmol) and iron (Fe, 3 g, 53.8 mmol) were 

mixed in 30 mL of dry tetrahydrofuran (THF) in a Schlenk flask under Ar 

atmosphere. The solution was heated at 90°C under reflux for 1 h. 

 

The continuous flow of NO gas was produced by the above shown reaction. 

Iron sulphate (FeSO4) (75 g) was dissolved in diluted sulfuric acid (74 ml, ratio 

H2SO4:H2O 1:1) and sodium nitrite (NaNO2) (25 g) was dissolved in H2O (37 ml). 

The solution of NaNO2 was slowly added to the solution of FeSO4 through a 

dropping funnel. The generated NO gas was dried over molecular sieves and 

bubbled into the solution of Fe and FeCl3 mixture. Afterwards, the solvent was 

removed, and the final product was obtained by sublimation under vacuum at 

ca. 100°C.  

IR, ν (cm-1): 1722 cm-1, 1815 cm-1.  

EPR: g = 2.012 (2-MeTHF, 77K). 

IR and EPR were consistent with previously reported data.175  
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2.1.11 Synthesis of [C1C4Im][Fe(NO)2Cl2] 

 

1-Butyl-3-methylimidazolium chloride (2 g, 11.5 mmol) and [Fe(NO)2Cl]2 (1.74 

g, 5.75 mmol) were mixed in a Schlenk flask under Ar atmosphere. After stirring 

for 12 h at room temperature (r.t.), a black liquid was obtained. 

IR,  (cm-1): 1700 cm-1, 1779 cm-1.  

Raman: 311 cm-1, 507 cm-1.  

EPR: g = 2.012 (2-MeTHF, 77K).  

Accurate mass [M]+: Calc. 139.1230, Obs.: 139.1232. 

Elemental Analysis: Calc. C, 29.48; H, 4.64; N, 17.19. Obs. C, 30.28; H, 4.62; N, 

13.74. 

ICP-OES (%weight): Calc. Fe, 17.13. Obs. Fe, 16.88. 

2.1.12 Synthesis of [n-Bu4N][Fe(NO)2Cl2] 

 

Tetrabutylammonium chloride (100 mg, 0.912 mmol) and [Fe(NO)2Cl]2 (138.1 

mg, 0.456 mmol) were mixed in a Schlenk flask under Ar atmosphere. After 

stirring overnight at r.t., a black liquid was obtained. 

IR,  (cm-1): 1685 cm-1, 1755 cm-1.  
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EPR: g = 2.014 (2-MeTHF, r.t.).  

Accurate mass [MH]+: Calc. 242.2842, Obs.: 242.2865. 

Elemental Analysis: Calc. C, 44.77; H, 8.45; N, 9.79. Obs. C, 43.77; H, 8.37; N, 

8.28. 

ICP-OES (%weight): Calc. Fe, 13.01. Obs. Fe, 11.88. 

2.1.13 Synthesis of [C1C1C4Im]Cl 

 

1,2-Dimethylimidazolium (99 ml, 1.02 mol) was added to 1-chlorobutane (117 

ml, 1.12 mol) and the reaction mixture was heated under reflux at 90°C for 48 

hours. Afterwards, the solution was cooled to r.t. and the volatile materials 

were evaporated under vacuum. The remaining orange oil was re-dissolved in 

100 mL of dry acetonitrile and added dropwise via cannula to a well-stirred 

solution of ethyl acetate and one crystal seed of 1-butyl-2,3-

dimethylimidazolium chloride. After the addition of the acetonitrile solution 

was completed, the mixture was cooled at -30°C in the freezer to crystallize. 

Then, the solvent was removed by filtration via cannula and the final product 

was washed with ethyl acetate to remove residual 1,2-dimethylimidazolium 

and dried under vacuum, obtaining a white powder.  

1H NMR (400 MHz, CDCl3): δ 0.93-0.97 (3H, t, J = 7.4 Hz, CH2-CH3), 1.33-1.42 

(2H, m, CH2-CH2-CH3), 1.75-1.83 (2H, m, CH2-CH2-CH2), 2.80 (3H, s, C-CH3-N), 
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4.03 (3H, s, NCH3), 4.20 (2H, t, J = 7.5 Hz, N-CH2-CH2), 7.49-7.50 (1H, d, J = 2.1 

Hz, N-CH-CH-N), 7.80-7.81 (1H, d, J = 2.1 Hz, N-CH-CH-N). 

1H NMR data was consistent with those previously reported.176 

2.1.14 Synthesis of [C1C1C4Im][Fe(NO)2Cl2] 

 

1-Butyl-2,3-dimethylimidazolium chloride (100 mg, 0.530 mmol) and 

[Fe(NO)2Cl]2 (80.2 mg, 0.265 mmol) were mixed in a Schlenk flask under Ar 

atmosphere. After stirring for 12 h at r.t., a black liquid was obtained. 

IR,  (cm-1): 1534 cm-1, 1584 cm-1.  

EPR: g = 2.014 (2-MeTHF, r.t.).  

Accurate mass [M]+: Calc. 153.1386, Obs.: 153.1396. 

Elemental Analysis: Calc.  C, 31.79; H, 5.04; N, 16.48. Obs. C, 32.58; H, 5.13; N, 

14.31. 

ICP-OES (%weight): Calc. Fe, 16.98. Obs. Fe, 16.43. 

2.2 Halometallate ionic liquids with substituted ligands using nitrosyl 

2.2.1 [C1C4Im][Fe(NO)2Cl2] 

[C1C4Im]Cl was synthesized through a nucleophilic addition of 1-chlorobutane 

to 1-methylimidazole,27 whereas µ-dichloro-tetranitrosyl-diiron ([Fe(NO)2Cl]2) 

was prepared in a two-step synthesis (2.1.10 Synthesis of [Fe(NO)2Cl]2). Firstly, 

FeCl3 and Fe(0) were heated under reflux in THF for 1 hour, followed by NO gas 

which, was bubbled into the solution.175 The final step in the preparation is a 
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sublimation to purify the iron complex. However, this is also the step most 

limiting to the yield, which generally was quite low, making this a very 

challenging synthesis. The sublimation was carried out using a cold finger with 

a circulating cooling liquid (ethylene glycol) and a heating block to keep the 

temperature constant. As an alternative acetone and liquid nitrogen was used 

as a cooling agent to improve the overall yield, though this was not successful. 

The new halometallate IL, [C1C4Im][Fe(NO)2Cl2], was prepared through reaction 

of [Fe(NO)2Cl]2 with [C1C4Im]Cl (Scheme 2-1).  

 

Scheme 2-1 Synthesis of [C1C4Im] [Fe(NO)2Cl2]. 

The IL [C1C4Im][Fe(NO)2Cl2] was fully characterised using a wide range of 

techniques, including TGA, EA, ICP-OES, ESI-MS, EPR, XPS, magnetic 

susceptibility measurements (8.7 Magnetization measurements), and ATR 

FT-IR and Raman spectroscopies.  

Table 2-1 Experimental and theoretical (in brackets) values for ICP-OES and ESI-MS for 
[C1C4Im][Fe(NO)2Cl2]. 

Sample ICP-OES ESI-MS 

[C1C4Im][Fe(NO)2Cl2] 16.9% (17.1%) 139.1232 (139.1230)  

Table 2-1 shows experimentally measured and theoretical values for ICP-OES 

and ESI-MS for [C1C4Im][Fe(NO)2Cl2]. All values are in good agreement with the 

theoretical value, which confirms the Fe content within the IL. In addition, the 

ESI-MS shows a very intense peak in the positive mode corresponding to the 

cation, namely the imidazolium moiety, confirming that the cation of the IL 
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precursor remains intact after the reaction with the iron complex. 

Furthermore, a low intensity peak with m/z = 464.1152 corresponding to 

{[C1C4Im]2[Fe(NO)2Cl2]}+ was observed (Appendix, 8.3 ESI-MS spectroscopy). 

Unfortunately, no significant information can be extracted from the ESI-MS 

spectrum in the negative mode with only a single peak corresponding to the 

[Fe(NO)Cl2] species being observed (Appendix, 8.3 ESI-MS spectroscopy). 

However, Estager et al. demonstrated, in a review on halometallate ILs, that 

mass spectrometry can often lead to wrong conclusions for anion speciation, 

as the measurement is carried out in gas phase and therefore does not 

represent the actual environment of the metal anion in its liquid form.16 

 [C1C4Im][Fe(NO)2Cl2] (Figure 2-1) was analysed by Raman at room temperature 

using excitation wavelength of 785 nm. The presence of the iron-nitrosyl 

moiety in [C1C4Im][Fe(NO)2Cl2] was confirmed by the Raman spectrum, which 

displayed a narrow peak at ca. 507 cm-1 identified as the Fe–NO stretch 

vibration.177-179 A second peak was present at ca. 311 cm-1 that, is found to be 

a vibration frequency consistent of the symmetric stretching mode of the Fe–

Cl bond.41, 43, 180 The peak is shifted slightly to lower wavenumber, possibly due 

to a not perfectly symmetrical environment of the iron complex when 

compared to the [FeCl4]-.181 
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Figure 2-1 Raman spectrum for [C1C4Im][Fe(NO)2Cl2]  measured at room temperature using excitation 
wavelength 785 nm. 

Vibrational spectroscopy is an important class of experimental techniques that 

can be used to probe the structure and bonding in metal-nitrosyl based 

complexes. Subtle shifts in the observed frequency of characteristic bands can 

be used to differentiate between binding modes, as a general guide, linear M–

N–O groups absorb in the range 1650–1900 cm−1 and bent M–N–O species in 

the range 1525–1690 cm−1. The IR stretching frequency depends on the 

environment around the probe group which is sensitive to the nature of other 

ligands present in the complex, the overall electronic configuration of the 

metal, overall charge of the complex, and the geometry of the complex. In 

practice, it is often very difficult to draw a distinct conclusion from the type of 

IR stretching frequency and hence assign the absolute geometry of the M-N-O 

bond and a more extensive variety of spectroscopic methods could be 

necessary.91 
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The iron complex [Fe(NO)2Cl]2 and the corresponding IL [C1C4Im][Fe(NO)2Cl2] 

were characterised by IR spectroscopy (Figure 2-2). Distinct peaks were found 

at 1722 cm-1 and 1815 cm-1 for [Fe(NO)2Cl]2 corresponding to NO valence 

vibrations.175 The spectrum of [C1C4Im][Fe(NO)2Cl2] shows peaks within the 

same region (1700 and 1779 cm-1) but the vibrations were observed with higher 

intensity. [Fe(NO)2Cl]2 on its own is not stable for a very long time in air. 

However, decomposition of [Fe(NO)2Cl]2 seems to be hindered after reaction 

with [C1C4Im]Cl. In addition, comparable IR frequencies were reported for the 

compound (Et4N)[Fe(NO)2Cl2] (1765 and 1692 cm-1) and therefore suggesting 

that a comparable dinitrosyl iron complex (DNIC) [Fe(NO)2Cl2]- is present in 

both complexes.91, 182, 183  

 

Figure 2-2 Overlay of FT-IR spectra of [Fe(NO)2Cl]2 (red) and [C1C4Im][Fe(NO)2Cl2] ( black). 

The decomposition temperature of [C1C4Im][Fe(NO)2Cl2] was evaluated with 

TGA under nitrogen flow and a heating ramp of 10°C/min from room 
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temperature until 1000°C. Figure 2-3 shows the thermogram for 

[C1C4Im][Fe(NO)2Cl2]. The decomposition onset temperature was found to be 

125°C and the final mass loss at 1000°C was found to be 81.4 wt%. The 

decomposition appeared in a two-step mass loss. The remaining 18.6 wt% 

corresponds to the expected iron content (17.1 wt%) for the 

[C1C4Im][Fe(NO)2Cl2] IL. 

 

Figure 2-3 Thermogram obtained with TGA under nitrogen flow for [C1C4Im][Fe(NO)2Cl2] at a ramp of 
10°C/min. 

Electron paramagnetic resonance spectroscopy (EPR), often also referred to as 

electron spin resonance spectroscopy (ESR), is used to investigate 

paramagnetic centres. Each paramagnetic species has its own distinct 

spectrum with well-defined spin Hamiltonian parameters.184 EPR 

measurements were carried out for the iron complex [Fe(NO)2Cl]2 and the IL 

[C1C4Im][Fe(NO)2Cl2] in 2-methyltetrahydrofuran (2-MeTHF), to confirm the 
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existence of unpaired electrons as well as the formation of a monomer 

[Fe(NO)2Cl2] from the dimer [Fe(NO)2Cl]2 after reaction with [C1C4Im]Cl.  

Figure 2-4 shows the EPR spectrum of [Fe(NO)2Cl]2 at 77K dissolved in 

2-MeTHF. Ballivet-Tkatchenko et al. reported an EPR spectrum of the same 

complex dissolved in THF which is comparable to the signal shape of Figure 

2-4.175 However, under this condition no hyperfine structure was visible but 

new peaks were observed at a lower field. Van Eldik et al. reported a similar 

spectrum of an iron nitrosyl species dissolved in an IL.185  

 

Figure 2-4 EPR spectrum of [Fe(NO)2Cl]2 at 77K dissolved in 2-MeTHF. 

The EPR spectrum for [C1C4Im][Fe(NO)2Cl2] (Figure 2-5) shows a similar g-value 

and shape as [Fe(NO)2Cl]2 (Figure 2-4). Furthermore, at lower field, an 

additional peak was observed for [C1C4Im][Fe(NO)2Cl2] (Figure 2-6) similarly to 

[Fe(NO)2Cl]2 (Figure 2-4). 
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Figure 2-5 EPR spectrum for [C1C4Im][Fe(NO)2Cl2] at 77K and dissolved in 2-MeTHF. 

 

Figure 2-6 EPR spectrum of [C1C4Im][Fe(NO)2Cl2] at 77K dissolved in 2-MeTHF measured at a wide 
magnetic field. 

Even though 2-MeTHF is a less coordinating solvent than for example THF, due 

to steric hindrance, it is not possible to completely rule out potential 
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coordination of the solvent with the iron complex. Therefore, an EPR spectrum 

of the IL [C1C4Im][Fe(NO)2Cl2] diluted in [C1C4Im]Cl was recorded (Figure 2-7). 

The spectrum shows a signal like the previously shown spectra and a similar g-

value was calculated. All g-values are summarized in Table 2-2 and no 

significant difference can be detected comparing the different samples. All g-

values were calculated using the following Equation, 

 ℎ𝑣 = 𝑔𝛽𝐵 [2-1] 

 where ß is the Bohr Magnetron, h the Planck constant and ʋ the frequency. 

 

Figure 2-7 EPR spectrum of [C1C4Im][Fe(NO)2Cl2] at room temperature diluted in [C1C4Im]Cl. 

Table 2-2 g-values from EPR spectroscopy for metal-containing ILs. 

Sample B (mT) MF (GHz) g 

[Fe(NO)2Cl]2/2-MeTHF 77 K 336.976 9.49 2.012 

[C1C4Im][Fe(NO)2Cl2]/2-MeTHF 77 K 336.976 9.49 2.012 
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[C1C4Im][Fe(NO)2Cl2] diluted in 

[C1C4Im]Cl r.t. 

341.128 9.716 2.035 

 

2.2.2 [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2] 

 [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2] were prepared (Scheme 

2-2) at room temperature and stirring until a homogeneous solution was 

obtained (approximately 12h). 

 

Scheme 2-2 Synthesis of [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2]. 

 [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2] are new compounds and 

characterisation included ATR FT-IR spectroscopy, EPR, EA, ICP-OES, and ESI-

MS. 

Table 2-3 Experimental and theoretical (in parenthesis) values for ICP-OES and ESI-MS for  
[C1C1C4Im][Fe(NO)2Cl2], and [(n-Bu)4N][Fe(NO)2Cl2]. 

Sample ICP-OES ESI-MS 

[C1C1C4Im][Fe(NO)2Cl2] 16.4% (17.0%) 153.1396 (153.1386) 

[n-Bu4N][Fe(NO)2Cl2] 11.9% (13.0%) 242.2865 (242.2842) 

 

Table 2-3 shows experimentally measured and theoretical values for ICP-OES 

and ESI-MS for [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2]. All values 
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are in good agreement with the theoretical value, which confirms the Fe 

content within the IL. In addition, the ESI-MS shows a very intense peak in the 

positive mode corresponding to the cation, namely the imidazolium and 

tetrabutylammonium moiety, and therefore suggests that the cationic part of 

the IL precursor stays intact after the dissolution of the iron complex.  

Figure 2-8 and Figure 2-9 show the FT-IR spectra with the NO vibrations for 

[(n-Bu)4N][Fe(NO)2Cl2] at 1684 and 1754 cm-1 and for [C1C1C4Im][Fe(NO)2Cl2] at 

1592 and 1541 cm-1. The difference observed in the IR frequencies are 

associated to the distinct cation, as the electron charge distribution of the MNO 

moiety is very sensitive regarding the geometry of the coordination sphere, the 

total charge of the complex, and the surrounding ligands.91 

 

Figure 2-8 FT-IR spectrum of [C1C1C4Im][Fe(NO)2Cl2] measured at room temperature. 
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Figure 2-9 FT-IR spectrum of [(n-Bu)4N][Fe(NO)2Cl2] measured at room temperature. 

Figure 2-10 and Figure 2-11 display EPR spectra for [(n-Bu)4N][Fe(NO)2Cl2] and 

[C1C1C4Im][Fe(NO)2Cl2] respectively. Both signal shapes and g-values match 

that of the previously discussed IL [C1C4Im][Fe(NO)2Cl2] (Figure 2-5) hence 

suggesting the presence of the same DNIC [Fe(NO)2Cl2]. All g-values, calculated 

using Equation [2-1], are displayed in Table 2-4. 

Table 2-4 g-values from EPR spectroscopy for metal containing ILs. 

Sample B (mT) MF (GHz) g 

[(n-Bu)4N][Fe(NO)2Cl2]/2-MeTHF r.t. 345.663 9.743 2.014 

[C1C1C4Im][Fe(NO)2Cl2]/ 2-MeTHF r.t. 345.724 9.745 2.014 
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Figure 2-10 EPR spectrum of [C1C1C4Im][Fe(NO)2Cl2] recorded in 2-MeTHF at room temperature. 

 

Figure 2-11 EPR spectrum of [(n-Bu)4N][Fe(NO)2Cl2] recorded in 2-MeTHF at room temperature. 
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2.2.3 [C1C4Im][FeBr4] 

 [C1C4Im]Br was prepared according to literature procedures173 (see Appendix, 

2.1.2 Synthesis of [C1C4Im]Br) and [C1C4Im][FeBr4] (Scheme 2-3) was obtained 

by mixing [C1C4Im]Br and FeBr3 under an inert atmosphere for approximately 

1h until a homogeneous solution was achieved. The synthesis was adapted 

from the procedure used for [C1C4Im][FeCl4] (2.3.1 [C1C4Im][FeCl4]). 

 

Scheme 2-3 Synthesis of [C1C4Im][FeBr4] at room temperature and under inert atmosphere. 

[C1C4Im][FeBr4] is a known compound and synthesis was confirmed by ATR 

FT-IR spectroscopy, EA, and ESI-MS. 

Table 2-5 Experimental and theoretical (in parenthesis) values for ESI-MS for [C1C4Im][FeBr4]. 

Sample ESI-MS 

[C1C4Im][FeBr4] 139.1223 (139.1230) 

 

Figure 2-12 displays the FT-IR spectrum for [C1C4Im][FeBr4] measured at room 

temperature. Low field bands appearing around 780 cm-1 correspond to the 

butyl and methyl chain of the imidazolium moiety. Three sharp bands at 1560, 

1675 and 1780 cm-1 correspond to the imidazolium moiety as well as broader 

bands around 2800 cm-1. A very broad peak at 3400 cm-1 belongs to the 

aromatic =NH vibration. 
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Figure 2-12 FT-IR spectrum for [C1C4Im][FeBr4] measured at room temperature. 

2.3 Conventional halometallate ionic liquids 

2.3.1 [C1C4Im][FeCl4] 

For the preparation of [C1C4Im][FeCl4] (Scheme 2-4), [C1C4Im]Cl was stirred with 

an equimolar amount of anhydrous FeCl3 for five minutes under an inert 

atmosphere. The reaction occurs spontaneously upon bringing the two solids 

together and is exothermic, as also shown by Taubert et al..37 

 

Scheme 2-4 Synthesis of [C1C4Im][FeCl4] at room temperature and under an inert atmosphere. 

Figure 2-13 shows the Raman spectrum for [C1C4im][FeCl4] measured at room 

temperature using excitation wavelength 785 nm displaying a distinct peak at 

334 cm-1. Comparison with literature data186 confirmed this peak as the 

symmetrical stretch vibration of the [FeCl4]- anion. A second peak was detected 
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at 111 cm-1 which was reported by Garcia-Saiz et al.36 as symmetrical bending 

vibration corresponding to the Fe-Cl bond. 

 

Figure 2-13 Raman spectrum of [C1C4Im][ FeCl4]  measured at room temperature and excitation 
wavelength 785 nm. On the left a full range spectrum is displayed and, on the right, the same spectrum in 
the range 50 to 400 cm-1. 

The decomposition temperature of [C1C4im][FeCl4] (Figure 2-14) was obtained 

using TGA. The decomposition onset temperature was found to be 371°C and 

the residual mass at 1000°C was found to be 10 wt%.  
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Figure 2-14 Thermogram obtained from TGA under nitrogen flow gas for [C1C4Im][FeCl4]. 

Figure 2-15 shows the thermogram obtained from DSC for [C1C4Im][FeCl4] at a 

heating rate of 10°C/min and two cycles. After cooling the sample and starting 

the first heating ramp a crystallisation peak is observed at -60°C, which is 

followed by melting of the sample at 0°C. This behaviour repeats itself in the 

second cycle. 
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Figure 2-15 Thermogram obtained from DSC for [C1C4Im][FeCl4] at a heating rate of 10°C/min and in a 
range from -90°C to 150°C. 

Table 2-6 Crystallisation Tc, melting Tm and glass transition temperatures Tg for [C1C4Im][FeCl4]. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp      

1st heating ramp -60 35 0 47  

2nd cooling ramp      

2nd heating ramp -60 49 0 47  

 

2.3.2 [C1C4Im][InCl4] 

For the preparation of [C1C4Im][InCl4] (Scheme 2-5), [C1C4Im]Cl was stirred with 

an equimolar amount of anhydrous InCl3 for 12 hours under an inert 

atmosphere to yield a clear liquid.114 
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Scheme 2-5 Synthesis of [C1C4Im][InCl4] at room temperature and under an inert atmosphere. 

Unfortunately, it was not possible to obtain a satisfactory Raman spectrum. 

Although a 115In NMR was obtained and confirmed the formation of 

[C1C4Im][InCl4] (Appendix, 8.4 Nuclear magnetic resonance spectroscopy).114 

Figure 2-16 depicts the thermogram for [C1C4Im][InCl4] obtained from TGA. 

Decomposition appears in a one-step process with an onset decomposition 

temperature of 357°C. A residual of 2 wt% was observed at 1000°C. Similar 

thermal behaviour was also observed by Varma et al..157 

 

Figure 2-16 Thermogram obtained from TGA under nitrogen flow gas for [C1C4Im][InCl4]. 

A thermogram (Figure 2-17) for [C1C4Im][InCl4] was obtained from DSC with a 

heating rate of 10°C/min and a temperature range of -90 to 150°C. Upon 

cooling a crystallisation peak (Tc = 11°C) is noted and a corresponding melting 
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peak (Tm = -14°C) was observed upon heating. A glass transition appeared 

at -83°C in both heating ramps. The second heating ramp shows an 

endothermic peak again at -14°C, demonstrating a reversible system. However, 

it is noted that the enthalpy of melting is much higher than the enthalpy of 

crystallization indicating that the sample is amorphous and did not crystallize. 

 

Figure 2-17 Thermogram obtained from DSC for [C1C4Im][InCl4] at a heating rate of 10°C/min and in a 
range from -90°C to 150°C. 

Table 2-7 Crystallisation Tc, melting Tm and glass transition temperatures Tg for [C1C4Im][InCl4]. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 11 2    

1st heating ramp   -14 10 -83 

2nd cooling ramp      

2nd heating ramp   -14 19 -83 

  



                                                       Chapter 2 | Synthesis and Characterisation 
 

69 | P a g e  
 

2.3.3 [C1C4Im]2[ZnCl4] 

[C1C4Im]2[ZnCl4] (Scheme 2-6) was prepared using [C1C4Im]Cl and 0.5 mol 

equivalents of ZnCl2, which were mixed together in an inert atmosphere and 

stirred at 60°C for 12 hours to yield a white solid. The preparation method was 

adapted from the literature.114 

 

Scheme 2-6 Preparation of [C1C4Im]2[ZnCl4] at 60°C under an inert atmosphere. 

Figure 2-18 shows a full range Raman spectrum (left) from 200-2000 cm-1 and 

a smaller range of (right) 190-320 cm-1 highlighting significant bands for 

[C1C4Im]2[ZnCl4]. The spectrum was recorded at room temperature and 

excitation wavelength of 785 nm. Roisnel et al. described three bands 

corresponding to the Zn-Cl vibration frequencies at 230, 263 and 278 cm-1 for 

[C7H16N2][ZnCl4].187 For [C1C4Im]2[ZnCl4] vibration frequencies at 230 and 275 

cm-1 consistent with tetrahedral [ZnCl4]2- were observed. In addition, Tyrrell et 

al. found a band for [C1C8Im]2[ZnCl4] at 275 cm-1 attributing to [ZnCl4]2-.73 

Furthermore, Rubim et al. described [C1C4Im]2[ZnCl4] coherent with the bands 

observed in this work.118 
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Figure 2-18 Raman spectrum for [C1C4Im]2[ZnCl4] at excitation wavelength 785 nm and room temperature. 
On the left a full range spectrum is displayed and, on the right, the same spectrum in the range 150 to 350 
cm-1. 

The decomposition temperature for [C1C4Im]2[ZnCl4] was determined using 

TGA (Figure 2-19) and was measured to be 291°C. Decomposition appeared in 

a one-step process, coinciding with the melting temperature of pure ZnCl2.188 

A residual of 4 wt% was observed, possibly due to the formation of zinc oxide 

or residual zinc metal. 
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Figure 2-19 Thermogram obtained from TGA under nitrogen flow gas for [C1C4Im]2[ZnCl4]. 

Figure 2-20 shows the thermogram obtained from DSC for [C1C4Im]2[ZnCl4]. 

Upon cooling a peak is observed at 11°C, which has a corresponding melting 

peak upon heating at 53°C. It can be noted that the enthalpy of melting is much 

higher than the enthalpy of crystallization indicating that the sample is 

amorphous and did not crystallize. The second heating ramp also displays a 

glass transition at -49°C. All phase transitions are presented in Table 2-8. 
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Figure 2-20 Thermogram obtained from DSC for [C1C4Im]2[ZnCl4] at a heating rate of 10°C/min and in a 
range from -90°C to 150°C. 

Table 2-8 Crystallisation Tc, melting Tm and glass transition temperatures Tg for [C1C4Im]2[ZnCl4]. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 11 1    

1st heating ramp   53 96  

2nd cooling ramp      

2nd heating ramp     -49 

 

2.3.4 [C1C4Im]2[CuCl4] 

The synthesis of [C1C4Im]2[CuCl4] (Scheme 2-7) was carried out using 0.5 mol 

equivalents of CuCl2 which were mixed with [C1C4Im]Cl in an inert atmosphere 

and stirred at room temperature for 12 hours. A brown, viscous liquid was 

obtained. The preparation method was adapted from the literature.114 
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Scheme 2-7 Preparation of [C1C4Im]2[CuCl4] at room temperature under an inert atmosphere.  

Figure 2-21 shows the Raman spectrum for [C1C4Im]2[CuCl4] in the range 200-

2000 cm-1 (left) and 200-400 cm-1 (right). The spectrum was measured at room 

temperature and excitation wavelength of 785 nm. On the right, the band for 

the symmetric (ʋ1) and asymmetric (ʋ3) stretching mode of the tetrahedral 

[CuCl4]2- are observed at 275 and 300 cm-1. Both bands overlap noticeably 

through a shoulder towards higher wavenumber. Rhaiem et al. reported a 

Raman spectrum for [N(CH3)3H]2[CuCl4] displaying similar bands for the 

tetrahedral anion.189 Above 400 cm-1 (Figure 2-21, left) bands for [C1C4Im]+ are 

visible, as previously reported in the literature.190, 191 

 

Figure 2-21 Raman spectrum for [C1C4Im]2[CuCl4] at excitation wavelength 785 nm and room temperature. 
On the left a full range spectrum is displayed and, on the right, the same spectrum in the range 200 to 400 
cm-1. 
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The decomposition temperature for [C1C4Im]2[CuCl4] was obtained from TGA 

(Figure 2-22) and was found to be 214°C. In comparison, Zhang et al. reported 

a decomposition temperature of 270°C.66 However, they do not elucidate how 

the decomposition temperature was obtained. Therefore, a certain difference 

in values could be expected depending on the measurement method (e.g. 

onset point or endpoint). 

 

Figure 2-22 Thermogram obtained from TGA under nitrogen flow gas for [C1C4Im]2[CuCl4]. 

Figure 2-23 shows the thermogram obtained from DSC at a heating rate of 

10°C/min. Upon cooling a broad exothermic peak (Tc = 11°C) is observed which 

corresponds to the crystallisation of the sample with an enthalpy of ΔH = 1 J/g. 

However, upon heating no corresponding melting peak to the crystallisation 

peak can be observed, which means that the sample solidified in a glassy 

amorphous state.192 Glass transitions occur upon on heating and cooling at 
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around -54 and 112°C and are observed for all cycles in the same temperature 

range (Table 2-9) except for the first cooling ramp. 

 

Figure 2-23 Thermogram obtained from DSC for [C1C4Im]2[CuCl4] at a heating rate of 10°C/min and in a 
range from -90°C to 150°C. 

Table 2-9 Crystallisation Tc, melting Tm and glass transition temperatures Tg for [C1C4Im]2[CuCl4]. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 11 1    

1st heating ramp     -54 

113 

2nd cooling ramp     90 

2nd heating ramp     -54 

111 
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Chapter 3 
The work presented in this chapter led to a publication in Applied Catalysis B: 

Environmental, Volume 245, 15 May 2019, Pages 240-250.  

3. Halometallate ionic liquids as catalysts for the 
cycloaddition of carbon dioxide into epoxides 

Carbon dioxide (CO2) capture and utilisation is a widely investigated topic193-195 

and as it is a primary greenhouse gas this is a very important matter in light of 

the climate change crisis. Consequently, greener and more sustainable 

methodologies for the CO2 fixation with more efficient energy consumption are 

required for drastically reducing the CO2 footprint. Considering CO2 is a very 

abundant, non-toxic and cheap reagent, it would be a good C1 building block 

in organic synthesis. However, in this context the high stability of CO2 is a 

disadvantage. The carbon atom of CO2 is in its most oxidised state and thus a 

high energy input is necessary for its activation. For example, cyclic carbonates 

can be formed through the insertion of CO2 into epoxides (Scheme 3-1). 

Carbonates show applications as electrolytes for batteries, aprotic polar 

solvents, valuable starting materials for polymerisation reactions and 

intermediates in organic syntheses.196  

 

Scheme 3-1 Synthesis of cyclic carbonates from epoxides by conversion of CO2.174  
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Homogeneous catalytic systems (for instance, Fe-based metal complexes) have 

been developed for the cycloaddition of CO2 to epoxides, but they often show 

various challenges and disadvantages, with respect to the separation of the 

catalyst or low-cost effectiveness. In comparison, heterogeneous catalysts can 

overcome those difficulties but suffer from other disadvantages such as low 

catalytic activity and/or selectivity and high pressure requirements.197 As 

previously described, ILs offer various advantageous properties and therefore 

are an excellent alternative to classic solvents and catalysts. The catalytic 

activity of ILs in this type of process has already been reported, as well as 

catalytic transformations using ILs as a reaction medium. Indeed, the beneficial 

effect of the use of ILs in processes involving CO2 transformations has been 

extensively reported.196  

Girard et al. reported the formation of cyclic carbonates by reaction of epoxides 

with CO2 under mild pressure conditions (5-8 bar) using halide imidazolium 

salts as catalysts. They investigated various cations and anions, and through 

structural modifications they detected that the ring opening step is the most 

important one towards reactivity.174  

Table 3-1 shows examples from the literature describing the use of ILs as a 

catalyst. To the best of our knowledge, only a few examples have been 

described in which a metal-containing IL was used as a catalyst for the 

conversion of CO2 into cyclic carbonates from epoxides. For example, Xiao et 

al. used an IL supported on FeCl3 for the conversion of CO2 with propylene oxide 
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as a substrate, obtaining a yield of 31%. In general, all examples required 

relatively high pressures to achieve good activity.198  

Table 3-1 Literature comparison of CO2 conversion with ILs as catalysts. S/C% = catalyst loading, SO = 
styrene oxide, PO = propylene oxide, P = pressure, T = temperature, t = time, Y = yield, Subst. = substrate, 
and R. = reference. 

Catalyst S/C% Support Subst. P 

[bar] 

T 

[°C] 

t 

[h] 

Y 

[%] 

R. 

 

1.6 - SO 20 125 1  99 19

9 

 
1 Polystyrene SO 80 120 12  84 20

0 

 

1 Mesoporous 

material 

SO 20 120 48  87 20

1 

 

20 - SO 140 120 2  69 20

2 

 

0.5 ZnBr2 (0.03 

mol%) 

SO 15 110 1  59  

19

8 

 

0.23

5 

FeCl3 (0.0168 

mol%) 

PO 15 110 1  31  

19

8 

PPh3BuI 0.5 H2O (0.0335 

mol%) 

SO 20 125 1  83 20

3 

 

0.5 Silica SO 16.2 115 5  96 20

4 
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1 PEG SO 10 120 3  94 20

5 

 

0.18 ZnCl2 (0.0286 

mol%) 

SO 15 100 1  90 20

6 

 

2.5 ZnBr2  SO 140 80 1  93 20

7 

 

2.5 - PO 25 110 6  100 20

8 

Epoxides are 3-membered rings with a bond angle of 60° rendering them 

unstable due to ring strain. Nevertheless, they need an acid catalyst or a strong 

nucleophile to react properly. Epoxides are not good leaving groups in a SN2 

reaction since their reactivity is only due to the ring strain. In addition, the 

regiochemistry depends strongly on the reaction conditions. 

 An acid-catalysed ring opening is favoured at the most substituted position of 

the ring (Scheme 3-2). The epoxide is activated by the acid, which leads to a 

positively charged intermediate.209 A substituted carbon facilitates the charge 

build-up (a tertiary carbon would be even more stable) and therefore the 

nucleophile attacks at this carbon. A loose SN2 transition state is formed, 

followed by the ring opening, and generation of the new product. 

 

Scheme 3-2 Acid-catalysed ring opening of an epoxide demonstrating the ring opening at the substituted 
carbon.209 
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A base-catalysed ring opening (Scheme 3-3) is only possible with a strong 

nucleophile. There is no activation at the oxygen and thus no build-up of charge 

is possible. Therefore, the steric hindrance is the controlling factor in the 

reaction and the nucleophile will attack the less substituted carbon.209  

 

Scheme 3-3 Base-catalysed ring opening of an epoxide with a ring opening at the less substituted 
carbon.209 

Both homogeneous and heterogeneous catalytic systems have been developed 

for the cycloaddition of CO2 to epoxides, such as amines and phosphines,210-213 

frustrated Lewis pairs (FLPs),214 alkali metals,215 metal oxides,216, 217 

organometallic complexes,218-224 metal-organic frameworks225-227 and carbon 

materials.228-231 Nonetheless, they often exhibit various challenges and 

disadvantages, such as the separation of the catalyst and low-cost 

effectiveness for homogeneous systems. Whereas, heterogeneous catalysts 

can overcome those difficulties but have other disadvantages like low catalytic 

activity and/or selectivity as well as high pressure requirements.197 On the 

other hand, ILs show various advantageous properties, including good thermal 

stability, high catalytic activity, ease of catalyst recovery and product 

purification, high capability for CO2 capture and solvation, and easy fine-tuning 

basicity-nucleophilicity by simple modification of the IL structure (anion and 

cation)197, 207, 221, 232-237 and therefore are an excellent alternative to classic 

solvents and catalysts. In addition, the use of metal halides or metal complexes 
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with Lewis acid properties as co-catalyst improves the catalytic performance of 

ILs.207 These metal containing ILs function simultaneously as Lewis acid and as 

nucleophile therefore behaving as a bifunctional catalyst. However, the 

dissolution of a metal salt in an IL leads to a difficult task in identifying the real 

catalyst as different ionic species can be generated within the IL.238 In the 

Literature only a few examples have been reported in which well-defined 

halometallate ILs were used as catalysts for the cycloaddition of CO2 to 

epoxides.200, 239-241 

3.1. Experimental procedures  

3.1.1 Formation of carbonates  

Catalytic experiments were carried out in a small reactor with a total volume 

of 2 mL. In a standard reaction, the chosen amount of Fe-based IL was mixed 

with the required quantity of epoxide in a glass vial with a magnetic stirrer. The 

reactor was flushed with CO2 three times before the pressure was kept 

constant at the desired pressure using a reservoir and was heated at the 

desired temperature. After the specified time, the reactor was cooled to r.t. 

and slowly depressurized. The product was purified by extraction with diethyl 

ether and filtration with SiO2 by flash chromatography. Afterwards, the solvent 

was evaporated to dryness at 150 mbar and r.t. using a rotary evaporator. The 

residue was dissolved in CDCl3 and analysed by 1H NMR to determine 

conversion and selectivity.  

3.1.2 Formation of diols  

Catalytic experiments were carried out in a small Schlenk flask. In a standard 

reaction, 10 mol% of the Fe-based IL was mixed with 200 mg of styrene oxide 
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and 1 mL of H2O in a Schlenk flask under Ar atmosphere with a magnetic stirrer. 

After 24 h, the product was purified by extraction with diethyl ether and 

filtration with SiO2 by flash chromatography. Afterwards, the solvent was 

evaporated to dryness at 150 mbar and r.t. using a rotary evaporator. The 

residue was dissolved in CDCl3 and analysed by 1H NMR to determine 

conversion and selectivity.   

3.1.3 Kinetic studies 

Experiments were carried out in a Fisher-Porter reactor with the possibility to 

take samples during the reaction without depressurizing the reactor. In a 

standard reaction, 10 mL of styrene oxide, and the chosen amount of Fe-based 

IL were charged into the reactor equipped with a magnetic stirrer. The reactor 

was flushed with CO2 three times before the pressure was kept constant at the 

desired pressure using a reservoir and was heated at the desired temperature. 

In the first hour of the reaction, samples were taken every 15 minutes and 

afterwards every hour. After the specified time, the reactor was cooled to r.t. 

and slowly depressurized. The product was purified by extraction with diethyl 

ether and filtration with SiO2 by flash chromatography. Afterwards, the solvent 

was evaporated to dryness at 150 mbar and r.t. using a rotary evaporator. The 

residue was dissolved in CDCl3 and analysed by 1H NMR to determine 

conversion and selectivity. 

3.1.4 Recycling experiments 

Recycling experiments were carried out in a Fisher-Porter reactor. In a standard 

reaction, 5 mol% of the Fe-based IL was mixed with the chosen amount of 

epoxide (200 mg for styrene oxide, 283 mg for 1,2-epoxypentane) and 
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equipped with a magnetic stirrer. The reactor was flushed with CO2 three times 

before the pressure was kept constant at 2 bar using a reservoir and was 

heated at the desired temperature (40 ˚C for styrene oxide, 80 ˚C for 1,2-

epoxypentane). After 24 h, the reactor was cooled to r.t. and slowly 

depressurized. The product was purified by extraction with diethyl ether and 

centrifugation to recover the catalyst. Afterwards, the solvent was evaporated 

to dryness at 150 mbar and r.t. using a rotary evaporator. The residue was 

dissolved in CDCl3 and analysed by 1H NMR to determine conversion and 

selectivity. 1 was recovered through re-precipitation of the insoluble fraction, 

which was left after the extraction of the product with diethyl ether. The 

catalyst was then used for the next cycle. 

3.1.5 Radical scavenger experiments 

Radical scavenger experiments were carried out in a small reactor with a total 

volume of 2 mL. In a standard reaction, 5 mol% of the Fe-based IL catalyst was 

mixed with 400 mg of epoxide, and 2.5 mol% of a radical scavenger (galvinoxyl 

or 2,2-diphenyl-1-picrylhydrazyl (DPPH))  and equipped with a magnetic stirrer. 

The reactor was flushed with CO2 three times before the pressure was kept 

constant at 2 bar using a reservoir and was heated to 40 ˚C. After 48 h, the 

reactor was cooled to r.t. and slowly depressurized. The product was purified 

by extraction with diethyl ether and filtration with SiO2 by flash 

chromatography. Afterwards, the solvent was evaporated to dryness at 150 

mbar and r.t. using a rotary evaporator. The residue was dissolved in CDCl3 and 

analysed by 1H NMR to determine conversion and selectivity. 
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3.2 Selection of catalyst 

The reactor set-up was successfully tested with a reaction procedure reported 

by Girard et al. where [C1C4Im]Br was found to be the best IL to catalyse the 

formation of a cyclic carbonate from an epoxide via the transformation of CO2 

(Scheme 3-4, 99% conversion at 5 bar CO2 pressure, 10 mol% catalyst and 

150°C).174  

 

Scheme 3-4 Catalytic transformation from an epoxide to a cyclic carbonate using [C1C4Im]Br as a catalyst. 

Therefore, this IL was used to test the reactor set-up and a conversion of 67% 

at 100°C and 74% at 80°C was obtained (4 bar CO2 and 10 mol% catalyst). Lower 

conversion was obtained with [C1C4Im]Br than in Girard et al.’s work, however 

the reaction conditions were slightly varied as the aim in this work is to reduce 

the energy input. 

As [C1C4Im]Br was reported as a successful catalyst for the transformation of 

CO2, the first halometallate IL tested in this work was [C1C4Im][FeBr4]. The 

reaction was carried out at 80°C and gave a conversion of 38% (4 bar CO2 and 

10 mol% catalyst). Consequently, [C1C4Im][FeCl4] was tested as a catalyst for 

comparison of iron halide Lewis acidity and halide nucleophilicity. In addition, 

a good dielectric constant was observed previously (4.5.1 Measurement of 

dielectric properties at different frequency and temperature), suggesting 

[C1C4Im][FeCl4] as a viable candidate for inductive heating. Furthermore, 

[C1C4Im][FeCl4] is an already well-studied IL and Gao et al. reported the 
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transformation of styrene oxide into cyclic carbonate using CO2 and 

[C1C1Im][FeCl4] supported on polystyrene as a catalyst. They obtained a yield 

of 84% and a selectivity of 100% (120°C, 12h, 1 mol% catalyst loading and 80 

bar CO2).200 In comparison in this work the transformation with [C1C4Im][FeCl4] 

was achieved with a conversion of 94% at 80°C and a selectivity of ≥ 99% (4 

bar CO2 and 10 mol% catalyst). It seems that [FeCl4]- is a better Lewis acid than 

[FeBr4]- and that this is more important than nucleophilicity, which would have 

been expected from the bromine. Both iron halides were tested as catalysts as 

well, but when added to styrene oxide an exothermic reaction was initiated. 

NMR showed that various species were formed before the catalytic experiment 

was even started, therefore these were not further tested. Additionally 

Coclough et al. reported the reaction of FeCl3 and FeBr3 with epoxides leading 

to polymerization.242 [C1C4Im][Fe(NO)2Cl2] has, to the best of our knowledge, 

not been reported in the literature previously. It has demonstrated good 

dielectric properties (4.5.2 Variation with increasing temperature) and was 

therefore selected as a possible catalyst. The catalytic experiment led to a 

conversion of 75% at 80°C. [Fe(NO)2Cl]2 was tested as well and showed a 

pressure increase when heated to 80°C, which indicates that it is unstable 

under these conditions. The conversion was determined to be 4%.  

3.3 Optimisation of reaction conditions 

The Fe-based IL catalyst [C1C4Im][Fe(NO)2Cl2] was chosen from the initial 

screening of catalysts, due to its interesting magnetic properties (8.7 

Magnetization measurements), good dielectric constant (4.5.2 Variation with 
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increasing temperature), and good catalytic performance for the formation of 

cyclic carbonates by reaction of styrene oxide with CO2 under mild pressure and 

temperature conditions. Table 3-2 shows the results of the catalytic 

optimisation experiments. Further analysis of the reaction mixture revealed 

two side products 2-chloro-1-phenylethanol (B) and 2-chloro-2-phenylethanol 

(C) which are generated in addition to the desired product. Furthermore, a 

control experiment consisting of the reaction between styrene oxide and HCl 

led to the formation of 2-chloro-2-phenylethanol (C) as the only product, 

suggesting the in-situ formation of HCl during the catalytic process. 

Table 3-2 Optimisation parameters for the cycloaddition of CO2 with styrene oxide catalysed by 
[C1C4Im][Fe(NO)2Cl2.a Cat. = catalyst loading, T = temperature, t = time, P = pressure, Conv. = conversion, 
Sel. = selectivity. 

 

Entry Cat. [mol%] T [°C] t [h] P [bar] Conv. [%]b Sel. [%]c 

1 10 r.t. 7 1 21 77 : 18 : 5 

2 10 r.t. 24 1 58 85 : 12 : 3 

3 10 40 24 1 >99 87 : 11 : 2 

4 5 40 24 1 66 86 : 11 : 3 

5 10 R.T 24 2 85 84 : 13 : 3  

6 10 40 24 2 >99 83 : 13 : 3 

7 5 40 24 2 >99 94 : 5 : 1 

8 2.5 40 24 2 51 88 : 10 : 2 



Chapter 3 | Catalysis 
 

87 | P a g e  
 

9 10 r.t. 24 3 99 76 : 21 : 3 

10 10 40 24 3 >99 86 : 14 : 0 

11d 5 40 24 2 28 70 : 24 : 6 

12e 5 40 24 2 18 43 : 44 : 13 

a Reagents and conditions: styrene oxide (1.665 mmol), neat.b Conversions determined by 1H NMR 
spectroscopy and refer to the selective conversion of styrene oxide (average of two runs).c % selectivity 
referred to A : B : C.  d 0.0832 mmol of H2O were added (1 equivalent regarding catalyst), e 1.665 mmol of 
H2O were added (1 equivalent regarding substrate). 

At room temperature, 10 mol% catalyst loading and 1 bar CO2 pressure, low 

conversion was observed during 7 h reaction time (entry 1, 21%). In 24 h, 58% 

of conversion and a selectivity of 85% were obtained (entry 2). If the 

temperature is increased to 40°C, quantitative conversion of the substrate with 

87% selectivity was achieved (entry 3). Increasing the pressure to 2 bar, high 

conversions were observed, but with a low selectivity to the expected product 

(entry 5 and 6). The catalyst loading was found to be crucial regarding 

conversion to the desired product. A decrease in the catalyst loading to 5 mol% 

at 1 bar led to a significant decrease in the conversion (entry 4, 66%), the same 

catalyst loading at 2 bar gave quantitative conversion with high selectivity 

(entry 7, 94%). However, a lower catalyst loading of 2.5 mol% showed a 

significant decline in conversion (entry 8, 51%). In addition, the use of higher 

pressures did not provide higher selectivities (entries 9 and 10). It is worth 

noting that the catalytic system does not require the use of any solvent to 

perform the process. With these optimized reaction parameters based on 24 h 

reaction time, 40°C and 2 bar of CO2 pressure, quantitative conversion and 94% 

selectivity (entry 7) were achieved.  
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3.4 Substrate scope 

After determining optimal reaction conditions (40 oC, 2 bar, 24h), a variety of 

epoxides were tested in order to evaluate the potential of [C1C4Im][Fe(NO)2Cl2] 

as a catalyst in the cycloaddition of CO2 to epoxides. The IL was found to be a 

highly active catalyst under very mild and near ambient conditions (Table 3-3). 

Epoxides with electron-withdrawing substituents gave higher conversions than 

those with electron-donor groups (entries 1-5). Indeed, the use of 1,2-

epoxypentane as substrate needed higher temperatures than styrene oxide 

(entries 1 and 3). However, the presence of an electron-withdrawing 

functionality favoured the formation of side product (B) and led to a decrease 

in chemoselectivity (entries 1 vs. 2, and 3 vs. 4), suggesting a nucleophilic attack 

at the C of the epoxide. In addition, aliphatic epoxides required the use of 

higher pressures and/or temperatures than aromatic epoxides (entries 1-5). On 

the other hand, the results indicate a steric influence of the substituents in the 

substrate, since the presence of internal and sterically hindered epoxides 

required the use of harder reaction conditions and led to lower conversions 

(entries 6 and 7). Finally, the cycloaddition of CO2 to cyclohexene oxide is of 

particular interest as this transformation can be considered as a challenging 

one due to the steric hindrance posed by the substrate. The catalytic reaction 

was carried out with reasonable conversion (63%) at 80 oC and 4 bar CO2 (entry 

6), which can still be considered as mild conditions.  

Table 3-3 Cycloaddition of CO2 with various epoxides catalysed by [C1C4Im][Fe(NO)2Cl2].a  
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a Reagents and conditions: [C1C4Im][Fe(NO)2Cl2] (0.832 mmol), substrate (1.665 mmol), 24 h, neat, 600 
rpm.b Conversions determined by 1H NMR spectroscopy and refer to the selective conversion of epoxide 
(average of two runs).c % selectivity referred to A : B : C. 

3.5 Recycling studies 

A key driver towards IL-based catalytic systems is the possibility of catalyst 

recovery and reuse. Recycling experiments were carried out using styrene 

oxide as a substrate. Through extraction of the substrate and products with 

diethyl ether followed by re-precipitation of the insoluble fraction, the catalyst 

could be recovered and re-used in consecutive cycles. Still, a significant 

decrease in the activity was observed in the third cycle (Figure 3-1), which is 

due to a gradual loss and/or decomposition of the catalyst as a result of the 

Entry Substrate T [°C] P [bar] Conv. [%]b Sel. [%]c 

1  40 2 >99 94 : 5 : 1 

2  40 2 >99 73 : 23 : 4 

3  80 2 99 100 : 0 : 0 

4  80 4 >99 76 : 24 : 0 

5  40 4 92 88 : 12 : 0 

6  80 4 63 96 : 4 : 0 

7  80 4 3 100 : 0 : 0 
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repeated washing cycles. In addition, this behaviour can be explained by the 

consumption of chloride anions associated to the formation of by-products 2-

chloro-1-phenylethanol (B) and 2-chloro-2-phenylethanol (C). 

 

Figure 3-1 Reuse of [C1C4Im][Fe(NO)2Cl2]  in the cycloaddition of CO2 with styrene oxide (reagents and 
conditions: 5 mol% catalyst, 24 hours, 40°C, 2 bar CO2). 

Indeed, the recyclability was improved using 1,2-epoxypentane as substrate, 

which does not generate chlorinated by-products. Only a slight decrease in the 

activity (14%) was observed after five cycles of catalyst recovery and reuse, 

whereas the catalyst remained active in the seventh cycle and the 

corresponding carbonate product was obtained with 74% conversion (Figure 

3-2). 
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Figure 3-2 Reuse of [C1C4Im][Fe(NO)2Cl2] in the cycloaddition of CO2 with 1,2-epoxypentane. Reagents and 
conditions: 5 mol % catalyst loading, 24 hours, 80°C, 2 bar CO2. 

The catalyst was recovered after the catalytic experiments with both 

substrates, and analysed by FT-IR, XPS and ion chromatography (Cl-). Besides 

the IR frequencies attributed to [C1C4Im]+, the FT-IR spectra (Figure 3-3 and 

Figure 3-4) showed the bands belonging to the NO stretching absorption (1700 

and 1779 cm-1), indicating the presence of NO fragments in the recovered 

catalysts.  
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Figure 3-3 Overlay of FT-IR spectra of the catalyst before and after reaction employing 1,2-epoxypentane 
as substrate. 

 

Figure 3-4 Overlay of FT-IR spectra of the catalyst before and after reaction employing styrene oxide as 
substrate. 
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In addition, the high resolution XP spectra of Fe 2p for [C1C4Im][Fe(NO)2Cl2] 

before and after catalysis are very similar (Figure 3-5b and d). Interestingly, the 

high-resolution spectra of Cl 2p showed a new chloride species after reaction, 

consistent with simple chloride-based ILs, for example [C1C4Im]Cl (Figure 3-5a 

and c).243 This reveals that the initial iron-containing IL [C1C4Im][Fe(NO)2Cl2] 

may generate the catalytically active species [C1C4Im][Cl] + [Fe(NO)2Cl] under 

the reaction conditions (see 3.6.1 Control experiments and 3.6.4 Kinetic 

studies). Furthermore, ion chromatography gave a chloride content of ca. 

21.0% after the reaction with 1,2-epoxypentane, in good agreement with the 

expected value for [C1C4Im][Fe(NO)2Cl2] (21.75%). However, the observed 

chloride content is lower for the catalyst recovered after the experiment with 

styrene oxide (18.0%), consistent with the consumption of Cl- ions related with 

the formation of by-products 2-chloro-1-phenylethanol (B) and 2-chloro-2-

phenylethanol (C). These analyses indicate that the iron-containing IL 

[C1C4Im][Fe(NO)2Cl2] evolves during the reaction, and this change is more 

pronounced in the case of using styrene oxide as substrate in comparison to 

1,2-epoxypentane, since a higher amount of chlorine containing by-product is 

formed. 
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Figure 3-5 (a) HR-XPS Cl 2p and (b) HR-XPS Fe 2p spectra of the catalyst after reaction employing 1,2-
epoxypentane as substrate. (c) HR-XPS Cl 2p and (d) HR-XPS Fe 2p spectra of the catalyst after reaction 
employing styrene oxide as substrate. 

3.5 Study of the catalytic reaction mechanism  

3.6.1 Control experiments 

Mechanistic studies were carried out to investigate the formation of cyclic 

carbonates via cycloaddition of CO2 to epoxides (Table 3-4). Firstly, the 

significance of [C1C4Im][Fe(NO)2Cl2] in the catalytic reaction was examined by 

using the respective precursors [C1C4Im]Cl and [Fe(NO)2Cl]2. Yet, both were 

inactive under the optimized reaction conditions (entries 1 and 2). These 

results reveal that both cation and anion belonging to the Fe-based IL 

[C1C4Im][Fe(NO)2Cl2] play a role in the catalytic process, and thus proves the 

cooperative effect of the two fragments. Next, it was found that 

[(n-Bu)4N][Fe(NO)2Cl2] prepared from tetrabutylammonium chloride was less 
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active than [C1C4Im][Fe(NO)2Cl2] (entries 3 and 4), which evidences the 

importance of the imidazolium cation to the observed catalytic activity. 

Similarly, [C1C4Im][FeCl4],244 which was already examined during the selection 

of the catalyst (3.2 Selection of catalyst), showed less activity and much less 

selectivity than [C1C4Im][Fe(NO)2Cl2] (entries 3 and 6), highlighting the role of 

the [Fe(NO)2Cl2]- moiety in the process. 

Table 3-4 Summary of the attempted cycloaddition of CO2 to epoxides using various catalytic systems.a  

Entry Catalyst Conversion [%]b Selectivity [%]c 

1 [C1C4Im]Cl 0 -- 

2 [Fe(NO)2Cl]2 5 0 : 0 : 100 

3 [C1C4Im][Fe(NO)2Cl2] >99 94 : 5 : 1 

4 [(n-Bu)4N][Fe(NO)2Cl2] 60 84 : 12 : 4  

5 [C1C1C4Im][Fe(NO)2Cl2] 59 80 : 17 : 3 

6 [C1C4Im][FeCl4] 89 65 : 24 : 11 

a Reagents and conditions: catalyst (0.832 mmol), styrene oxide (1.665 mmol), 24 h, neat, 40°C, 2 bar CO2, 
600 rpm.b Conversions determined by 1H NMR spectroscopy and refer to the selective conversion of styrene 
oxide (average of two runs).c % selectivity referred to A : B : C. 

Previously reported mechanisms for this reaction have proposed the 

involvement of the C2 position of the imidazolium ring in the cycloaddition of 

CO2 to epoxides catalysed by imidazolium-based ILs.157, 200, 245-249 Thus, in order 

to determine the influence of the H–C2 of the imidazolium cation, the Fe-based 

IL [C1C1C4Im][Fe(NO)2Cl2] was prepared via an identical method using 1-butyl-

2,3-dimethylimidazolium chloride (2.1.13 Synthesis of [C1C1C4Im]Cl), in which 

the C2 position is blocked by a methyl group. This catalyst displayed lower 

activity than [C1C4Im][Fe(NO)2Cl2] (entries 3 and 5), suggesting that the H–C2 
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position of the imidazolium ring is participating in the reaction mechanism, 

possibly through the stabilisation of anionic intermediates by H-bonding 

interaction. The influence of this type of hydrogen bonding interaction (CH···X) 

on physical properties (i.e. melting point) has been described by several 

authors.250-252 

3.6.2 Radical scavenger experiments 

Another possible reaction pathway is via a radical formation. Therefore, an 

experiment was conducted with two different radical scavengers, namely 

galvinoxyl and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The catalytic reaction in 

the presence of either galvinoxyl or DPPH still led to the formation of the 

desired product with moderate to good conversions (galvinoxyl: 91% 

conversion and 81% selectivity; DPPH: 74% conversion and 41% selectivity). 

Therefore, a radical mechanism can be dismissed as the catalytic pathway. 

3.6.3 Use of H2O as nucleophile and optically pure substrates 

To further investigate the mechanism optically pure (R)- and (S)-styrene oxide 

were used as substrates for the carbonate formation catalysed by 

[C1C4Im][Fe(NO)2Cl2] (Scheme 3-5, 8.8 GC chromatograms). The (R)- and (S)-

carbonates were obtained with high enantioselectivity (74% and 82% ee, 

respectively). This indicates that the reaction proceeds predominantly with 

retention of configuration, and thus through a nucleophilic attack to the C of 

styrene oxide, which is relatively unexpected.253-257 Indeed, the formation of 2-

chloro-1-phenylethanol as by-product clearly demonstrates the epoxide ring 

opening through  attack.  
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Scheme 3-5 Formation of optically pure carbonates by cycloaddition of CO2 with R- and S-styrene oxide 
catalysed by [C1C4Im][Fe(NO)2Cl2]. Reagents: [C1C4Im][Fe(NO)2Cl2], 0.1665 mmol; styrene oxide, 1.665 
mmol. %ee determined by GC.258 

Interestingly, the reaction of the optically pure (R)- and (S)-styrene oxide with 

water catalysed by [C1C4Im][Fe(NO)2Cl2] was mainly performed with inversion 

of configuration (Scheme 3-6 and 8.8 GC chromatograms ), leading to the 

formation of (S)- and (R)- diol products, respectively, even though with low-to-

moderate enantioselectivity (54% and 40% ee, respectively). This result points 

to a nucleophilic attack on the more hindered side of the epoxide (C) in which 

the nucleophile is H2O.259 Consequently, there could be an influence of the 

bulkiness of the species involved in the catalytic process, which supports a role 

of the imidazolium moiety in the mechanism of the carbonate formation. A 

steric effect may avoid the attack on the C of the epoxide and direct the attack 

of the nucleophile towards the C. Supporting this theory, when H2O acts as 

the nucleophile in the diol formation, which does not show any steric 

impediment, the attack occurs on the more electronically favoured C.257 
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Scheme 3-6 Formation of diols by reaction of styrene oxide with H2O catalysed by [C1C4Im][Fe(NO)2Cl2]. 
Reagents: [C1C4Im][Fe(NO)2Cl2], 0.1665 mmol; styrene oxide, 1.665 mmol; H2O, 1 mL. % ee were 
determined by GC.258 

3.6.4 Kinetic studies 

For any reaction involving CO2, the thermodynamics and kinetics of the process 

are of critical importance. If a large energy input is required, this will generate 

more CO2 than is consumed by the reaction, unless the process can be linked 

to renewable or nuclear power. However, previous studies on the experimental 

determination of reaction thermodynamics and kinetics for the catalytic 

cycloaddition of CO2 to epoxides are limited.260 Theoretical calculations 

revealed that this transformation does not occur spontaneously because it is 

highly endothermic and requires a rather high activation energy (i.e., 30–60 

kcal/mol).257, 261-265 Therefore, a kinetic study under solvent-free conditions in 

which styrene oxide served simultaneously as a substrate and as a solvent was 

developed.154 Reaction kinetics at different temperatures (i.e., 40, 50, 60, 70, 

80 and 90 ᵒC) were studied and the activation energy for the process was 

calculated by the Arrhenius Equation. The progress of these reactions was 

monitored by 1H NMR analysis of aliquots collected at regular intervals. The 

apparent kinetic constant (kobs) was determined by the use of the general form 

of the rate Equation given by Equation [3-3] and Equation  [3-4].260 Analysis of 

the reaction kinetics revealed that the process followed first-order kinetics 
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regarding epoxide concentration (Figure 3-6), whereas CO2 (present in large 

excess with a gas reservoir) and the concentration of [C1C4Im][Fe(NO)2Cl2]  

were assumed to  remain effectively constant during the process. 

 𝑟 = 𝑘[𝑒𝑝𝑜𝑥𝑖𝑑𝑒]𝑎[𝐶𝑂2]𝑏[[𝐶1𝐶4𝐼𝑚][𝐹𝑒(𝑁𝑂)2𝐶𝑙2]𝑐 [3-1] 

 𝑟 = 𝑘𝑜𝑏𝑠[𝑒𝑝𝑜𝑥𝑖𝑑𝑒]𝑎, 𝑤ℎ𝑒𝑟𝑒 [3-2] 

 𝑘𝑜𝑏𝑠 = [𝐶𝑂2]𝑏[[𝐶1𝐶4𝐼𝑚][𝐹𝑒(𝑁𝑂)2𝐶𝑙2]𝑐 [3-3] 

 ln(𝑘𝑜𝑏𝑠) = ln(𝐴) −
𝐸𝑎−𝑎𝑝𝑝

𝑅
(

1

𝑇
) [3-4] 

By varying the CO2 pressure (constant pressure of 2, 4 and 6 bar maintained 

with a gas reservoir, (8.9 Kinetic experiments) and [C1C4Im][Fe(NO)2Cl2] 

concentration (2.5, 5.0 and 7.5% mol/mol epoxide, 8.9 Kinetic experiments), 

but maintaining all the other parameters constant (substrate concentration 

and temperature), the order of reaction for CO2 and [C1C4Im][Fe(NO)2Cl2] was 

determined to be zero and 1.5, respectively.260 The zero–order dependence on 

CO2 concentration is attributable to the large excess of gas present in solution 

due to the high solubility of CO2 in the IL medium, while the 1.5–order 

dependence on the [C1C4Im][Fe(NO)2Cl2] catalyst concentration exhibited by 

the rate was unexpected. This indicates that 1.5 separate molecules of 

[C1C4Im][Fe(NO)2Cl2] are involved in the catalytic cycle before the rate-

determining step occurs. It was also noted that reactions carried out at very 

low concentration of [C1C4Im][Fe(NO)2Cl2] showed an induction period. 

Furthermore, a deactivation of the catalyst was observed in some catalytic 

experiments by the formation of chlorinated products occurring through 

nucleophilic attack from the chloride anion at the epoxide.  However, this was 
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not apparent in reactions carried out at higher concentrations of 

[C1C4Im][Fe(NO)2Cl2]. Analogous behaviour was recently described for the 

same process mediated by Al-Lewis Acid catalysts dissolved in 

tetrabutylammonium bromide ILs.260 

This dependence on the [C1C4Im][Fe(NO)2Cl2] concentration was correlated 

with the fact that two reaction regimes were observed in the Arrhenius plot 

(Figure 3-6): one regime with Ea = 321 Kcal/mol at low-to-mild temperature (i.e. 

40 to 60 ᵒC), and another one with Ea = 31 Kcal/mol at mild-to-high 

temperatures (i.e. 70 to 90 ᵒC). The presence of these two regimes suggests the 

existence of a fast pre-equilibrium, as it was previously observed for enzymatic 

systems with non-reactive (NR) and reactive (R) states.266 This reversible pre-

equilibrium determines the concentration of non-reactive (NR) and reactive (R) 

species in the reaction medium (i.e., NR  R, and k = [R]/[NR]), that is, the fast 

pre-equilibrium governs the reaction rate. Thus, the dissociated species 

corresponding to the reactive state predominates at high temperature, 

whereas the non-reactive state predominates at low temperature. And so, the 

reaction partners (i.e. [C1C4Im][Fe(NO)2Cl2]  [C1C4Im][Cl] + [Fe(NO)2Cl]) are 

immersed in strong interactions with other species. This observation is very 

important to address the nature of the true-catalytically active species and 

understand the reaction mechanism that takes place with iron-chloride anions 

dissolved in ILs. 
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Figure 3-6 Arrhenius plot for the cycloaddition reaction of CO2 with styrene oxide catalysed by 
[C1C4Im][Fe(NO)2Cl2]. 

3.7 Proposed catalytic cycle 

Two mechanisms are possible under the optimal reaction conditions. The first 

possibility is the reaction mechanism proposed for catalysts containing a good 

nucleophile and good leaving groups (i.e. bromide and iodide salts): (a) ring 

opening of the epoxide by the nucleophile with the formation of an alkoxide, 

(b) reaction of the alkoxide with CO2 to give a carbonate, and (c) intramolecular 

displacement of the nucleophile by the carbonate to yield the five-membered 

ring and regenerate the catalyst.264, 267 Alternatively, the reaction pathways 

observed for systems bearing a Lewis acidic metal-based catalyst (e.g. Co-

MOF265 and Zn-Salphen257) could also act under our mild reaction conditions: 

(a) activation of epoxide by the Lewis acidic metal-based catalyst and formation 

of a primary radical through cleavage of the less substituted C–O bond, and (b) 

CO2 binding with the primary radical complex and carbonate formation by 

cyclization through a five-membered cyclic transition state. The radical 
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mechanism was examined by free-radical termination experiments under the 

reaction conditions. Different free radical scavengers, such as galvinoxyl and 

1,1-diphenyl-2-picrylhydrazyl (DPPH),265 were added to the mixture of the 

cycloaddition reaction of CO2 with styrene oxide catalysed by 

[C1C4Im][Fe(NO)2Cl2]. The catalytic system described herein could be 

considered as a combination of these two types of catalyst. The Lewis acidic Fe-

site is combined with a chloride anion, allowing the carbonate formation under 

mild conditions. The aim is to identify the nature of the true-catalytically active 

species, i.e., [C1C4Im][Fe(NO)2Cl2]  [C1C4Im]+[Cl]- + [Fe(NO)2Cl]. The 

experimental kinetic data suggests that [C1C4Im]+[Cl]- ([Cl]- acting as 

nucleophile) and [Fe(NO)2Cl] (Fe acting as Lewis acid) are the true-catalytically 

reactive state, and the [C1C4Im][Fe(NO)2Cl2] is the non-reactive state.  
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Scheme 3-7 Proposed catalytic cycle for the formation of carbonates catalysed by [C1C4Im][Fe(NO)2Cl2]. 

Based on the experimental evidences, the catalytic cycle depicted in Scheme 

3-7 was proposed, which is also supported by state-of-the-art DFT calculations 

that are focused upon similar Lewis acidic systems.174, 268 After activation of the 

epoxide through coordination with the Lewis acid [Fe(NO)2Cl], the nucleophilic 

attack of [C1C4Im]Cl on the epoxide promotes a ring opening reaction and the 

formation of the alkoxide intermediate (Intermediate 1). This nucleophilic 

attack is favoured on the less sterically-hindered C, as is demonstrated by two 

facts. Firstly, the alcohol by-product (B) is formed in a significantly higher ratio 

than alcohol by-product (C). Secondly, in the instance when the optically pure 

epoxide was used as substrate, the configuration of the obtained cyclic 

carbonate was retained and only a slight decrease of the enantioselectivity was 

observed. Furthermore, the interaction from the H–C2 position of the 

imidazolium ring with the substrate via H-bonding in Intermediate 1 is 

supported through the control experiments (3.6.1 Control experiments) carried 

out with [C1C1C4Im][Fe(NO)2Cl2] and [(n-Bu)4N][Fe(NO)2Cl2] as catalysts, which 

showed lower reaction rates. Next, the insertion of CO2 into the Intermediate 

1 and the following ring closure by nucleophilic attack of the carbonate to the 

C–Cl bond yields the cyclic carbonate and regenerates the catalyst. After careful 

literature research, this seems to be the first case which describes the 

formation of alcohols (B) and (C) as by-products by protonation of the alkoxide 

under the near-ambient reaction conditions employed herein (2 bar and 40 ᵒC). 

The formation of (B) and (C) was tried to inhibit by increasing the temperature 

to 80 ᵒC in the catalytic reactions with styrene oxide and p-chlorostyrene oxide 
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(Table 3-3, entries 3 and 4), but the corresponding carbonate products were 

formed with identical selectivities as those observed at 40ᵒC (Table 3-3, entries 

1 and 2). Furthermore, the cycloaddition of CO2 to (B) catalysed by 

[C1C4Im][Fe(NO)2Cl2] was carried out in order to study the implication of this 

by-product as an intermediate in the catalytic cycle. However, no reaction was 

observed. Therefore, the by-products are formed through a deactivation 

pathway and they could be considered as a very stable dormant catalytic 

species, since the chloride nucleophile is trapped into their structures and, 

consequently, the decrease in the activity observed after each run during the 

recycling experiment with styrene oxide can be attributed to the loss of the [Cl-] 

nucleophile. Indeed, the catalyst remained active in the seventh cycle using 

1,2-epoxypentane as substrate, which does not generate such by-products. The 

formation of these by-products is favoured for epoxides with electron-

withdrawing substituents due to the higher basicity of the generated 

alkoxide.269 

3.8 Conclusion 

In this chapter, metal-containing ILs were investigated for their application as 

catalysts for the cycloaddition of CO2 to epoxides with special focus on the 

catalytic pathway and the reduction of the energy input regarding temperature 

and pressure. The previously synthesized IL [C1C4Im][Fe(NO)2Cl2] was found to 

be a highly active catalyst for the cycloaddition of CO2 to epoxides, giving high 

conversions and chemoselectivities under near ambient conditions and 

without the need of any additive. Furthermore, the catalytic system showed a 
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good recycling performance and the catalyst remained active in the seventh 

cycle of recovery and reuse.  

The complex works as a bifunctional catalyst playing a crucial double role, as 

Lewis acid and as nucleophile. In addition to the catalytic studies, the reaction 

mechanism and the nature of the different species involved in the catalytic 

cycle of this transformation were investigated by experimental studies. Such 

experiments demonstrated that the imidazolium moiety is involved in the 

catalytic process, whereas the reaction proceeds with retention of 

configuration through a nucleophilic attack to the C of the epoxide. In 

addition, kinetic studies showed that the process followed first-order kinetics 

with respect to the epoxide concentration. The studies also revealed that the 

presence of a fast reversible pre-equilibrium in which the iron-containing IL 

[C1C4Im][Fe(NO)2Cl2] (non-reactive state) dissociates at elevated temperature 

and generates the true-catalytically active species, [C1C4Im]Cl + [Fe(NO)2Cl].   

Based on these experiments, a catalytic cycle was proposed where the 

[Fe(NO)2Cl] fragment operates as a Lewis acid leading to the activation of the 

epoxide. Whereas the chloride [Cl]-, as part of [C1C4Im]Cl moiety, acts as 

nucleophile and promotes the ring opening of the substrate through a 

nucleophilic attack on the less sterically-hindered C  All in all, it is possible to 

conclude that  the nature of the true-catalytically active species involved in the 

cycloaddition of CO2 to epoxides mediated by halometallate ILs was 

determined. 
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Chapter 4 

4. Dielectric spectroscopy studies 

4.1 Fundamentals of non-conventional heating approaches 

Magnetic heating 

The use of a magnetic field to increase the local temperature employing 

magnetic nanoparticles (NPs) is well known and used in medicine. The 

magnetic moment switching, or the Brownian motion induced by an alternative 

magnetic field leads to energy dissipation. Therefore, this process may 

constitute a simple and alternative method to increase the local temperature 

of catalysts based on magnetic materials. In particular, energy intensive 

reactions such as Fischer-Tropsch, CO2 conversion or methanol production 

would benefit from this newly developed concept for improving heat efficiency 

in chemical reactions. Bordet et al. have described the use of composite iron 

carbide NPs in a magnetic heating reactor set-up for the hydrogenation of CO2 

(Sabatier reaction). The reactor set-up consists of a continuous flow reactor 

with an induction coil, which is situated around a glass vessel. An AC magnetic 

field oscillating at a frequency of 300 kHz and an adjustable amplitude between 

0 and 64 mT is used. The reaction is carried out with a H2/CO2 ratio of 4 at 

atmospheric pressure. Monitoring of the reaction with an infrared camera 

showed a heat increase from 25°C to 350°C within 30 s (Figure 4-1). Over 80% 

conversion of CO2 to CH4 with 100% selectivity by the use of iron carbide NPs 
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supported on ruthenium doped SiRAlOx, which shows the potential of this 

technique.270  

 

Figure 4-1 Thermal images of the reactor being exposed to an alternating external magnetic field of 64 
mT and 300 kHz.270  

Photothermal heating 

Photothermal heating like magnetic heating is currently used for cancer 

therapy. Specifically, gold nanoparticles are widely investigated for this 

application. The photothermal effect arises from dissipation of photon energy 

into heat. Due to the excitation of the surface plasmon band of NPs and the 

subsequent rapid thermal relaxation of the exciton, the light energy is 

converted into heat.271 This effect is induced by the surface plasmon resonance 

(SPR) absorption and enables the effective use of visible and near-infrared light 

for chemical processes.272, 273 SPR generally means the coupling of an 

electromagnetic wave and a surface plasmon wave, which can occur between 

a metal and a dielectric medium.274 Conduction band electrons are highly 

polarizable. If the electrons are hit with light whose wavelength is resonant 

with the wavelength of their surface plasmons, the electrons will move due to 

the impact of the external field. This leads to a net charge difference at the NPs 

boundaries and the incident light might be absorbed or scattered. 
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Consequently, the Photon confinement causes the generation of strong 

electromagnetic fields at the metal surface.275 Meng et al. have reported the 

use of photothermal heating for the conversion of CO2 into methane employing 

hydrogen and group VIII nanocatalysts (Ru, Rh, Ni, Co, Pd, Pt, Ir, and Fe) 

supported on Al2O3. Temperatures in the range of 300-400˚C were achieved 

using these catalytic systems. All the catalysts were active under 

photoirradiation, but Ru/Al2O3 and Rh/Al2O3 led to the highest conversion of 

CO2 (96%).276 

Microwave irradiation 

The research field of microwave (MW) radiation/synthesis is ever growing and 

evolving. Material synthesis is one of the fastest growing fields in MW 

synthesis, including  electrode materials,277 nanoparticles,278 metal-organic 

frameworks,279 and polymer synthesis.280 Other popular fields of MW 

irradiation lie in organic synthesis and biomass valorization.281, 282 MW heating 

relies on the interaction of an electromagnetic wave with the dipole of a 

molecule, where two heating mechanisms are essential, namely dipolar 

polarization and ionic conduction.283 The ions or dipoles try to align themselves 

with the oscillating electric field, and due to the alternating nature of the field 

energy is lost in form of heat, through molecular friction or dielectric loss, when 

the ions or dipoles attempt to realign with the field. MW reactors and kitchen 

MW ovens commonly use frequencies of either 0.9 or 2.45 GHz, even though 

MW irradiation ranges from 0.3 to 300 GHz. However, the majority of the 
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frequency range is reserved for radar and telecommunication to avoid 

interference (Industrial, Scientific, and Medical applications (ISM band)).284, 285  

The most commonly chosen frequency of 2.45 GHz is also selected because at 

this frequency most polar molecules start to fall behind in their realignment 

with the oscillating field consequently creating resistive heat. This process is 

also called dielectric loss (see also 4.3 Dielectric spectroscopy), describing the 

amount of energy which is lost as heat. Interestingly, ionic conductivity can lead 

to greater heat dissipation than dipolar polarization. The ionic conduction 

mechanism leads to creation of heat due to, the collision of molecules when 

these oscillate back and forth.286, 287 

4.2 Ionic liquid catalysts in microwave synthesis 

ILs are interesting candidates for MW synthesis, due to their high thermal 

stability, low vapour pressure, and tuneable ionic conductivity.288 Especially, 

the low vapour pressure is of interest for safety reasons, as the pressure build 

up leading to explosions can be avoided. It has been demonstrated that it is 

possible to heat up ILs at a rate of 10°C/s without any noticeable pressure 

buildup.286, 288 Generally, ILs have been used as solvents, catalysts, reagents, 

and as dopants for poor MW absorbing solvents.289 Furthermore, MWs have 

been used to synthesize ILs themselves.290, 291 

For example the group of Varma has prepared imidazolium based ILs using a 

household MW and in addition has prepared imidazolium based indium and 

gallium ILs for their application in catalysis. However, this exothermic and air 

sensitive synthesis has not been carried out in an inert atmosphere. 
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[C1C4Im][InCl4] was then used for the MW-assisted protection of alcohols which 

would be more challenging with volatile organic solvents.292-295 

The main interest of this work lies in the use of ILs as catalysts. Therefore, the 

focus will be on examples from the literature describing how ILs can be used as 

catalysts in MW synthesis. Microwave-assisted organic synthesis (MAOS) has 

been known for over 30 years now, but the use of ILs as a catalyst or co-catalyst 

is a relatively new field. 296-298 Table 4-1 displays examples from the literature 

for MAOS using ILs as catalyst or co-catalyst. A variety of organic reactions has 

been investigated and reaction time, yield, and selectivity could be improved 

with the combined use of MW radiation and ILs. Many more publications can 

be found for ILs used as dopants and as reaction media described in the review 

by Martínez-Palou.289 

Table 4-1 Literature examples for MAOs using ILs as catalyst or co-catalyst. Ref. = reference. 

Reaction Ref. 

Friedel-Crafts (sulfonylation) 

 

299 

Benzoin condensation 

 

300 

Pictet-Spengler 301 
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Pechmann 

 

302 

Stetter 

 

303 

Mannich condensation 

 

304 

Biginelli 

 

305 

 

ILs are an interesting candidate for MW synthesis282 and catalytic reactions 

using MW irradiation.289, 306, 307 ILs containing a metal anion could be especially 

important as they have the ability to function as both a solvent and as a 

catalyst.308 However, to date, no studies on the dielectric properties of 

halometallate ILs have been carried out, which is an important property to 

consider, due to their information provided on intermolecular interactions and 
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their ability to transform electromagnetic energy into heat.  Indeed, the main 

focus has been on polymerized ILs and metal free imidazolium based ILs.309-312 

4.3 Dielectric spectroscopy 

Dielectric materials are an important part of everyday life and have a broad 

application field, mostly for high frequency circuits, insulators, and 

capacitators, but also in the application of MW irradiation (e. g. household MW 

oven or laboratory MW oven). A material that can be polarized when in 

proximity to an electric field is called a dielectric or dielectric material. How 

feasible it is to use a dielectric material for certain applications can be 

investigated using dielectric spectroscopy, which will provide information on 

how electromagnetic energy is stored and also dissipated.313 Permittivity is a 

complex number and describes the polarizability of a material, which is 

described in the following Equation, 

 𝜀∗(𝜔) =  𝜀′(𝜔) − 𝑖𝜀′′(𝜔) [4-1] 

where ω is the radial frequency, ɛ* is the complex permittivity, ɛ’ the real part 

of the complex permittivity (i. e. the dielectric constant), and ɛ’’ the imaginary 

part of the complex permittivity (i. e. the loss factor). The radial frequency is 

defined as followed, 

 𝜔 = 2𝜋𝜈 [4-2] 

where ʋ is the frequency. The conductivity is described through the following 

Equation, 

 𝜎 =  𝑖𝜔𝜀0𝜀′′ [4-3] 
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with ɛ0 being the dielectric permittivity in vacuum (𝜀0 = 8.854 ∗

 10−12 𝐹 𝑚−1). 

4.3.1 Dielectric spectroscopy studies on ionic liquids 

A plethora of metal free aprotic and protic ILs has been investigated with 

dielectric spectroscopy, using among others broadband dielectric spectroscopy 

and terahertz spectroscopy.310, 314-317 In addition, polymerizable ILs are of 

interest in dielectric spectroscopy.311  The static dielectric permittivity has been 

extensively investigated for metal free ILs by the group of Weingärtner. In a 

review of the static dielectric permittivity Weingärtner highlights the 

challenges still to remain in the field of dielectric spectroscopy on ILs. He states 

the difficulty to determine a relaxation mechanism for IL systems especially in 

the submegahertz regime.309, 318  

Wojnarowska and Paluch summarised the achievements on dielectric 

spectroscopy for protic ILs. Generally, it was found that broadband dielectric 

spectroscopy is a good way to gain insight into the conducting mechanism of 

protic ILs and especially measurements under pressure were helpful. 

Conductivity mechanisms observed in protic ILs are vehicular motion, proton 

hopping and the Grotthuss mechanism, where the charge itself moves. When 

using dielectric spectroscopy commonly the Grotthuss mechanism was 

observed for the investigated protic ILs.316 

Turton et al. suggest to combine ultrafast optical Kerr-effect (OKE) 

spectroscopy with traditional dielectric spectroscopy as they observed some 

relaxation effects in ILs only with OKE spectroscopy but not with dielectric 
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spectroscopy. In their studies they observed mesoscopic clustering for ILs, 

which lead to a peak in the OKE spectrum but was barely visible in the dielectric 

spectroscopy.319 

Buchner and Hefter highlight the importance of dielectric spectroscopy in their 

review, as it is the only method which reliably provides the dielectric constant 

for a material. An example of a well-studied IL is [C1C4Im][BF4] (Figure 4-2), 

which shows low dielectric loss however ε’’ is constant over a broad frequency 

range due to many overlapping processes. The relaxation mechanism at low 

frequency is suggested to arise from reorientation of the bulky dipolar 

imidazolium cation. At higher frequency the relaxation mechanism poses more 

difficulties and is less well understood. The common understanding is that the 

relaxation arises from low energy vibrations.310 

 

Figure 4-2 Dielectric spectroscopy spectrum for [C1C4Im]BF4] where the dashed line represents the 
imaginary part of the dielectric response.310 
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4.4 Impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) uses a DC bias voltage in 

addition to the AC voltage, which is used by AC impedance spectroscopy. The 

DC voltage compensates for the influence arising from the electrode potential, 

which is the potential difference between the electrolyte and the electrode. 

When an AC potential, with a DC potential superimposed on it, is applied to an 

electrochemical cell and there is a resultant current flow consequently, ions 

begin to move within the electrolyte and a relationship between the applied 

potential and the current flow can be determined, which is called 

impedance.320 The applied potential can be described by a sinusoidal wave with 

a small amplitude and a defined frequency (Equation [4-4), 

 𝑈(𝑡) =  𝑈0 sin(𝜔𝑡) [4-4] 

where ω is the angular frequency (see Equation [4-2), U0 a small amplitude, U(t) 

the applied AC potential, and t the time. Then, the resulting AC current can be 

described by a Taylor series as followed, 

 𝐼(𝑡) =  (
𝜕𝐼

𝜕𝑈
) 𝑈(𝑡) +

1

2
(

𝜕2𝐼

𝜕𝑈2
) (𝑈(𝑡))

2
+ ⋯ [4-5] 

with (𝜕𝐼 𝜕𝑈⁄ ) and (𝜕2𝐼 𝜕𝑈2⁄ ) being the first and second derivative 

respectively, for the current-voltage relationship. However, higher order terms 

of the Taylor series can be disregarded when the excitation amplitude U0 is 

small enough. In this instance, the AC current relies on the applied voltage in a 

linear behaviour and in this case the AC current can be described as, 

 𝐼(𝑡) =  𝐼0 sin(𝜔𝑡 − 𝜑) [4-6] 
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where I0 is the amplitude of the AC current and 𝜑 the phase angle between the 

voltage and the current (Figure 4-3a). The phase angle is defined through 

Equation [4-7]. 

 𝜑 =  𝜔∆𝑡 [4-7] 

In consequence the complex Impedance can then be described with the 

following Equation, 

 𝑍̂(𝜔) ≡
𝑈0

𝐼0
𝑒𝑥𝑝(𝑖𝜑) =  𝑍′(𝜔) + 𝑖𝑍′′(𝜔) [4-8] 

where 𝑍̂(𝜔) can be seen as a generalized resistance and can be displayed in a 

complex plane (Figure 4-3b).321 

 

Figure 4-3 (a) Phase shift between AC voltage and current. (b) Display of impedance in a complex plane.320 
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Therefore, with the help of Ohm’s law (Equation [4-9]) the conductivity can be 

calculated. 

 𝑅 =
𝑈

𝐼
 [4-9] 

 𝐺 =
1

𝑅
 [4-10] 

 𝐾 =
𝑑

𝐴
 [4-11] 

 𝜎 = 𝐺 ∗ 𝐾 [4-12] 

where G is the conductance, K the cell constant, d the distance between the 

electrodes, A the area of the electrodes, and σ the conductivity. Hence, if the 

distance and size of the electrodes is unknown, a solution with known 

conductivity can be used instead. 

4.5 Real and imaginary permittivity 

Dielectric spectroscopy was carried out using a coaxial slim probe with a 

frequency range of 0.5 to 20 GHz, under inert atmosphere, and between a 

temperature range of 25 to 110°C (Figure 4-4). Further theoretical elaboration 

of the method can be found in the Literature.317, 322-324 The temperature was 

maintained with a sand bath and verified with an external thermocouple as a 

temperature difference of approximately 10°C could be observed between the 

temperature of the hotplate and the sample. All measurements were repeated 

three times and the average is presented in the graphs in this chapter. 

Measurements were taken after the temperature had equilibrated for 

approximately 10 minutes. 
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Figure 4-4 Experimental set-up for dielectric spectroscopy using a coaxial slim probe, schematic display of 
a coaxial slim probe shown on the right.325 

Some samples displayed crystals formed around the coaxial probe, hindering a 

significant measurement and in some cases only a small amount of sample was 

available. Therefore, in these cases, a different measurement method was 

used. Resonance perturbation cavities are generally used for pure dielectrics 

but a good agreement with results from the coaxial probe could be found. The 

measurement has been extensively described in the Literature.326-331 Figure 4-5 

shows the set-up for the resonance perturbation cavity with a furnace, network 

analyser and high precision temperature control. Measurements were carried 

out using a quartz tube and a temperature range of 25 to 130°C. All 

measurements were repeated three times and the average is presented in the 

graphs in this chapter. Measurements were taken after the temperature had 

equilibrated for approximately 10 minutes. 
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Figure 4-5 Experimental set-up for the resonance perturbation cavity including computer, furnace and 
network analyser. 

4.5.1 Measurement of dielectric properties at different frequency and 
temperature 

The real and imaginary part of the dielectric function ɛ(ʋ) was measured for a 

variety of halometallate ILs at a range of frequency (0.5-20 GHz) with increasing 

temperature (20-110°C) under inert conditions. All measurements were taken 

in the same manner to keep the data comparable. Standard deviation was 

calculated for all data from three repeat measurements but is omitted in these 

graphs for clarity but will be presented in the following section (4.5.2 Variation 

with increasing temperature). 

Figure 4-6 shows the dielectric constant for [C1C4Im][FeCl4] versus the 

logarithm of the frequency. Measurements were taken in 10°C steps, starting 

from room temperature up to 110°C. A higher dielectric constant can be 

observed at a lower frequency and additionally an increase with increasing 
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temperature. The dielectric constant displays a plateau at a lower frequency 

range from 0.5 to 10 GHz (8.8-9.2 log(ʋ[Hz])) and decreases in value afterwards 

in a linear behaviour by approximately a factor of three. 

 

Figure 4-6 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im][FeCl4]. The data was exponentially smoothed for clarity, STDEV 0.001-0.1. 

In Figure 4-7 the imaginary part of the dielectric function is presented. The loss 

factor increases significantly with increasing temperature in the low-frequency 

range. At higher frequency, the loss factor decreases to values between 0 and 

20. Interestingly, no further temperature dependence is observed. 
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Figure 4-7 Imaginary part of dielectric function ɛ’’(ʋ)  versus frequency at different temperatures for 
[C1C4Im][FeCl4], STDEV 0.007-1.3. 

Figure 4-8 depicts the dielectric constant ɛ’ for [C1C4Im][InCl4]. A decrease in 

the dielectric constant with increasing frequency is observed. Temperature 

dependence is noticeable throughout the whole frequency range. However, at 

a lower frequency, a significant bend leading to a plateau is visible for values 

measured at a higher temperature (90-110°C).  
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Figure 4-8 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im][InCl4]. The data was exponentially smoothed for clarity, STDEV 0.002-0.6. 

The loss factor ɛ’’ for [C1C4Im][InCl4] (Figure 4-9) shows similar behaviour as 

[C1C4Im][FeCl4] (Figure 4-7), where a significant increase of the loss factor can 

be noted at a lower frequency with increasing temperature. As well as, a 

decline of the loss factor at different temperatures towards higher frequencies. 
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Figure 4-9 Imaginary part of dielectric function ɛ’’(ʋ)  versus frequency at different temperatures for 
[C1C4Im][InCl4], STDEV 0.02-1.8. 

Figure 4-10 displays the real part of the dielectric function for [C1C4Im]2[ZnCl4]. 

As previously described for other samples the dielectric constant increases with 

increasing temperature. However, an exception can be noted here for ε’ taken 

at 60°C, which displayed the lowest values measured. Interestingly, DSC (Figure 

2-20) showed an endothermic melting peak around the same temperature. 

Overall, the dielectric constant shows temperature dependence and a decline 

in ε’ with increasing frequency. 
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Figure 4-10 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[ZnCl4]. The data was exponentially smoothed for clarity, STDEV 0.007-0.1. 

The loss factor for [C1C4Im]2[ZnCl4] (Figure 4-11) displays a temperature 

dependence at a lower frequency but not with increasing frequency. 

Furthermore, it seems that at a higher frequency the slim probe is not able to 

give a significant measurement, as the values obtained are negative. Similarly, 

the imaginary part ɛ’’ of the dielectric function displays similar behaviour, as ɛ’ 

around the temperature of phase transition shown by the IL. 
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Figure 4-11 Imaginary part of dielectric function ɛ’’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[ZnCl4]. The data was exponentially smoothed for clarity, STDEV 0.004-0.5. 

The real part ɛ’ of [C1C4Im]2[CuCl4] (Figure 4-12) clearly shows a temperature 

and frequency dependence. Interestingly at 100°C, the dielectric constant 

diminishes in value below the values observed for 80 and 90°C. In other 

respects, ɛ’ demonstrates analogous behaviour to the other ILs, where the 

dielectric constant decreases with increasing frequency.  
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Figure 4-12 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[CuCl4]. The data was exponentially smoothed for clarity, STDEV 0.0001-0.08. 

Figure 4-13 displays the imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im]2[CuCl4]. Same as the real part ɛ’, the imaginary part ɛ’’ shows negative 

values at low temperatures and high frequencies. Generally, temperature 

dependence can be observed, especially in the lower frequency range. In 

addition, a big difference is noticeable at low frequencies with increasing 

temperature for the loss factor, displaying an increase of a factor of 30. At the 

same time, a steep decline can be detected towards higher frequency. 
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Figure 4-13 Imaginary part of dielectric function ɛ’’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[CuCl4]. The data was exponentially smoothed for clarity, STDEV 0.003-2. 

The real part ɛ’ for [C1C4Im]2[NiCl4] (Figure 4-14) again displays temperature 

dependence for the dielectric constant. Furthermore, the constant decreases 

with increasing frequency, as observed previously for the investigated ILs 

within this work. Nevertheless, a slight curve and incline can be observed at 19 

GHz. 
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Figure 4-14 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[NiCl4]. The data was exponentially smoothed for clarity, STDEV 0.003-0.2. 

Figure 4-15 displays the imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im]2[NiCl4]. Same as the real part ɛ’, the imaginary part ɛ’’ shows negative 

values at low temperatures and high frequency. Generally, temperature 

dependence can be observed, especially in the lower frequency range. In 

addition, a big difference is noticeable at low frequency with increasing 

temperature for the loss factor, displaying an increase of a factor of 10. At the 

same time, a steep decline can be detected towards higher frequency. 

 



                                                         Chapter 4 | Dielectric Spectroscopy 
 

129 | P a g e  
 

 

Figure 4-15 Imaginary part of dielectric function ɛ’’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[NiCl4]. The data was exponentially smoothed for clarity, STDEV 0.007-0.9. 

The real part ɛ’ for [C1C4Im]2[CoCl4] (Figure 4-16) again displays temperature 

dependence for the dielectric constant. Furthermore, the constant decreases 

with increasing frequency, as observed previously for the investigated ILs 

within this work. Nevertheless, a slight curve and incline can be observed at 19 

GHz, which is unexpected. 
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Figure 4-16 Real part of dielectric function ɛ’(ʋ)  versus frequency at different temperatures for 
[C1C4Im]2[CoCl4]. The data was exponentially smoothed for clarity, STDEV 0.01-0.3. 

Figure 4-17 displays the imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im]2[CoCl4]. Same as the real part ɛ’, the imaginary part ɛ’’ shows negative 

values at low temperatures and high frequency. Generally, temperature 

dependence can be observed, especially in the lower frequency range. In 

addition, a large difference is noticeable at low frequency with increasing 

temperature for the loss factor, displaying an increase of a factor of 8. At the 

same time, a steep decline can be detected towards higher frequency. 
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Figure 4-17 Imaginary part of dielectric function ɛ’’(ʋ) versus frequency at different temperatures for 
[C1C4Im]2[CoCl4]. The data was exponentially smoothed for clarity, STDEV 0.02-0.7. 

4.5.2 Variation with increasing temperature 

The data obtained from dielectric spectroscopy was further analysed to explore 

temperature dependence. For this reason, two frequencies commonly used in 

MW reactions were selected for further investigation. Error bars are added to 

the graphs calculated from three repeat measurements for each temperature. 

Figure 4-18 shows the real and imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im][FeCl4] at the selected frequencies 0.9 and 2.45 GHz obtained with a 

coaxial slim probe. The imaginary part does not display any difference between 

the selected frequencies. A linear increase can be observed with increasing 

temperature. On the other hand, the real part at 0.9 GHz shows a maximum 

for ɛ’ at 70°C, whereas at 2.45 GHz a maximum is reached at 100°C followed by 

a plateau. 
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Figure 4-18 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz and 
2.45 GHz for [C1C4Im][FeCl4]. The average of three measurements with a slim probe is shown. 

[C1C4Im][InCl4] (Figure 4-19) demonstrates a comparable behaviour to 

[C1C4Im][FeCl4]. The imaginary part does not display any difference between 

the selected frequencies, but a linear increase can be observed with increasing 

temperature. On the other hand, the real part at 0.9 GHz shows a maximum 

for ɛ’ at 70°C, whereas at 2.45 GHz a maximum is reached at 100°C followed by 

a plateau. 
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Figure 4-19 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz and 
2.45 GHz for [C1C4Im][InCl4]. The average of three measurements with a slim probe is shown. 

Figure 4-20 shows the real and imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im]2[ZnCl4] at the selected frequencies 0.9 and 2.45 GHz obtained with a 

coaxial slim probe.  Two different regimes can be observed for ɛ’ and ɛ’’ below 

and above the phase transition observed with DSC (Tm = 53°C; Figure 2-20). 

From 40 to 60°C a decline in ɛ’ is observed at 0.9 and 2.45 GHz, which then 

changes into a linear increase from 70°C onwards. For the imaginary part ɛ’’ a 

similar trend can be noted. Between 40 to 60°C the loss factor is close to zero 

but increases linearly afterwards to over 15 at 0.9 GHz and over 7 at 2.45 GHz 

(110°C). 
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Figure 4-20 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz and 
2.45 GHz for [C1C4Im]2[ZnCl4]. The average of three measurements with a slim probe is shown. 

Figure 4-21 shows the real and imaginary part of the dielectric function ɛ(ʋ) for 

[C1C4Im]2[CuCl4] at the selected frequencies 0.9 and 2.45 GHz obtained with a 

coaxial slim probe. The imaginary part does not display any difference between 

the selected frequencies. An exponential increase can be observed with 

increasing temperature. On the other hand, the real part ɛ’ shows a maximum 

at 90°C for 0.9 and 2.45 GHz. 
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Figure 4-21 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz and 
2.45 GHz for [C1C4Im]2[CuCl4]. The average of three measurements with a slim probe is shown. 

 [C1C4Im]2[NiCl4] was probed further with a second technique, resonance 

perturbation cavity. Due to its many phase transitions (5.4.1 Thermal analysis) 

it was expected to show more complex relaxation mechanisms. Figure 4-22 

shows the real and imaginary part of the dielectric function at 0.9 GHz 

measured with the coaxial slim probe and the resonance perturbation cavity. 

The cavity generally displays a higher sensitivity for measurements, which can 

make measurements of highly conductive samples challenging. Utmost care 

was taken for these measurements and a reproducible result was obtained 

when using the cavity. Again, these measurements were repeated three times 

for each temperature measured and the standard deviation was calculated. 

The real part ɛ’ displays slightly higher values, when measured with the cavity. 

This could be due to the higher sensitivity towards materials presenting a high 

loss and a difference between measurements of large volume (probe 20 mL) 
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and small volume (cavity 0.01 mL). Interestingly, ɛ’ demonstrates a drop in 

value around the melting point (onset Tm = 57°C; 5.4.1 Thermal analysis, Figure 

5-13) of the sample. This could be due to the change in volume as the sample 

transitions from solid to liquid. In contrast, a peak in the loss factor can be 

noted around the same temperature. Measurements carried out with the 

coaxial slim probe show an almost linear increase for ɛ’ and ɛ’’. 

 

Figure 4-22 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz for 
[C1C4Im]2[NiCl4]. The average of three measurements with a slim probe and a resonant perturbation cavity 
is shown. 

Figure 4-23 displays the results obtained for [C1C4Im]2[NiCl4] at 2.45 GHz with 

the resonance perturbation cavity and the coaxial slim probe at different 

temperatures. The same behaviour can be observed as at 0.9 GHz but less of a 

difference in obtained values is noticed. 
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Figure 4-23 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 2.45 GHz for 
[C1C4Im]2[NiCl4]. The average of three measurements with a slim probe and a resonant perturbation cavity 
is shown. 

[C1C4Im]2[CoCl4] was also selected to test the possibility of using the resonance 

perturbation cavity for higher loss materials. Figure 4-24 shows results at 0.9 

GHz measured with the coaxial slim probe and the resonance perturbation 

cavity at increasing temperature. In comparison with [C1C4Im]2[NiCl4] (Figure 

4-23), the cavity has produced a more linear response for [C1C4Im]2[CoCl4], than 

previously for [C1C4Im]2[NiCl4]. In the case of [C1C4Im]2[CoCl4], the coaxial slim 

probe shows a drop in ɛ’ and ɛ’’ below the glass transition (5.1.1 Thermal 

analysis, Figure 5-4), indicating a change in response due to the phase 

transition. 
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Figure 4-24 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz for 
[C1C4Im]2[CoCl4]. The average of three measurements with a slim probe and a resonant perturbation cavity 
is shown. 

Figure 4-25 displays the results obtained for [C1C4Im]2[CoCl4] at 2.45 GHz with 

the resonance perturbation cavity and the coaxial slim probe at different 

temperatures. The same behaviour can be observed as at 0.9 GHz and no 

difference in obtained values is noticed as was the case for [C1C4Im]2[NiCl4]. 
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Figure 4-25 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 2.45 GHz for 
[C1C4Im]2[CoCl4]. The average of three measurements with a slim probe and a resonant perturbation cavity 
is shown. 

 [C1C4Im][Fe(NO)2Cl2] is a new IL and the synthesis of large quantities remains 

a challenge. Therefore, the use of the coaxial slim probe would be difficult as 

the necessary volume for measurements is approximately 20 mL. As 

demonstrated previously, it is possible however to use the resonance 

perturbation cavity for ILs. In consequence, the cavity was used to determine 

the real and imaginary part of the dielectric function at 0.9 and 2.45 GHz shown 

in Figure 4-26. As was previously determined the decomposition temperature 

is 125°C (Figure 2-3) hence caution was being taken to avoid decomposition 

during the measurements. At both frequencies, a slow incline of dielectric 

constant and loss can be observed with a drop at 40°C. Unfortunately, no 

significant phase transitions could be observed with the help of DSC.  
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Figure 4-26 Real ɛ'(ʋ) and imaginary ɛ''(ʋ) part of dielectric function versus temperature at 0.9 GHz and 
2.45 GHz for [C1C4Im][Fe(NO)2Cl2]. The average of three measurements with a resonance perturbation 
cavity is shown. 

4.5.3 Calculation of conductivity 

Conductivity was calculated from data obtained with the coaxial slim probe as 

it provides a wide frequency range and sufficient data to give significant results. 

The following Equation was used, 

 𝜎 = 2𝜋𝜀′𝜀0 [4-13] 

where σ is the conductivity, ɛ’ the real part of the dielectric function, and ɛ0 the 

dielectric permittivity of vacuum.  

Figure 4-27 shows the dependence of the conductivity regarding frequency and 

temperature for [C1C4Im][FeCl4]. It can be observed, that the conductivity stays 

constant for most of the frequency range measured and increases with 

increasing temperature. However, towards 20 GHz the conductivity begins to 

increase exponentially. 
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Figure 4-27 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im][FeCl4]. 
The data was exponentially smoothed for clarity. 

[C1C4Im][InCl4] (Figure 4-28) displays a similar behaviour to [C1C4Im][FeCl4] 

(Figure 4-27). Constant values obtained for conductivity over a wide frequency 

range and only towards 20 GHz an increase is noticed. Furthermore, a 

continuous increase in conductivity with increasing temperature can be 

observed. 
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Figure 4-28 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im][InCl4]. 
The data was exponentially smoothed for clarity. 

Figure 4-29 shows the conductivity calculated for [C1C4Im]2[ZnCl4] at changing 

frequency and with increasing temperature. A difference can be observed with 

changing the temperature at high frequencies. Below 70°C a decrease in 

conductivity can be observed at higher frequencies and above 70°C an increase 

in conductivity is apparent. Again, this observation coincides with the end of 

the melting point of [C1C4Im]2[ZnCl4] (Figure 2-20), indicating that this phase 

transition changes the behaviour of the IL. 



                                                         Chapter 4 | Dielectric Spectroscopy 
 

143 | P a g e  
 

 

Figure 4-29 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im]2[ZnCl4]. 
The data was exponentially smoothed for clarity. 

 [C1C4Im]2[CuCl4] (Figure 4-30) displays a similar behaviour as [C1C4Im][FeCl4] 

and [C1C4Im][InCl4] but with a more linear response at low temperature (up to 

60°C). In addition, a peak can be observed at approximately 20 GHz above room 

temperature.  



                                                         Chapter 4 | Dielectric Spectroscopy 
 

144 | P a g e  
 

 

Figure 4-30 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im]2[CuCl4]. 
The data was exponentially smoothed for clarity. 

Figure 4-31 shows the conductivity calculated for [C1C4Im]2[NiCl4] at changing 

frequency and with increasing temperature. In contrast, [C1C4Im]2[NiCl4] 

demonstrates decreasing conductivity at increasing frequency, after a slight 

incline in conductivity. This can be especially observed at lower temperatures, 

whereas at higher temperatures a plateau is reached. 
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Figure 4-31 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im]2[NiCl4]. 
The data was exponentially smoothed for clarity. 

 [C1C4Im]2[CoCl4] (Figure 4-32) exhibits comparable conductivity and nature like 

[C1C4Im]2[NiCl4] (Figure 4-31), where after a small increase the conductivity 

declines at high frequency. 
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Figure 4-32 Conductivity σ(ʋ) plotted against the frequency at different temperatures for [C1C4Im]2[CoCl4]. 
The data was exponentially smoothed for clarity. 

4.5.4 Conductivity and phase transitions 

The following graphs highlight the relation between conductivity and 

temperature at selected frequencies (0.9, 2.45 and 10 GHz). For [C1C4Im]2ZnCl4] 

and [C1C4Im]2[CuCl4] negative values were obtained at 10 GHz, as the sensitivity 

of the coaxial probe was exceeded. Therefore, these values were disregarded, 

as they did not represent a true response. Standard deviation was calculated 

for all values but in most cases, the error bars are smaller than the point they 

are corresponding to and therefore are not visible on the graph. 

Figure 4-33 displays values obtained for [C1C4Im][FeCl4] versus inverse 

temperature. A linear response is observed to all frequencies, with a slight 

bend at 100°C. And, as previously observed an increase of conductivity is 

noticed with increasing frequency, especially at 10 GHz.  
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Figure 4-33 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im][FeCl4]. 

[C1C4Im][InCl4] (Figure 4-34) shows a quasi-linear response at all frequencies 

against inverse temperature, similar to [C1C4Im][FeCl4] (Figure 4-33) but no 

inflection is observed. However, an increase in conductivity with increasing 

frequency is visible, as could be seen for [C1C4Im][FeCl4]. 
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Figure 4-34 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im][InCl4]. 

Figure 4-35 depicts the conductivity versus inverse temperature for 

[C1C4Im]2[ZnCl4]. As previously stated, no positive values were obtained at 10 

GHz, therefore they will be disregarded here. A bend can be observed around 

60°C, corresponding to the full melting of the sample, as was observed with 

DSC (Figure 2-20).  
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Figure 4-35 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im]2[ZnCl4]. 

[C1C4Im]2[CuCl4] (Figure 4-36) shows an inverse exponential curve. As 

previously described, no values were obtained at 10 GHz due to the insufficient 

sensitivity of the coaxial probe. Nevertheless, a clear difference can be noticed 

between values obtained at 0.9 and 2.45 GHz, displaying a clear frequency 

dependence. 
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Figure 4-36 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im]2[CuCl4]. 

Figure 4-37 displays the conductivity against reverse temperature for 

[C1C4Im]2[NiCl4]. Non-linear behaviour can be observed and a peak around 60°C 

was noticed, corresponding to the fully melted sample (5.3.1 Thermal 

analysis). 

At 9.4 GHz a drop in conductivity is observed, in contrast to the previously 

examined ILs, [C1C4Im]2[NiCl4] shows lower values at high frequency than at low 

frequency. 
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Figure 4-37 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im]2[NiCl4]. 

[C1C4Im]2[CoCl4] (Figure 4-38) displays similar frequency dependency as 

[C1C4Im]2[NiCl4], where a decline is observed at high frequency. Interestingly, a 

pronounced peak can be noticed at 60°C, which is below the glass transition 

observed with DSC (5.3.1 Thermal analysis). 
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Figure 4-38 Conductivity o(ʋ) plotted versus inverse temperature at selected frequencies for 
[C1C4Im]2[CoCl4]. 

4.5.5 Fitting of Arrhenius plot  

Data obtained with the coaxial slim probe was used to calculate the activation 

energy of all ILs using an Arrhenius fit. The following Equations were used, 

 𝜎 = 𝐴𝑒
−𝐸𝑎
𝑘𝐵𝑇 [4-14] 

 ln 𝜎 = ln 𝐴 −  
𝐸𝑎

𝑘𝐵

1

𝑇
 [4-15] 

 ln 𝜎 =  
−𝐸𝑎

𝑘𝐵
(

1

𝑇
) + ln 𝐴 [4-16] 

where σ is the conductivity, A the pre-exponential factor, Ea the activation 

energy, kB the Boltzmann constant and T the temperature. All Arrhenius fits are 

presented in the Appendix (8.5.1 Arrhenius fit – conductivity versus inverse 

temperature). All values obtained using Equation [4-16] are presented in Table 

4-2 for 0.9 and 2.45 GHz. An exception was observed for [C1C4Im]2[CoCl4], 
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where two regions were observed at low and high temperature. For 

[C1C4Im]2[ZnCl4] only values above 60°C were considered as this corresponds to 

the fully melted IL. 

Table 4-2 Activation energy Ea calculated from the Arrhenius plot for 0.9 and 2.45 GHz. 

Ionic liquid Ea1 kJ/mol 

(0.9 GHz) 

Ea2 kJ/mol 

(0.9 GHz) 

Ea1 kJ/mol 

(2.45 GHz) 

Ea2 kJ/mol 

(2.45 GHz) 

[C1C4Im][FeCl4] 17.85  16.66  

[C1C4Im][InCl4] 19.36  17.75  

[C1C4Im]2[ZnCl4] 35.77  34.16  

[C1C4Im]2[CuCl4] 34.25  31.19  

[C1C4Im]2[NiCl4] 19.66  19.31  

[C1C4Im]2[CoCl4] 23.33 29.13 23.78 27.17 

 

4.6 Comparison of conductivity using impedance spectroscopy 

Impedance spectroscopy was selected as a method for comparison of 

conductivity values. A glass cell with two platinum electrodes and a 

potentiostat with a frequency range of 0.1 Hz to 0.1 MHz was used for the 

measurements (Figure 4-39). The temperature was controlled with an oil bath 

and the temperature of the IL was confirmed with an external thermocouple. 

Measurements were taken three times at each temperature and the standard 

deviation was calculated.  
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Figure 4-39 Experimental set-up for impedance spectroscopy, using a glass cell with two platinum 
electrodes and an oil bath for temperature control. 

The cell was calibrated using a 0.117 M solution of KCl with a known 

conductivity of 15000 mS cm-1 and the cell constant was determined using the 

following Equation, 

 𝜎 =  
1

𝑅
 𝐾 [4-17] 

where σ is the conductivity, K cell constant and R is the resistance. The 

derivation of Equation [4-17] can be found in the introduction of this chapter 

(4.4 Impedance spectroscopy). 

Figure 4-40 shows a typical spectrum obtained with impedance spectroscopy 

for [C1C4Im][InCl4] at room temperature. On the left, the full spectrum is 

presented and, on the right, the behaviour around zero is highlighted. The data 

is presented as a Nyquist plot, where the imaginary part -Z’’ of the impedance 
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is plotted against the real part Z’. Spectra for all ILs at different temperatures 

are presented in the Appendix (8.6 Impedance spectroscopy). 

 

Figure 4-40 Impedance spectroscopy of [C1C4Im][InCl4] at room temperature. Data from an average of 
three measurements is presented. On the left full-spectrum and on the right zoom into the area around 
zero. 

The conductivity was calculated using Equation [4-17] and is presented in the 

following figures. Figure 4-40 shows conductivity values obtained from 

impedance spectroscopy versus the inverse temperature for [C1C4Im][FeCl4]. 

The same linear behaviour and temperature dependency, as was observed with 

dielectric spectroscopy is noticed. Conductivity values obtained are lower than 

were measured with the coaxial slim probe (Figure 4-27). However, a frequency 

dependency was present previously and the potentiostat uses a lower 

frequency than the coaxial slim probe. Therefore, a decline in conductivity is 

expected at a lower frequency. 
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Figure 4-41 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im][FeCl4]. 

[C1C4Im][InCl4] (Figure 4-41) demonstrated similar behaviour as [C1C4Im][FeCl4] 

(Figure 4-42) and data obtained from impedance spectroscopy is comparable 

with data measured with dielectric spectroscopy (Figure 4-28).  
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Figure 4-42 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im][InCl4]. 

Figure 4-43 displays conductivity versus inverse temperature for 

[C1C4Im]2[ZnCl4] showing reproducible properties in comparison with dielectric 

spectroscopy (Figure 4-29). As was previously observed, due to a lower 

frequency range lower values for conductivity were measured. It was not 

possible to measure impedance at 40°C due to the formation of crystals around 

the electrode. 
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Figure 4-43 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im]2[ZnCl4]. 

In Figure 4-44, conductivity versus inverse temperature is presented for 

[C1C4Im]2[CuCl4]. Temperature dependence occurs in a similar fashion to the 

measurements obtained from the coaxial slim probe and hence validates the 

previously observed result (Figure 4-30). 
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Figure 4-44 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im]2[CuCl4]. 

Figure 4-45 shows the conductivity calculated for [C1C4Im]2[NiCl4] and again the 

temperature dependence was noted. Only a change in conductivity could be 

observed, due to a change in the frequency range. In addition, a peak at 60°C 

is observed, which was not present in the results from dielectric spectroscopy 

(Figure 4-31). DSC showed a melting peak around 60°C (5.4.1 Thermal analysis) 

hence indicating a connection between the incline in conductivity and the 

phase transition. 
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Figure 4-45 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im]2[NiCl4]. 

For [C1C4Im]2[CoCl4] only values above 60°C were measured, due to the 

solidification of the sample in the electrochemical glass cell. Nevertheless, 

values obtained at high temperature are comparable to the conductivity 

calculated from dielectric spectroscopy (Figure 4-32). 
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Figure 4-46 Conductivity calculated from impedance spectroscopy at different temperatures for 
[C1C4Im]2[CoCl4]. 

Zhong et al. have investigated dialkylimidazolium ILs containing CoCl2, NiCl2, 

CuCl2, FeCl2, and ZnCl2 metal halides. The group investigated crystal structures 

and ionic conductivities of the halometallate ILs. The following table (Table 4-3) 

shows a comparison of the data obtained in this work and from Zhong et al. 

The ionic conductivity was determined by Zhong et al. with an electrometer 

using an AC impedance method with a frequency of 80 Hz below 20 mS cm-1 

and 3 kHz above 20 mS cm-1. 332 

Table 4-3 Comparison of ionic conductivity obtained from impedance spectroscopy in this work and from 
Zhong et al. at 300 K. Exceptions are given in brackets behind the calculated conductivity. 

Ionic liquid σ (this work) σ (Zhong et al.)332 

[C1C4Im][FeCl4] (this 

work)/[C1C4Im]2[FeCl4] 

(Zhong et al.) 

0.109 0.0177 
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[C1C4Im]2[ZnCl4] 0.0086 0.00829 

[C1C4Im]2[CuCl4] 0.00229 0.0144 

[C1C4Im]2[NiCl4] 0.00348 (313 K) 0.00998 

[C1C4Im]2[CoCl4] 0.018 (343 K) 0.00935 

 

Table 4-3 shows that a difference in conductivity can be observed for 

[C1C4Im][FeCl4] (this work) and [C1C4Im]2[FeCl4] (Zhong et al.), which is not 

unexpected as the two compounds differ in oxidation state. Zhong et al. have 

used iron(II) chloride with two equivalents of [C1C4Im]Cl, whereas in this work 

a 1:1 mixture of [C1C4Im]Cl and iron(III) chloride was used. For [C1C4Im]2[ZnCl4] 

a comparable result was obtained, but for [C1C4Im]2[CuCl4] a difference of one 

decimal point could be observed. In the case of the cobalt and nickel IL, a 

difference in temperature hinders the accurate comparison. Nevertheless, 

values obtained for the conductivity are within reason, as the observed 

difference is less than one decimal. 

The activation energy was calculated in the same manner as for data obtained 

from dielectric spectroscopy using Equation [4-16]. All data is presented in 

Table 4-4 showing values for Ea in kJ/mol. Values obtained for [C1C4Im][FeCl4] 

and [C1C4Im][InCl4] are consistent with Ea calculated from dielectric 

spectroscopy. However, values determined for all metal(II) species differ 

approximately by a factor of 20 (Table 4-2). A possible explanation could be 

that with the coaxial slim probe, due to the use of high frequency, a localized 
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motion is observed and in contrast, when using low frequency with impedance 

spectroscopy a long diffusion is observed. 

Table 4-4 Activation energies calculated from Arrhenius fit for all ILs using data obtained with impedance 
spectroscopy. 

Ionic liquid Ea kJ/mol 

[C1C4Im][FeCl4] 18.61 

[C1C4Im][InCl4] 21.86 

[C1C4Im]2[ZnCl4] 54.73 

[C1C4Im]2[CuCl4] 50.17 

[C1C4Im]2[NiCl4] 43.26 

[C1C4Im]2[CoCl4] 42.17 

4.7 Mechanism of relaxation 

In dielectric spectroscopy an interaction of a material with the applied 

electromagnetic field is observed, which is described through Maxwell’s 

equation and states that a frequency dependence is present when time 

dependent processes take place in the material. These processes can be 

resonance phenomena due to molecular or atomic vibrations or relaxation 

phenomena due to molecular fluctuations of dipoles. Conductive contribution 

arises from drift motion of mobile charge carriers (e.g. electrons, ions, or 

charge defects). A time dependent process within a material leads to a 

difference in time dependency of the outer electrical field and results in a 

dielectric displacement. In other words the disturbance from a time dependent 

external electrical field leads to a response from the material as polarization. ε’ 

is proportional to the energy stored reversibly in the system per period and ε’’ 
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is proportional to the energy dissipated per period. The complex dielectric 

function ε* is dependent on temperature and angular frequency and as 

mentioned before observed phenomena can have different origins. Therefore 

models are needed to describe dielectric relaxation phenomena.  

A relaxation process has a characteristic peak in the imaginary part ε’’ and for 

the real part ε’ a step-like decrease with increasing frequency is observed. In 

the case of a conduction phenomenon ε’’ increases with decreasing frequency. 

Contrary, if pure ohmic conduction is observed then ε’ is independent of the 

frequency. However, non-ohmic conduction or polarization leads to an 

increase of ε’ with decreasing frequency (Figure 4-47).321 

 

Figure 4-47 Relaxation processes observed for ohmic and non-ohmic conduction.321 

Figure 4-47 displays relaxation phenomena generally observed with dielectric 

spectroscopy however the systems investigated in this work did not display 

relaxation phenomena of this type hence it could display a more disordered 

system which might facilitate charge transport through hopping conduction. In 

these types of systems the motion of charge is accompanied by an electrical 

relaxation and the ionic or electrical charge is surrounded by a counter charge. 
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A successful charge transport can only occur if the polarization cloud follows 

the hop of charge, otherwise the charge will hop back. For a mutual movement 

of charge carrier and surrounding polarization to occur an electrical relaxation 

time τ0 is needed. If the frequency is smaller than 1/ τ0 then the relaxation is 

going to be in phase with the external electrical field. In this case the 

propagation is supported by the applied field and ε* increases with decreasing 

frequency. In addition, it was observed that for electrolytes ε’ increases with 

decreasing frequency.321 

4.8. Evaluation of ILs for MW application 

A value of how efficiently a medium can transform electromagnetic energy into 

heat at a certain frequency and temperature is given by the following Equation, 

 𝑡𝑎𝑛𝛿 =  
𝜀′′

𝜀′
 [4-18] 

where ɛ’ is the dielectric constant, ɛ’’ the dielectric loss, and tanδ the dielectric 

loss tangent (4.3 Dielectric spectroscopy). For MW heating to be economically 

viable, a high loss tangent is necessary to produce fast heating through efficient 

absorption of energy. As typically organic solvents are being used, three 

categories have evolved of high, medium, and low absorbing solvents with, 

tanδ > 0.5 for high absorbing mediums, tanδ = 0.1-0.5 for medium absorption 

and < 0.1 for low absorbing organic solvents. For example, organic solvents 

with a high loss tangent are ethylene glycol (1.350), ethanol (0.941), and 

dimethyl sulfoxide (0.825). Though solvents which do not contain a permanent 

dipole are essentially MW transparent.283, 284, 287 
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Table 4-5 Values displayed for tanδ at 100°C, 0.9 GHz and 2.45GHz; exception is [C1C4Im][Fe(NO)2Cl2] 
which could only be measured up to 80°C and the values displayed are at 80°C. 

Ionic Liquid tanδ (0.9 GHz) tanδ (2.45 GHz) 

[C1C4Im][FeCl4] 7.65 2.81 

[C1C4Im][Fe(NO)2Cl2]  0.50 0.45 

[C1C4Im][InCl4] 7.95 2.81 

[C1C4Im]2[CuCl4] 2.12 0.99 

[C1C4Im]2[ZnCl4] 1.21 0.61 

[C1C4Im]2[NiCl4] 0.68 0.37 

[C1C4Im]2[CoCl4] 0.65 0.36 

 

Table 4-5 summarizes tanδ values for all investigated ILs in this work and it can 

be noted that all ILs show medium to high absorption. Especially at 0.9 GHz the 

investigated ILs show comparable values for the loss tangent to organic 

solvents, which make them a good alternative to conventional organic solvents. 

4.9 Conclusion 

This chapter aims to describe the dielectric properties and ionic conductivity 

for a variety of metal-containing ILs. The dielectric constant and loss were 

determined for [C1C4Im][FeCl4], [C1C4Im][InCl4], [C1C4Im]2[CuCl4], 

[C1C4Im]2[ZnCl4], [C1C4Im]2[NiCl4], [C1C4Im]2[CoCl4], and [C1C4Im][Fe(NO)2Cl2] 

using a coaxial slim probe and/or a resonance perturbation cavity. In addition, 

the conductivity and activation energy were calculated using data obtained 

with the coaxial slim probe. For validation of the obtained data, impedance 

spectroscopy was used, and reasonable values were obtained. Moreover, all 



                                                         Chapter 4 | Dielectric Spectroscopy 
 

167 | P a g e  
 

ILs show promise for application in MW synthesis as they exhibit significant 

dielectric constants and loss factors. The observed dielectric constants vary 

depending on the metal and temperature in a range from ɛ’ = 3.4-13.9, whereas 

the loss is observed to be in a range of ɛ’’ = 0.5-170. In addition, the loss tangent 

tanδ was calculated and medium to high absorption was observed for all 

investigated ILs making them ideal candidates as solvent and catalyst for MW 

synthesis. 
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Chapter 5 

5. Thermal properties of cobalt and nickel chloride mixtures 
with [C1C4Im]Cl 

Halometallate ILs are already used in industrial applications like the Difasol 

process, where a Nickel coordination complex is used in combination with a 

chloroaluminate IL as a catalyst for the dimerization of olefins.86 Chen et al. 

used [C1C4Im]Cl/CoCl2 and [C1C4Im]Cl/NiCl2, amongst other metals, for the 

desulfurization of diesel fuel.333 Another example for the catalytic activity of 

cobalt and nickel is given by Sasaki et al. using immobilized metal containing ILs 

for the Kharasch addition reaction.334 Also, Zhong et al. used [C1C4Im]2[NiCl4] as 

a catalyst for Suzuki cross coupling.335 

The most commonly occurring halometallate anions [MCl4]2- in ILs have been 

characterised for cobalt and nickel halides but even after extensive literature 

research no phase diagram was found for either of the metal halides.72, 82, 332, 

336, 337 Metal salts, dissolved in ILs can pose difficult anion speciation as they 

might form multiple complexes. For example reactive dissolution of AlCl3 in an 

IL can form an equilibrium between [AlCl4]- and [Al2Cl7]- at mole fraction χ = 0.6 

of AlCl3 (1.4 Halometallate ionic liquids and the challenge of anion speciation; 

1.4.1 Phase diagram of chloroaluminate(III) ionic liquids).26 Therefore, it is 

important to understand the phase behaviour of ILs especially when working 

with metal containing ILs. 
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5.1 Experimental techniques used for the preparation of the phase 
diagram 

Explain phase diagram 

5.1.1 Thermal analysis 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) measures the mass loss, or increase, under 

increasing temperature at a certain heating rate. This leads to data where the 

mass loss can be represented as a function of time or temperature. Another 

important aspect is a controlled atmosphere, which can be achieved through a 

purge gas, either an inert or a reactive gas.338 A TGA instrument consists of a 

furnace, a balance and sample pans. The primary use of TGA is the investigation 

of a materials’ thermal stability. Mass loss or gain could be due to different 

factors, including sorption or desorption of volatiles, decomposition, oxidation, 

and reduction. To observe these processes, a precise measurement of the 

occurring mass loss is necessary. The balance works with a null-balance 

principle, where at the zero or null position, an equal amount of light hits the 

two photodiodes. When a sample pan is attached to the wire, which is 

connected to the balance arm, the balance will move away from the null 

position and consequently an unequal amount of light is observed by the 

photodiodes. To recreate balance, (i. e. equal amount of light shines on the two 

photodiodes) a current is applied which in turn is proportional to the mass loss 

or gain.339 
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Differential scanning calorimetry 

DSC, as the name suggests, is a type of calorimetry, which measures heat. In 

the case of DSC, a controlled temperature program facilitates the 

measurement of a change in heat flow rate of the sample in comparison to a 

reference sample. A heat flow DSC achieves this measurement with two 

individual furnaces, which are kept at a constant temperature according to the 

set program. With the occurrence of phase transitions, like melting or 

crystallisation of the sample, more or less energy input is needed to keep the 

temperature of the furnace constant. This difference in energy input is 

measured and consequently transformed into a temperature dependent heat 

flow thermogram.340 

In the thermogram, the change of heat flow is presented as endothermic or 

exothermic peaks, and as a step change deviating from the baseline. An 

exothermic peak means that less energy was needed to keep the sample pan 

at a constant temperature and accordingly an endothermic peak relates to a 

phase transition, which required more energy input to be kept at a constant 

temperature. Phase transitions, which appear as a step, are commonly referred 

to as glass transitions, because in most cases they relate to an amorphous 

material melting (e.g. glass or polymers).192 

5.1.2 Raman spectroscopy 

In Raman spectroscopy, laser radiation is used to produce scattered radiation 

from the interaction with a sample. Generally, most photons will be scattered 

elastically (i.e. no change of frequency) but a small portion will be scattered 
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inelastically and their loss of energy is due to the molecule’s vibrations. In 

consequence, the frequencies of these photons correspond to the vibrational 

frequencies of the molecule. The scattered light observed has several 

components, namely Rayleigh, Stokes and Anti-Stokes Raman scatter. Rayleigh 

scatter reflects the wavelength of the incident beam and Stokes and Anti-

Stokes Raman appears with a change in wavelength after being scattered from 

the molecule.341 

In a typical Raman spectrometer, a microscope connected to a camera is used 

to focus on the sample, which can be done manually or through a mapping 

program, where the stage is moved on the z-axis to find the most intense 

Raman scattering. The laser excitation wavelength is selected according to the 

sample being investigated. A mechanical shutter is used to only expose the 

detector to the light in the case of measurement. This avoids the CCD (charge 

coupled device) detector having to be cleaned continuously and exposure 

while the detector reads out the collected data. The shutter is followed by a 

neutral density filter, which can be rotated to adjust the intensity of the laser 

power. Then, the light is directed on to the sample with a set of mirrors and 

lenses. The dichroic mirror or beam splitter is used to reflect the wavelength of 

the laser itself and to ensure only transmission of all other wavelengths. After 

the light hits the sample, Raman scatter is reflected and the notch filter is used 

to remove any wavelengths deriving from the laser itself, which have not been 

previously removed by the dichroic mirror. The light then passes through a 

confocal aperture, which collects all the light and can be followed by an 

additional filter removing any residual Rayleigh scattering. A grating is then 
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used to spread out the light onto the CCD detector, which detects several 

wavelengths at the same time.342, 343 

5.2 Synthesis and characterisation of [C1C4Im]Cl/ CoCl2 and [C1C4Im]Cl/ 
NiCl2 mixtures 

5.2.1 Preparation of [C1C4Im]Cl/CoCl2 mixtures 

The preparation of a range of [C1C4Im]Cl/CoCl2 was carried out in a glove box. 

The mole fraction χCoCl2, defined in Equation [5-1], was varied systematically 

between 0 and 0.95 with increments of approximately 0.05 (see Appendix, 8.1 

Phase diagram). 

 𝑥𝐶𝑜𝐶𝑙2 =  
𝑛(𝐶𝑜𝐶𝑙2)

𝑛(𝐶𝑜𝐶𝑙2) + 𝑛(𝐶1𝐶4𝐼𝑚𝐶𝑙)
 [5-1] 

As an example, for the preparation of the mixture χCoCl2 = 0.33, [C1C4Im]Cl was 

mixed with 0.5 mol equivalents of anhydrous CoCl2 overnight at 80°C under 

inert atmosphere and the product was obtained as a viscous liquid, changing 

from light blue (pure CoCl2) to deep blue. The IL was first obtained as a 

supercooled liquid but fully crystallised over time, after heating and cooling it 

for a second time. For other values of χCoCl2, stirring for 24 hrs at 80°C led to 

similar deep blue viscous liquids up to 0.5 ≥ χCoCl2, and for 0.5 ≤ χCoCl2 to dark 

blue crystalline solids. 

5.2.2 Preparation of [C1C4Im]Cl/NiCl2 mixtures 

The [C1C4ImCl]/[NiCl2] mixtures were prepared in the same manner as their 

cobalt analogues and values were calculated using Equation [5-1] (see 

Appendix, 8.1 Phase diagram). Similarly to cobalt, deep blue, viscous liquids 
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were obtained for 0.5 ≥ χNiCl2 and light blue crystalline solids for 0.5 ≤ χNiCl2, 

in comparison to the yellow NiCl2. 

5.3 Phase diagram for [C1C4Im]Cl/CoCl2] 

5.3.1 Thermal analysis 

Thermogravimetric analysis 

Firstly, all mixtures of [C1C4Im]Cl/CoCl2] were analysed by TGA which gives 

indication of the thermal stability of the compound. The thermograms of all 

mixtures are collated in the Appendix (8.1 Phase diagram). Here, the focus will 

be on the known species332 [C1C4Im]2[CoCl4] (χCoCl2 = 0.33) and the influence 

that a small variation of χCoCl2 can have. Therefore, χCoCl2 = 0.3 and χCoCl2 = 

0.35 are of special interest. Furthermore, a crystal was obtained for 

[C1C4Im]2[CoCl4] and the crystal structure was determined to have a space 

group Cc, which has been previously reported by Iwasawa et al. (8.2 Crystal 

structure).332, 344 

All measurements were carried out under N2 flow with a heating rate of 

10°C/min. The decomposition onset temperature was determined with a 

double tangent approach and their crossing point is reported as the onset 

decomposition temperature. An initial isothermal of 10 minutes at 100°C was 

used to remove any adsorbed atmospheric water and this initial mass loss was 

disregarded when determining the decomposition temperature. In all samples 

the loss of water was less than 5 wt%, except for χCoCl2 ≤ 0.15 and χCoCl2 ≥ 

0.85 where the mass loss observed at 100°C increased to up to 20 wt%. 
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Figure 5-1 Thermogram from TGA for mole fraction χCoCl2 = 0.3, 0.33 and 0.35. 

Figure 5-1 shows the thermograms for the [C1C4Im]Cl/[CoCl2] mixture with 

mole fraction χCoCl2 = 0.3, 0.33 and 0.35 a two-step decomposition is observed, 

except for χCoCl2 = 0.35. For χCoCl2 = 0.3 Initial decomposition occurs at an 

onset temperature of 280°C and a final mass loss is observed at 625°C. 

[C1C4Im]Cl and CoCl2 as pure compounds, individually show decomposition at 

260°C and 726°C respectively.345, 346 A residual of 4 wt% (0.239 mg) was 

observed at 1000°C, possibly due to formation of a cobalt species such as cobalt 

oxide which possesses a much higher melting point. It is likely to have formed 

during the decomposition process due to the presence of adsorbed water 

molecules. Indeed an initial loss of water was observed at 100°C (2 wt%), which 

could have initiated the formation of new cobalt oxide species.347, 348 

The thermogram for χCoCl2 = 0.33 (Figure 5-1) presents an initial mass loss of 7 

wt% due to loss of water (isothermal at 100°C for 10 minutes). Onset of the 
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first decomposition step occurs at 330°C, being slightly higher than the 

decomposition temperature of 270°C reported by Zhang et al.66 A residue of 13 

wt% (0.225 mg) is observed at 1000°C, likely corresponding to cobalt oxide. 

The thermogram for χCoCl2 = 0.35 shows a one-step decomposition at 354°C 

with an initial mass loss at 100°C, which occurs due to the loss of adsorbed 

atmospheric water (7 wt%). The residue observed at the end of the heating 

ramp is 20 wt%, which is considerably higher than for the other samples. A 

small increase is detectable above 600°C indicating a reactive species, possibly 

cobalt oxide formation.338 

 

Figure 5-2 Decomposition temperature for mixtures of [C1C4Im]Cl/[CoCl2] obtained from TGA. 

In Figure 5-2 decomposition temperatures are presented for mixtures of 

[C1C4Im]Cl/[CoCl2] from mole fraction χCoCl2 = 0.05 up to χCoCl2 = 0.95 

determined by TGA. Values for pure [C1C4Im]Cl and [CoCl2] were taken from the 
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literature.346, 349 Initially, the decomposition temperature is comparable to that 

of [C1C4Im]Cl but an increase in stability is notable from χCoCl2 = 0.35 onwards. 

Overall the combination with [C1C4Im]Cl significantly lowers the melting point 

in comparison to pure CoCl2.  

Differential scanning calorimetry 

As discussed in the previous section, the mole fractions of interest lie in the 

range of 0.3 to 0.35 and are therefore analysed in detail in the following 

section. The thermograms were measured at a heating rate of 10°C/min with 

three consecutive cycles recorded for all [C1C4Im]Cl/[CoCl2] mixtures 

(Appendix, 8.1.1 Differential scanning calorimetry). Only the first two cycles will 

be displayed for clarity. Crystallisation Tc, melting Tm and glass transition 

temperatures Tg are given as the extrapolated onset temperature determined 

with an auxiliary line drawn on the curve. 
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Figure 5-3 DSC thermogram for mole fraction χCoCl2 = 0.3. 

Upon cooling a broad endothermic peak (Tm = 13°C) is observed (Figure 5-3) 

which corresponds to the sample melting with an enthalpy of ΔH = 5.7 J/g. The 

endothermic peak transitions into a narrow exothermic peak (Tc = 0.8°C) with 

an enthalpy of ΔH = 10.6 J/g. However upon heating, no corresponding melting 

peak to a crystallisation peak can be observed, which means that the sample 

solidified in a glassy amorphous state.192 The exothermic peak is followed by a 

glass transition Tg = -44°C. Glass transitions occur upon on heating and cooling 

at around -45 and 93°C and are observed for all cycles in the same temperature 

range (Table 5-1). 

Table 5-1 Crystallisation Tc, melting Tm and glass transition temperatures Tg  for χCoCl2 = 0.3. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 1 11 13 6 -44 

1st heating ramp     -46 

92 

2nd cooling ramp     -43 

96 

2nd heating ramp     -47 

91 
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Figure 5-4 DSC thermogram for mole fraction χCoCl2 = 0.33 and pictures taken with a microscope at the 
phase transitions. Microscope lens magnification used was 10x. 

In Figure 5-4 the thermogram for χCoCl2 = 0.33 obtained from DSC is shown 

together with pictures, taken with a microscope (lens magnification 10x), 

corresponding to the observed phase transition. The heating rate for the DSC 
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measurement was reduced to 2°C/min as no cold crystallisation was observed 

at higher heating rate. Despite this lower heating rate, still no crystallisation 

was observed, consistent with supercooling of the sample. Upon cooling a 

solid-solid glass transition is observable through the microscope, which is also 

visible during heating. At higher temperature, a second glass transition with a 

solid-solid phase transition is present and is followed by a corresponding glass 

transition upon cooling, where the sample melts without the presence of an 

endothermic peak. 

Table 5-2 Crystallisation Tc, melting Tm and glass transition temperatures Tg  for χCoCl2 = 0.33. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp     -46 

1st heating ramp     -45 

96 

2nd cooling ramp     97 

-47 

2nd heating ramp     -47 

98 
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Figure 5-5 DSC thermogram for mole fraction χCoCl2 = 0.35. 

The thermogram obtained for mole fraction χCoCl2 = 0.35 is shown in Figure 

5-5 and all phase transitions are listed in Table 5-3. Initially upon cooling, an 

endothermic melting peak is observed at Tm = 8°C (ΔH = 4 J/g), which transitions 

into an exothermic cold crystallisation peak at Tc = 1°C (ΔH = 3 J/g). Upon 

heating a glass transition is present at -41°C and followed by a broad 

endothermic melting peak with an onset temperature of Tm = 33°C (ΔH = 45 

J/g). The peak shows a shoulder towards higher temperatures, which suggests 

the presence of more than one species. Both the cooling and heating ramp 

display glass transitions at around 94°C. The second heating ramp reveals a 

glass transition with a superimposed endothermic peak at -42°C, indicating a 

melt forming a glassy amorphous state. This is directly followed by a broad 

endothermic peak Tm = -1°C (ΔH = 2.9 J/g), which does not overlap with the 

previous melting peak suggesting a change in phase upon cooling and heating. 
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Table 5-3 Crystallisation Tc, melting Tm and glass transition temperatures Tg for χCoCl2 = 0.35. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 1 3 8 4 -57 

1st heating ramp   33 45 -41 

93 

2nd cooling ramp     -38 

94 

2nd heating ramp   -1 3 -42 

93 

 

Figure 5-6 Phase Diagram for mixtures of [C1C4Im]Cl/[CoCl2] with the melting point taken from DSC. 

Figure 5-6 describes the phase diagram for mixtures of [C1C4Im]Cl/[CoCl2] with 

melting points taken from DSC thermograms, where no point is represented in 

the phase diagram no melting point was observed.  
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5.3.2 Raman spectra for mixtures of [C1C4Im]Cl/CoCl2 

Raman spectroscopy can be a powerful tool to further understand the nature 

of the mixtures of [C1C4Im]Cl/[CoCl2] and to identify any new species that have 

been formed. Raman spectra were recorded at room temperature using a laser 

excitation wavelength of 785 nm. Unfortunately for χCoCl2 = 0.7 and above no 

spectra were obtained due to fluorescence from the sample, even though a 

laser excitation in the near infrared region was selected to avoid fluorescence. 

A competing process with Raman scattering is fluorescence emission, as they 

have similar origins. Fluorescence emission arises from an absorption process, 

where a photon is emitted from the lowest vibrational level of an excited 

electronic state. This is directly followed by the absorption of the photon and 

quickly accompanied by the relaxation to the lowest vibrational level of the 

electronic state. Depending on the excitation wavelength of the laser used and 

the sample itself, fluorescence emission can become so strong that it will make 

it impossible to obtain any valuable information from the Raman scattering.350 

Figure 5-7 shows the Raman spectrum for χCoCl2 = 0.1 in a range from 200 to 

3500 cm-1 with a clear example for fluorescence appearing in the spectrum 

between 1200 and 2000 cm-1. 
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Figure 5-7 Raman spectrum for χCoCl2 = 0.1 measured with excitation wavelength 785 nm at room 
temperature, showing broad fluorescence around 1500 cm-1. 

Figure 5-8 shows Raman spectra for pure [C1C4Im]Cl and [CoCl2], as well as 

mixtures of [C1C4Im]Cl/[CoCl2] in the range of interest from 200 to 1000 cm-1. 

An elevated baseline can be seen due to contribution of fluorescence from 

these dark blue mixtures. The pure crystalline CoCl2 does not exhibit any 

fluorescence and thus does not have an elevated baseline. For pure [C1C4Im]Cl 

an increase in the baseline can be attributed to the borosilicate glass slide 

holding the sample. Since [C1C4Im]Cl is a white crystalline solid a contribution 

from the glass slide is more pronounced in comparison to the other dark blue 

samples. The tetrahedral CoCl4 species, present in a CsCoCl4 crystal, exhibits 

Co-Cl stretching vibrations at ʋ = 287 and 315 cm-1.351 These stretching 

vibrations are also present in the sample mixtures, highlighted with a purple 

box in Figure 5-8.  



                                                                                     Chapter 5 | Thermal Properties 
 

184 | P a g e  
 

 

Figure 5-8 Raman spectra for mixtures of [C1C4Im]Cl/[CoCl2] at room temperature and laser excitation 
wavelength of 785 nm showing normalized intensity. 

A clear change is visible, when following the peaks from top to bottom, i.e. from 

χCoCl2 = 0.1 to χCoCl2 = 0.6. Especially the vibration at 315 cm-1 is only a clear 

peak from χCoCl2 = 0.33 onwards. This confirms the formation and presence of 

the tetrahedral [CoCl4]2- anion in all mixtures. 
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The peak at 325 cm-1 can be attributed to the CH2-N bend from the alkyl chain 

of the [C1C4Im] moiety.43 A shift towards higher wavenumbers can be followed 

along the red line, likely indicating the change in coordination due to the 

formation of a new anion. Hamaguchi et al. investigated the differences in the 

Raman spectrum of [C1C4Im]Cl depending on the different crystalline forms and 

the liquid phase. They observed that the vibration between 600 and 900 cm-1 

(Figure 5-8, blue and green box) changed depending on the physical state of 

the IL. Indeed, when the physical state of the sample’s changes from a liquid to 

a crystalline solid at room temperature, one peak (χCoCl2 = 0.33 to χCoCl2 = 0.6) 

is observed instead of two peaks ([C1C4Im]Cl; χCoCl2 = 0.1 to χCoCl2 = 0.3). 

Figure 5-9 presents Raman spectra measured at room temperature and laser 

excitation wavelength 785 nm for χCoCl2 = 0.1 to χCoCl2 = 0.6 and [C1C4Im]Cl in 

the range of 250 to 380 nm. This range highlights the changes around the 

dominant peaks observed for a [CoCl4]2- anion, which are reported in the 

literature at ʋ = 287 and 315 cm-1.351 A peak growing in intensity (from χCoCl2 

= 0.1 to χCoCl2 = 0.6) can be noted in the range of ʋ = 260-270 nm and is shifted 

to higher wavelength with increasing CoCl2 mole fraction (blue line). 

Interestingly, Lockwood et al. reported similar wavelengths for a complex of 

the type CsCoCl3 and RbCoCl3.352 A broad second peak can be observed at 

χCoCl2 = 0.33 to 0.6, which could be two peaks overlapping corresponding to 

the two peaks generally observed for the tetrahedral cobalt halide. A peak 

around 330 nm (red box) observed also in the Raman spectra for [C1C4Im]Cl is 

present until χCoCl2 = 0.3, but then is no longer visible and a peak around 350 

nm is observed starting at χCoCl2 = 0.33 (purple box). This likely indicates the 
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absence of a free chloride due to the formation of the tetrahedral anion. This 

would lead to the postulation, that in χCoCl2 = 0.33 to 0.6 the species [CoCl4]2- 

is present. 

 

Figure 5-9 Raman spectra for mixtures of [C1C4Im]Cl/[CoCl2] at room temperature and laser excitation 
wavelength of 785 nm showing normalized intensity. 
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5.4 Phase Diagram for [C1C4Im]Cl/[NiCl2] 

5.4.1 Thermal analysis 

Thermogravimetric Analysis 

Firstly, all mixtures of [C1C4Im]Cl/[NiCl2] were analysed by TGA which gives an 

indication of the thermal stability of the compound. The thermograms of all 

mixtures are collated in the Appendix (8.1 Phase diagram). Here, the focus will 

be on the known species335, 336 [C1C4Im]2[NiCl4] (χNiCl2 = 0.33) and the influence 

that a small variation of χNiCl2 can have. Therefore, χNiCl2 = 0.3 and χNiCl2 = 

0.35 are of special interest. 

 

Figure 5-10 TGA thermogram for mole fraction χNiCl2 = 0.3, 0.33 and 0.35. 

Figure 5-10 shows the thermal decomposition thermograms for χNiCl2 = 0.3, 

0.33 and 0.35 presenting a two-step decomposition. The initial decomposition 

onset for χNiCl2 = 0.3 occurs at 253°C, followed by a second step at 625°C. 
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Initially the loss of atmospheric water is observed at an isothermal for 10 

minutes at 100°C (4 wt%). 

The thermogram for χNiCl2 = 0.33 (Figure 5-10) presents an initial mass loss of 

3 wt% due to loss of water (isothermal at 100°C for 10 minutes). Onset of the 

first decomposition step occurs at 315°C, being slightly lower than the 

decomposition temperature of 332°C reported by Zhang et al.66 The second 

decomposition step is observed at 615°C and a residue of 12 wt% at 1000°C, 

likely corresponding to nickel oxide. A slight mass increase can be observed 

after the final decomposition step, indicating the formation of a reactive 

species.338 The thermogram for χNiCl2 = 0.35 (Figure 5-10) presents a first 

decomposition step at 311°C and a residue of 5 wt% is observed at 1000°C, 

likely corresponding to nickel oxide. 

 

Figure 5-11 Decomposition temperature for mixtures of [C1C4Im]Cl/[NiCl2] taken from TGA. 
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In Figure 5-11, decomposition temperatures are presented for mixtures of 

[C1C4Im]Cl/[NiCl2] from mole fraction χNiCl2 = 0.05 up to χNiCl2 = 0.95 

determined by TGA. Values for pure [C1C4Im]Cl and NiCl2 were taken from the 

literature.349, 353  Initially, the decomposition temperature is comparable to 

[C1C4Im]Cl until an increased stability is noted from χNiCl2 = 0.3 onwards up to 

χNiCl2 = 0.8. However, there is an exception for χNiCl2 = 0.45, where a small 

drop in decomposition temperature is observed. For χNiCl2 = 0.85 to χNiCl2 = 

0.95 stability decreases drastically. 

Differential scanning calorimetry 

 

Figure 5-12 DSC thermogram for mole fraction χNiCl2 = 0.3. 

Figure 5-12 shows the thermogram for χNiCl2 = 0.3 and all phase transitions are 

listed in Table 5-4. The cooling ramp is started at room temperature and an 

exothermic crystallisation peak is observed at approximately 0°C (ΔH(Tc) = 4 
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J/g). Upon heating, a corresponding broad endothermic peak is visible at 31°C 

(ΔH(Tm) = 68 J/g), which suggests the presence of more than one species 

melting at this point or a mixture of a crystalline and an amorphous material. 

Glass transitions are detected upon cooling and heating at around 95°C and 

show reversible phase transitions. The second heating ramp only presents a 

glass transition with a superpositioned endothermic peak (Tg = -46°C) indicating 

that the sample solidified as an amorphous glass. 

 

Table 5-4 Crystallisation Tc, melting Tm and glass transition temperatures Tg  for χNiCl2 = 0.3. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 0 4    

1st heating ramp   31 68 96 

2nd cooling ramp     93 

2nd heating ramp     -46 

96 
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Figure 5-13 DSC thermogram for mole fraction χNiCl2 = 0.33 and microscope images showing phase 
transitions. A microscope lens with a magnification of 10x was used. 

For clarity, Figure 5-13 only shows the three heating ramps measured for χNiCl2 

= 0.33, the full thermogram can be found in the Appendix (8.1.1 Differential 

scanning calorimetry, Figure 8-26). A microscope was used to observe phase 
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transitions during heating and cooling cycles. An exothermic crystallisation 

peak is observed at 8°C (ΔH(Tc) = 4 [J/g]) and a corresponding melting peak (Tm 

= 51°C; ΔH(Tm) = 57 [J/g])  is noticeable upon heating. The pictures taken 

through the microscope confirm the observation. In the second and third ramp, 

crystallisation and melting is detected at the same temperature during heating 

(see Table 5-5). A glass transition also occurs before transitioning into a melting 

peak. The glass transition at -46°C indicates birefringence when investigated 

under the microscope, possibly showing liquid crystalline behaviour. 

Unfortunately, it was not possible to observe the same behaviour when a 

polarizable optical microscope was used. 

Table 5-5 Crystallisation Tc, melting Tm and glass transition temperatures Tg  for χNiCl2 = 0.33. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp 8 4    

1st heating ramp   51 57  

2nd cooling ramp      

2nd heating ramp -9 37 57 24 -46 

47 

108 

3rd cooling ramp      

3rd heating ramp -9 37 57 24 -46 

47 

108 
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Figure 5-14 DSC thermogram for mole fraction χNiCl2 = 0.35 mole fraction. 

The thermogram obtained for mole fraction χNiCl2 = 0.35 is shown in Figure 

5-14 and all phase transitions are listed in Table 5-6. Upon heating, an 

endothermic melting peak is observed at Tm = 44°C (ΔH = 63 J/g), which shows 

a shoulder towards lower temperatures, which suggests the presence of more 

than one species. This is followed by a glass transition at 96 and 146°C, which 

is present in both subsequent heating and cooling ramps at 93°C. In addition, 

the second heating ramp reveals a glass transition with a superimposed 

endothermic peak at -44°C, indicating a melt forming a glassy amorphous 

state.192 

Table 5-6 Crystallisation Tc, melting Tm and glass transition temperatures Tg  for χNiCl2 = 0.35. 

 Tc [°C] ΔH(Tc) [J/g] Tm [°C] ΔH(Tm) [J/g] Tg [°C] 

1st cooling ramp      
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1st heating ramp   44 63 96 

146 

2nd cooling ramp     93 

2nd heating ramp     -44 

93 

 

Figure 5-15 Phase diagram for mixtures of [C1C4Im]Cl/[NiCl2] with melting points taken from DSC. 

Figure 5-15 shows the phase diagram obtained from DSC for mixtures of 

[C1C4Im]Cl and [NiCl2]. Thermograms were analysed for endothermic melting 

peaks and the peak temperature is presented in the phase diagram. As 

expected from the multiple phase transitions observed previously, a complex 

phase diagram is obtained with no clear eutectic. Generally, low melting 

temperatures are noted for χNiCl2 = 0.1 to χNiCl2 = 0.3 and increasing melting 

points with increasing concentration of NiCl2. 
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5.4.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was used to analyse the oxidation state of 

nickel in the obtained NiCl2/IL mixtures. It was found impossible to obtain 

Raman spectra from the samples, as the only response observed was noise. 

Possibly occurring from multiple phase changes within the sample due to laser 

excitation. The multiple phase transitions observed with DSC (5.4.1 Thermal 

analysis) also made it challenging to record XP spectra, therefore the data 

presented here is preliminary but will need more work in the future.  

All spectra were charge corrected to the Caliphatic 1s = 285 eV, except for pure 

metal samples where adventitious carbon was used.354 Only homogeneous 

samples were used i.e. χNiCl2 = 0.1 to χNiCl2 = 0.6. Some samples presented O 

1s and Si 2p peaks, originating from the precursor NiCl2. Ar+ bombardment to 

etch the sample surface was not carried out as previous experiments showed 

damage to the sample.72 Figure 5-16 shows normalized high resolution XP 

spectra for the Ni 2p peak for χNiCl2 = 0.1 to χNiCl2 = 0.6 and pure NiCl2. Binding 

energies of the main photoelectron peaks are given in Table 5-7. 

The Ni 2p photoelectron peak presents multiplet splitting into Ni 2𝑝1
2⁄  and Ni 

2𝑝3
2⁄ , as well as satellite peaks. A red line is added to highlight the shift to 

higher binding energies with increasing NiCl2 amount. The spectrum obtained 

for χNiCl2 = 0.33 shows the expected peak pattern reported in the literature, 

suggesting the presence of [NiCl4]2-.72  
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Figure 5-16 High resolution XP spectra for Ni 2p for the mixtures of [C1C4Im]Cl/[NiCl2]. All spectra are 
charge corrected to Caliphatic 1s = 285.0 eV. The red line is a guide for the eyes. 

In Figure 5-17 normalized high resolution XP spectra for Cl 2p are displayed 

with increasing NiCl2 concentration and [C1C4Im]Cl and [NiCl2] as a comparison. 

A significant shift towards higher binding energies can be observed (red line). 

In addition, a third peak appeared for χNiCl2 = 0.2 to χNiCl2 = 0.4 towards lower 

binding energies, indicating more than one discrete electronic environment. 

Indeed, a similar occurrence was reported by Terrade et al. for tin chloride/IL 

mixtures.115 The molar fraction χNiCl2 = 0.33 displays a discrete spin-orbit 

coupled doublet with an energy separation of 1.6 eV. However, the doublet 
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presents a shoulder towards lower binding energy, suggesting a surplus of 

[C1C4Im]Cl precursor. 

 

Figure 5-17 High resolution XP spectra for Cl 2p for the mixtures of [C1C4Im]Cl/[NiCl2]. All spectra are 
charge corrected to Caliphatic 1s = 285.0 eV. The red line is a guide for the eyes. 
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Table 5-7 Binding energies in electron Volts for pure [C1C4Im]Cl and [NiCl2], as well as mixtures of the two. 
All spectra are charge corrected to Caliphatic 1s = 285.0 eV. 

 Binding energy [eV] 

Compound χNiCl2 C 1s N 1s Ni 2p3/2 Cl 2p3/2 Ni Auger 

[C1C4Im]Cl 0 285.0 401.8  197.2  

[C1C4Im]Cl/NiCl2 0.1 285.0 401.9 856.1 197.2 642.3 

[C1C4Im]Cl/NiCl2 0.2 285.0 401.7 855.7 198.5 641.6 

[C1C4Im]Cl/NiCl2 0.3 285.0 401.7 855.8 198.2 643.3 

[C1C4Im]Cl/NiCl2 0.33 285.0 401.8 856.0 198.4 642.8 

[C1C4Im]Cl/NiCl2 0.4 285.0 401.7 855.8 198.2 641.7 

[C1C4Im]Cl/NiCl2 0.5 285.0 401.7 855.7 198.1 640.4 

[C1C4Im]Cl/NiCl2 0.6 285.0 401.7 855.7 198.1 642.8 

NiCl2 1 285.0  856.3 198.8 642.8 

 

5.5 Conclusion 

In this part of the work mixtures of CoCl2 and NiCl2 with [C1C4Im]Cl were 

systematically prepared and analysed with thermal and spectroscopic 

methods. Discrete anion formation, in the form [MCl4]2-, was observed for both 

nickel and cobalt. As expected, a small difference in mole fraction led to a 

change in speciation. Interestingly, no other anion formation was observed 

within this work, such as a dimeric species. In both cases only the presence of 

[MCl4]2- was confirmed and the free [C1C4Im]Cl species. It can be concluded that 

for mole fractions other than χMCl2 = 0.33, a mixture of [C1C4Im]2[MCl4], MCl2 

and [C1C4Im]Cl is present. For mole fraction χMCl2 = 0.1 to χMCl2 = 0.6 it is most 
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likely MCl2 and [C1C4Im]Cl dissolved in [C1C4Im]2[MCl4]. For mole fraction χMCl2 

≥ 0.65 a non-homogeneous mixture was observed, where MCl2 precipitated 

from the mixture. Finally, utmost care must be taken when preparing these 

halometallate ILs, because as demonstrated the smallest deviation from the 

ideal mixture can lead to an unwanted change in speciation. 
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General conclusion 

6. Conclusion and future work 

6.1 Conclusion 

In this work a variety of halometallate ILs were synthesised and characterised 

regarding their dielectric properties. Different anions were investigated, 

including Co(II), Ni(II), Cu(II), Zn(II), In(III), and Fe(III) halides. Firstly, a phase 

diagram for Co(II) chloride and Ni(II) chloride with [C1C4Im]Cl was prepared. A 

discrete anion formation was observed at χMCl2 = 0.33 in both instances. 

However, the formation of one or more species, other than [MCl4]2-, could not 

be confirmed, even though DSC indicates the formation of more than one 

species. The phase diagram for [C1C4Im]Cl/CoCl2 shows a peritectic point at 

χCoCl2 = 0.33, corresponding to the pure [C1C4Im]2[CoCl4] and a eutectic at 

χCoCl2 = 0.25. Raman spectroscopy confirmed the presence of [CoCl4]2- in the 

mixtures χCoCl2 = 0.1 to 0.6 with varying intensity. Mixtures of [C1C4Im]Cl/NiCl2 

displayed complex phase behaviour and consequently an intricate phase 

diagram was obtained. XPS suggests the presence of [C1C4Im]2[NiCl4] at χNiCl2 

= 0.33, as previously reported in the literature.72 

Dielectric properties and conductivity were successfully examined using 

dielectric spectroscopy and impedance spectroscopy. As expected, all 

halometallate ILs showed dielectric constants and loss viable for an application 

in MW reactions. Therefore, making them excellent candidates as solvent or 

solvent dopant to improve MW heating in otherwise MW transparent 
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materials. The observed dielectric constants vary depending on the metal and 

temperature in a range from ɛ’ = 3.4-13.9, whereas the loss is observed to be 

in a range of ɛ’’ = 0.5-170. Furthermore, two techniques showed comparable 

results regarding the dielectric properties of the halometallate ILs investigated, 

namely the coaxial slim probe and the resonant perturbation cavity. 

Finally, the IL [C1C4Im][Fe(NO)2Cl2] was employed as Lewis acid catalyst for the 

conversion of CO2 to form cyclic carbonates from epoxides. The reaction was 

successfully carried out at moderate temperature and pressure (40°C, 2 bar). 

In addition, through mechanistic and kinetic studies the catalytically active 

species was revealed to be [C1C4Im]Cl and [Fe(NO)2Cl]. Furthermore, a wide 

range of substrates demonstrated versatility of the catalyst, yielding moderate 

to good conversion for all substrates employed.  

All in all, this work has shown the advantages, current challenges, and future 

possibilities of halometallate ILs. As Lewis acid catalysts they can improve 

reaction performance, when simultaneously acting as a solvent and show 

capacity for inductive heating. As such they achieve multiple operations even 

when present in small quantity. 

6.2 Future work 

This work has shown several promising results, yet the field of halometallate 

ILs still poses some unanswered questions, which were outside of the scope of 

this thesis. For example, an in-depth XPS and EXAFS study could be used to 

investigate the challenging phase transitions observed, in particular for the 

Ni(II) mixtures.   
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Moreover, the use of Lewis acidic halometallate IL catalysts in inductive heating 

processes show great promise, as has been shown in this work. There is not 

only potential in the use of halometallate ILs as solvents/solvent dopant but 

also as catalysts. Therefore, the next step would be, their application in MW 

synthesis or another inductive heating technique, such as magneto-thermal 

heating. 

Dielectric properties could be further investigated using different techniques 

like OKE spectroscopy or terahertz dielectric spectroscopy to detect relaxation 

mechanisms which have been so far undetected. Furthermore, a theoretical 

model could be developed to help understanding of the complex behaviour. 



                                                                                                   Materials and Methods 
 

203 | P a g e  
 

7. Methods and materials  

7.1 Analytical methods   

7.1.1 Dielectric spectroscopy 

Dielectric spectroscopy was carried out using a coaxial slim probe with a 

HP8510C vector network analyser and a resonance perturbation cavity with a 

copper cavity using 912 and 2470 MHz close to the allocated ISM band 

frequencies. It is connected to a furnace with a temperature control unit, a 

Hewlett Packard 8753C vector network analyser (VNA), and a vertical sample 

actuator to move the sample between the furnace and the cavity. All 

experiments were repeated three times per temperature after a 10 minute 

calibration time. 

 7.1.2 Impedance spectroscopy 

An Autolab PGSTAT302 (EcoChemie, the Netherlands) was used to carry out 

galvanostatic impedance spectroscopy in a frequency range of 0.1 to 104 Hz. A 

two electrode system with two platinum electrodes was used. Three repeat 

measurements were carried out per temperature. 

7.1.3 Nuclear magnetic resonance (NMR) 

1H and 13C NMR spectra were recorded on a Bruker DPX400 400 MHz and a 

DPX500 500 MHz nuclear magnetic resonance spectrometer. ILs were 

measured solvent free using an inlet tube, where the IL is in a small tube inside 

the NMR tube with deuterated solvent. 
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7.1.4 Gas chromatography (GC) 

Analyses (determination of enantiomeric excess) of the reaction mixtures were 

performed on a Thermo Scientific Trace 1310 Gas Chromatograph with a 

Lipodex A (hexakis-(2,3,6-tri-O-pentyl)-α-cyclodextrin) 25m column.  

7.1.5 Thermogravimetric analysis (TGA) 

Thermogravimetric measurements were carried out on a TA instruments 

Discovery at a heating rate of 10°C/min and in a temperature range from 20 to 

1000°C under N2 in a platinum crucible. 

7.1.6 Differential scanning calorimetry (DSC) 

DSC was carried out using a TA instrument Discovery typically at a heating rate 

of 10°C/min and in a temperature range of -90°C to 200°C with three cycles. 

Samples were prepared in the glovebox using hermetically sealed platinum 

crucibles. 

7.1.7 Inductively coupled plasma optical emission spectrometry (ICP-OES) 

The iron and chloride content determination were performed through analysis 

of the samples by ICP-OES on a Perkin Elmer Optima 2000 DV ICP-OES. The 

samples were prepared by diluting 25 mL of IL with approximated iron 

concentration of 150 mg/L (ppm) (and, when chloride is present, the chloride 

concentration is between 100-150 mg/L (ppm) in HNO3 with a concentration of 

2% (v/V). Calibration curves were prepared using standard solutions of 

concentrations between 0 to 250 ppm for iron and 0 to 800 ppm for chloride 

prepared by dilution of the standard solution. The iron Standard for ICP 

TraceCERT® (10′000 mg/L Fe in nitric acid) was supplied by Sigma Aldrich. 
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7.1.8 Electrospray ionization mass spectrometry (ESI-MS) 

ESI-MS analyses were carried out on a Bruker ESI-TOF MicroTOF II. 

7.1.9 Fourier transform infrared spectroscopy (ATR FT-IR) 

ATR FT-IR measurements were performed on a Bruker Alpha Series FT-IR 

spectrometer equipped with an attenuated total reflectance (ATR) module. The 

ATR FT-IR spectra were recorded by collecting 16 scans of a compound in the 

ATR module. 

7.1.10 Raman spectroscopy 

Raman spectroscopy was carried out on a Horiba LabRAM HR at room 

temperature. 

7.1.11 Electron paramagnetic resonance (EPR) 

EPR analyses were performed on a Bruker EMX with Bruker ER041XG MW 

bridge (X-band) at room temperature (r.t.) and at 77 K in a quartz Dewar. 

7.1.12 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using a Kratos AXIS Ultra DLD instrument. 

The chamber pressure during the measurements was 5 × 10−9 Torr. Wide 

energy range survey scans were collected at a pass energy of 80 eV in hybrid 

slot lens mode and a step size of 0.5 eV. High-resolution data on the C 1s, Cl 2p, 

N 1s and Fe 2p photoelectron peaks was collected at pass energy 20 eV over 

energy ranges suitable for each peak, and collection times of 5 min, step sizes 

of 0.1 eV. The charge neutraliser filament was used to prevent the sample 

charging over the irradiated area. The X-ray source was a monochromated Al 

Kα emission, run at 10 mA and 12 kV (120 W). The energy range for each ‘pass 

energy’ (resolution) was calibrated using the Kratos Cu 2p3/2, Ag 3d5/2 and Au 
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4f7/2 three-point calibration method. The transmission function was calibrated 

using a clean gold sample method for all lens modes and the Kratos 

transmission generator software within Vision II. The data were processed with 

CASAXPS (Version 2.3.17). Peaks were fitted using GL(30) line shapes (70% 

Gaussian and 30% Lorentzian). The wide scan and high resolution spectra were 

calibrated to the alkyl chain at 285.0 eV.72  

7.1.13 Magnetization measurements  

DC magnetic susceptibility measurement was performed using Quantum 

Design PPMS magnetometer whilst heating from 2 to 300 K under an applied 

magnetic field of strength 1 kOe. Magnetization as a function of field (H) was 

measured using the same magnetometer in the -80 ≤ H/kOe ≤ 80 at 2 K after 

cooling the sample in zero field. 
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8. Appendix 

8.1 Phase diagram 

Table 8-1 Mole fraction calculation for C1C4ImCl/CoCl2 mixtures. 

%CoCl2 nC1C4ImCl 

(mol) 

nCoCl2 

(mol) 

mC1C4ImCl 

(mg) 

mCoCl2 

(mg) 

Total 

(mg) 

5% 5.51 0.29 962.35 37.65 1000 

10% 5.29 0.59 923.71 76.29 1000 

15% 5.06 0.89 884.03 115.97 1000 

20% 4.83 1.21 843.29 156.71 1000 

25% 4.59 1.53 801.42 198.58 1000 

30% 4.34 1.86 758.39 241.61 1000 

35% 4.09 2.20 714.15 285.85 1000 

40% 3.83 2.55 668.64 331.36 1000 

45% 3.56 2.91 621.82 378.18 1000 

50% 3.28 3.28 573.61 426.39 1000 

55% 3.00 3.67 523.96 476.04 1000 

60% 2.71 4.06 472.81 527.19 1000 

65% 2.40 4.47 420.08 579.92 1000 

70% 2.09 4.89 365.70 634.30 1000 

75% 1.77 5.32 309.59 690.41 1000 

80% 1.44 5.76 251.67 748.33 1000 

85% 1.10 6.22 191.85 808.15 1000 
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90% 0.74 6.70 130.04 869.96 1000 

95% 0.38 7.19 66.12 933.88 1000 

 

Table 8-2 Mole fraction calculation for C1C4ImCl/NiCl2 mixtures. 

%NiCl2 nC1C4ImCl 

(mol) 

nNiCl2 

(mol) 

mC1C4ImCl 

(mg) 

mNiCl2 

(mg) 

Total 

(mg) 

5% 5.51 0.29 962.42 37.58 1000 

10% 5.29 0.59 923.84 76.16 1000 

15% 5.06 0.89 884.22 115.78 1000 

20% 4.83 1.21 843.53 156.47 1000 

25% 4.59 1.53 801.72 198.28 1000 

30% 4.34 1.86 758.73 241.27 1000 

35% 4.09 2.20 714.53 285.47 1000 

40% 3.83 2.55 669.05 330.95 1000 

45% 3.56 2.91 622.25 377.75 1000 

50% 3.29 3.29 574.06 425.94 1000 

55% 3.00 3.67 524.42 475.58 1000 

60% 2.71 4.06 473.27 526.73 1000 

65% 2.41 4.47 420.53 579.47 1000 

70% 2.10 4.89 366.13 633.87 1000 

75% 1.77 5.32 309.99 690.01 1000 

80% 1.44 5.77 252.02 747.98 1000 

85% 1.10 6.23 192.14 807.86 1000 
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90% 0.75 6.71 130.25 869.75 1000 

95% 0.38 7.20 66.24 933.76 1000 

 

8.1.1 Differential scanning calorimetry 

 

Figure 8-1  DSC thermogram for mole fraction χCoCl2 = 0.05. 
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Figure 8-2 DSC thermogram for mole fraction χCoCl2 = 0.1. 

 

Figure 8-3 DSC thermogram for mole fraction χCoCl2 = 0.15. 
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Figure 8-4 DSC thermogram for mole fraction χCoCl2 = 0.2. 

 

Figure 8-5 DSC thermogram for mole fraction χCoCl2 = 0.25. 
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Figure 8-6 DSC thermogram for mole fraction χCoCl2 = 0.3. 

 

Figure 8-7 DSC thermogram for mole fraction χCoCl2 = 0.33. 
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Figure 8-8 DSC thermogram for mole fraction χCoCl2 = 0.35. 

 

Figure 8-9 DSC thermogram for mole fraction χCoCl2 = 0.4. 
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Figure 8-10 DSC thermogram for mole fraction χCoCl2 = 0.45. 

 

Figure 8-11 DSC thermogram for mole fraction χCoCl2 = 0.5. 
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Figure 8-12 DSC thermogram for mole fraction χCoCl2 = 0.55. 

 

Figure 8-13 DSC thermogram for mole fraction χCoCl2 = 0.6. 
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Figure 8-14 DSC thermogram for mole fraction χCoCl2 = 0.65. 

 

Figure 8-15 DSC thermogram for mole fraction χCoCl2 = 0.7. 
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Figure 8-16 DSC thermogram for mole fraction χCoCl2 = 0.75. 

 

Figure 8-17 DSC thermogram for mole fraction χCoCl2 = 0.8. 
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Figure 8-18 DSC thermogram for mole fraction χCoCl2 = 0.85. 

 

Figure 8-19 DSC thermogram for mole fraction χCoCl2 = 0.9. 
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Figure 8-20 DSC thermogram for mole fraction χCoCl2 = 0.95. 

 

Figure 8-21 DSC thermogram for mole fraction χ NiCl2 = 0.05. 
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Figure 8-22 DSC thermogram for mole fraction χ NiCl2 = 0.1. 

 

Figure 8-23 DSC thermogram for mole fraction χ NiCl2 = 0.15. 
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Figure 8-24 DSC thermogram for mole fraction χ NiCl2 = 0.2. 

 

Figure 8-25 DSC thermogram for mole fraction χ NiCl2 = 0.25. 
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Figure 8-26 DSC thermogram for mole fraction χ NiCl2 = 0.33. 

 

 

Figure 8-27 DSC thermogram for mole fraction χ NiCl2 = 0.4. 
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Figure 8-28 DSC thermogram for mole fraction χ NiCl2 = 0.45. 

 

Figure 8-29 DSC thermogram for mole fraction χ NiCl2 = 0.5. 
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Figure 8-30 DSC thermogram for mole fraction χ NiCl2 = 0.55. 

 

Figure 8-31 DSC thermogram for mole fraction χ NiCl2 = 0.6. 
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Figure 8-32 DSC thermogram for mole fraction χ NiCl2 = 0.65. 

 

Figure 8-33 DSC thermogram for mole fraction χ NiCl2 = 0.7. 
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Figure 8-34 DSC thermogram for mole fraction χ NiCl2 = 0.75. 

 

Figure 8-35 DSC thermogram for mole fraction χ NiCl2 = 0.8. 
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Figure 8-36 DSC thermogram for mole fraction χ NiCl2 = 0.85. 

 

Figure 8-37 DSC thermogram for mole fraction χ NiCl2 = 0.9. 
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Figure 8-38 DSC thermogram for mole fraction χ NiCl2 = 0.95.  

8.1.2 Thermogravimetric analysis 

 

Figure 8-39 TGA thermogram for mole fraction χCoCl2 = 0.05. 
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Figure 8-40 TGA thermogram for mole fraction χCoCl2 = 0.1. 

 

Figure 8-41 TGA thermogram for mole fraction χCoCl2 = 0.15. 
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Figure 8-42 TGA thermogram for mole fraction χCoCl2 = 0.2. 

 

Figure 8-43 TGA thermogram for mole fraction χCoCl2 = 0.25. 
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Figure 8-44 TGA thermogram for mole fraction χCoCl2 = 0.4. 

 

Figure 8-45 TGA thermogram for mole fraction χCoCl2 = 0.45. 
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Figure 8-46 TGA thermogram for mole fraction χCoCl2 = 0.5. 

 

Figure 8-47 TGA thermogram for mole fraction χCoCl2 = 0.55. 
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Figure 8-48 TGA thermogram for mole fraction χCoCl2 = 0.6 

 

Figure 8-49 TGA thermogram for mole fraction χCoCl2 = 0.65. 



                                                                                                     Appendix 
 

234 | P a g e  
 

 

Figure 8-50 TGA thermogram for mole fraction χCoCl2 = 0.7. 

 

Figure 8-51 TGA thermogram for mole fraction χCoCl2 = 0.75. 
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Figure 8-52 TGA thermogram for mole fraction χCoCl2 = 0.8. 

 

Figure 8-53 TGA thermogram for mole fraction χCoCl2 = 0.85. 
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Figure 8-54 TGA thermogram for mole fraction χCoCl2 = 0.9. 

 

Figure 8-55 TGA thermogram for mole fraction χCoCl2 = 0.95. 
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Figure 8-56 TGA thermogram for mole fraction χNiCl2 = 0.05. 

 

Figure 8-57 TGA thermogram for mole fraction χNiCl2 = 0.1. 
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Figure 8-58 TGA thermogram for mole fraction χNiCl2 = 0.15. 

 

Figure 8-59 TGA thermogram for mole fraction χNiCl2 = 0.2. 
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Figure 8-60 TGA thermogram for mole fraction χNiCl2 = 0.25. 

 

Figure 8-61 TGA thermogram for mole fraction χNiCl2 = 0.4. 
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Figure 8-62 TGA thermogram for mole fraction χNiCl2 = 0.45. 

 

Figure 8-63 TGA thermogram for mole fraction χNiCl2 = 0.5. 
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Figure 8-64 TGA thermogram for mole fraction χNiCl2 = 0.55. 

 

Figure 8-65 TGA thermogram for mole fraction χNiCl2 = 0.6. 
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Figure 8-66 TGA thermogram for mole fraction χNiCl2 = 0.65. 

 

Figure 8-67 TGA thermogram for mole fraction χNiCl2 = 0.7. 
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Figure 8-68 TGA thermogram for mole fraction χNiCl2 = 0.75. 

 

Figure 8-69 TGA thermogram for mole fraction χNiCl2 = 0.8. 
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Figure 8-70 TGA thermogram for mole fraction χNiCl2 = 0.85. 

 

Figure 8-71 TGA thermogram for mole fraction χNiCl2 = 0.9. 
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Figure 8-72 TGA thermogram for mole fraction χNiCl2 = 0.95. 

8.2 Crystal structure  

 

Figure 8-73 Crystal structure obtained for [C1C4Im]2[CoCl4}. Cell a=14.3690 (2), b=9.7041 (1), c=16.8425 
(2), alpha=90, beta=107.662 (1), gamma=90, Temperature: 120 K. 
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Table 8-3 Crystal structure refinement data. 

 Calculated Reported 

Volume 2237.79 (5) 2237.79 (5) 

Space group C c C1 C1 

Hall group C -2yc C -2yc 

Moiety formula 2(C8 H15 N2), Cl4 Co 2(C8 H15 N2), Cl4 Co 

Sum formula C16 H30 Cl4 Co N4 C16 H30 Cl4 Co N4 

Mr 479.17 479.17 

Dx, g cm-3 1.422 1.422 

Z 4 4 

Mu (mm-1) 1.252 1.252 

F000 996.0 996.0 

F000’ 999.92  

h, k, l max 19, 13, 22 18, 13, 22 

Nref 5880 (2943) 5620 

Tmin, Tmax 0.602, 0.779 0.402, 1.000 

Tmin’ 0.573  
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8.3 ESI-MS spectroscopy 

 

Figure 8-74 ESI-MS spectrum of [C1C4Im][Fe(NO)2Cl2]  in the positive mode. 

 

Figure 8-75 ESI-MS negative mode for [C1C4Im][Fe(NO)2Cl2]. m/z = 155.8710 and 157.8689 belong to the 
fragment [Fe(NO)Cl2]. 
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8.4 Nuclear magnetic resonance spectroscopy 

 

Figure 8-76 1H-NMR of [C1C4Im]2[ZnCl4] measured at 400 MHz with an inlet tube under solvent free 
conditions. 

 

Figure 8-77 115Indium NMR measured at 400 MHz with an inlet tube under solvent free conditions for 
[C1C4Im][InCl4]. 
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8.5 Dielectric spectroscopy 

8.5.1 Arrhenius fit – conductivity versus inverse temperature 

 

Figure 8-78 Ionic conductivity plotted versus the inverse temperature for [C1C4Im][FeCl4]. The solid line 
represents an Arrhenius fit. 

 

Figure 8-79 Ionic conductivity plotted versus the inverse temperature for [C1C4Im][InCl4]. The solid line 
represents an Arrhenius fit. 
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Figure 8-80 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[CuCl4]. The solid line 
represents an Arrhenius fit. 

 

Figure 8-81 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[ZnCl4]. The solid line 
represents an Arrhenius fit. 
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Figure 8-82 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[NiCl4]. The solid line 
represents an Arrhenius fit. 

 

Figure 8-83 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[CoCl4]. The solid line 
represents an Arrhenius fit. 
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Figure 8-84 Ionic conductivity plotted versus the inverse temperature for [C1C4Im][FeCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 

 

Figure 8-85 Ionic conductivity plotted versus the inverse temperature for [C1C4Im][InCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 
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Figure 8-86 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[ZnCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 

 

Figure 8-87 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[CuCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 
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Figure 8-88 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[NiCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 

 

Figure 8-89 Ionic conductivity plotted versus the inverse temperature for [C1C4Im]2[CoCl4] from Impedance 
Spectroscopy. The solid line represents an Arrhenius fit. 
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8.6 Impedance spectroscopy 

 

Figure 8-90 Impedance spectroscopy of [C1C4Im][InCl4] at 24°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-91 Impedance spectroscopy of [C1C4Im][InCl4] at 30°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-92 Impedance spectroscopy of [C1C4Im][InCl4] at 40°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-93 Impedance spectroscopy of [C1C4Im][InCl4] at 50°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-94 Impedance spectroscopy of [C1C4Im][InCl4] at 60°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-95 Impedance spectroscopy of [C1C4Im][InCl4] at 70°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-96 Impedance spectroscopy of [C1C4Im][InCl4] at 80°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-97 Impedance spectroscopy of [C1C4Im][InCl4] at 90°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-98 Impedance spectroscopy of [C1C4Im][InCl4] at 100°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-99 Impedance spectroscopy of [C1C4Im][InCl4] at 110°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-100 Impedance spectroscopy of [C1C4Im][FeCl4] at 23°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-101 Impedance spectroscopy of [C1C4Im][FeCl4] at 30°C. Average of three measurements shown 
and standard deviation. 



                                                                                                     Appendix 
 

261 | P a g e  
 

 

Figure 8-102 Impedance spectroscopy of [C1C4Im][FeCl4] at 40°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-103 Impedance spectroscopy of [C1C4Im][FeCl4] at 50°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-104 Impedance spectroscopy of [C1C4Im][FeCl4] at 60°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-105 Impedance spectroscopy of [C1C4Im][FeCl4] at 70°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-106 Impedance spectroscopy of [C1C4Im][FeCl4] at 80°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-107 Impedance spectroscopy of [C1C4Im][FeCl4] at 90°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-108 Impedance spectroscopy of [C1C4Im][FeCl4] at 100°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-109 Impedance spectroscopy of [C1C4Im][FeCl4] at 110°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-110 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 22°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-111 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 30°C. Average of three measurements shown 
and standard deviation. 



                                                                                                     Appendix 
 

266 | P a g e  
 

 

Figure 8-112 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 40°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-113 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 50°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-114 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 60°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-115 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 70°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-116 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 80°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-117 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 90°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-118 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 100°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-119 Impedance spectroscopy of [C1C4Im]2[CuCl4] at 110°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-120 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 30°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-121 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 50°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-122 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 60°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-123 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 70°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-124 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 80°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-125 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 90°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-126 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 100°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-127 Impedance spectroscopy of [C1C4Im]2[ZnCl4] at 110°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-128 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 40°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-129 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 50°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-130 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 60°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-131 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 70°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-132 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 80°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-133 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 90°C. Average of three measurements shown 
and standard deviation. 



                                                                                                     Appendix 
 

277 | P a g e  
 

 

Figure 8-134 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 100°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-135 Impedance spectroscopy of [C1C4Im]2[NiCl4] at 110°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-136 Impedance spectroscopy of [C1C4Im]2[CoCl4] at 70°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-137 Impedance spectroscopy of [C1C4Im]2[CoCl4] at 80°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-138 Impedance spectroscopy of [C1C4Im]2[CoCl4] at 90°C. Average of three measurements shown 
and standard deviation. 

 

Figure 8-139 Impedance spectroscopy of [C1C4Im]2[CoCl4] at 100°C. Average of three measurements shown 
and standard deviation. 
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Figure 8-140 Impedance spectroscopy of [C1C4Im]2[CoCl4] at 110°C. Average of three measurements shown 
and standard deviation. 

 

8.7 Magnetization measurements 
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Figure 8-141 Temperature dependence of molar magnetic susceptibilities, χm, and reciprocal, χm−1. The 
blue solid line is the fit according to Curie−Weiss law. (Bottom) magnetic hysteresis loops, M(H), collected 
at 2 K. 

The molar magnetic susceptibility of the Fe-based IL (Figure 8-141) is in good 

agreement with that found in other metal ILs based on [FeCl4
-] ion.34, 35, 40 The 

effective magnetic moment (μeff), obtained by fitting of the inverse of molar 

magnetic susceptibility using the Curie–Weiss law (Figure 8-141, blue) has a 

value of 5.95 (μB/molecule), which agrees with the expected value of 5.92 μB 

for Fe3+ ion.40 Moreover, the magnetization data (see inset in Figure 8-141) 

tends to saturate above 50 kOe with a value of 5.11 mB/Fe ion at 80 kOe, which 

is near from the expected fully saturated value of 5 mB/Fe for a Fe3+ ion. Both 

data are a fingerprint indicating that Fe3+ is the main oxidation state of iron in 

the metal-based IL.40  

8.8 GC chromatograms  
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Figure 8-142 GC Chromatogram for the formation of R-4-phenyl-1,3-dioxolan-2-one by cycloaddition of 
CO2 with R-styrene oxide catalysed by [C1C4Im][Fe(NO)2Cl2] Reagents: [C1C4Im][Fe(NO)2Cl2], 0.1665 mmol; 
styrene oxide, 1.665 mmol.258 

 

 

Figure 8-143 GC Chromatogram for the formation of S-4-phenyl-1,3-dioxolan-2-one by cycloaddition of 
CO2 with S-styrene oxide catalysed by [C1C4Im][Fe(NO)2Cl2]. Reagents: [C1C4Im][Fe(NO)2Cl2], 0.1665 mmol; 
styrene oxide, 1.665 mmol. 

 

 

Figure 8-144 GC Chromatogram for the formation of S-1-phenyl-1,2-ethanediol by reaction of R-styrene 
oxide with H2O catalysed by [C1C4Im][Fe(NO)2Cl2]. Reagents and conditions: [C1C4Im][Fe(NO)2Cl2], 0.1665 
mmol; R-styrene oxide, 1.665 mmol; H2O, 1 mL. 
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Figure 8-145 GC Chromatogram for the formation of R-1-phenyl-1,2-ethanediol by reaction of S-styrene 
oxide with H2O catalysed by [C1C4Im][Fe(NO)2Cl2]. Reagents and conditions: [C1C4Im][Fe(NO)2Cl2], 0.1665 
mmol; S-styrene oxide, 1.665 mmol; H2O, 1 mL. 

8.9 Kinetic experiments 

 

Figure 8-146 Double logarithmic plot to determine the order respect to (a) CO2 and (b) 
[C1C4Im][Fe(NO)2Cl2]. 

kobs= k [CO2]b [[C1C4Im][Fe(NO)2Cl2]]c, thus   

log(kobs) = b∙log[CO2] + c∙log[[C1C4Im][Fe(NO)2Cl2]] + log(k)  

Then, plot of log(kobs) against log[CO2] will have slope equal to b, whereas a plot 

of log(kobs)  against log[[C1C4Im][Fe(NO)2Cl2]] will have slope equal to c. 
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T (ºC) kobs (mol ∙ cm-3 ∙ s-1) 

40 8.28 ∙ 10-7 

50 3.46 ∙ 10-6 

60 7.01 ∙ 10-6 

70 (I) 1.16 ∙ 10-5 

70 (II) 1.23 ∙ 10-5 

80 1.30 ∙ 10-5 

90 1.38 ∙ 10-5 
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