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ABSTRACT 

This thesis explores the electronic structure of selected ionic liquids (ILs) in the 

vapor phase, focusing on how different anion–cation combinations influence their 

electronic structure. The ILs were vaporized in high vacuum using an effusion 

cell. Ultraviolet photoelectron spectroscopy (UPS) and time-of-flight mass spec-

trometry (TOF-MS) measurements were performed at the new FinEstBeAMS 

beamline at the MAX IV Laboratory, where the author contributed to the con-

struction and optimization (Paper I). 

During the studies of ILs, the first UPS and in some cases TOF-MS spectra of 

the vapors of more than 10 ionic liquids: [EMIM][OTf], [PYR14][OTf], 

[EMIM][DCA], [PYR14][DCA], [PYR14][TCM], [PYR14][FSI], [PYR14][PF6], 

[S222][TFSI], [P4441][TFSI] and [EMMIM][TFSI] were obtained and published 

(Paper III–IV). The TOF-MS study on the fragmentation of [EMMIM][TFSI], 

[EMIM][OTf] and [EMIM][DCA] revealed the presence of interesting hydro-

genated and dehydrogenated fragments (Paper II). The electronic structure of 

[EMIM][DCA] was thoroughly investigated (Paper IV–V). It was shown that 

[EMMIM][TFSI] and [EMIM][OTf] have similarities in the fragmentation 

pattern.  
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1. INTRODUCTION  

Ionic Liquids (ILs) are generally defined as molten organic salts with a melting 

point below 100 °C. ILs are composed of organic cations paired with either 

organic or inorganic anions. In this work, ion pairs are denoted using the notation 

[CATION][ANION]. In the notation, the commas between side-chain lengths 

(e.g. [PYR14]) are omitted to make the notation more compact. It should also be 

noted that ion pairs are referred to as IL molecules by several authors.  

ILs have attracted great interest because of their uncommon physicochemical 

properties such as low melting temperatures, excellent solvation ability, relatively 

high thermal stability, low vapor pressure, non-flammability, high electro-

chemical stability, conductivity etc. [1–3]. It is possible to synthesize a vast num-

ber of ILs with tailored properties by selecting from a wide variety of available 

cations and anions. This enables their use in diverse fields such as electro-

chemistry, nanotribology, synthesis, catalysis, lubrication, green chemistry, and 

nanotechnology [4]. In most applications ILs are used in liquid form. 

Investigations of isolated IL molecules (in the vapor phase) are the simplest 

and most natural starting point for understanding the electronic structure of ILs 

in the liquid phase. Because of this, it is necessary to first perform high accuracy 

gas phase measurements of free ion pairs – the basic building blocks of ionic 

liquids. It is unrealistic to synthesize and measure the electronic structure of all 

possible ionic liquids. The theoretical approach may offer an efficient way to find 

ILs with suitable properties for specific applications [5–7]. However, despite the 

advancements in computational methods, high-quality experimental data remains 

essential for validating and refining theoretical calculations. For example, various 

ab initio methods like Density Functional Theory (DFT) have their limitations, 

for example, they may not always be suitable for weak interactions (e.g., van der 

Waals forces, hydrogen bonding, π stacking) that are characteristic of some ILs. 

There are even more reliable methods, such as Møller–Plesset second order 

perturbation theory (MP2), but these are also more computationally expensive [8]. 

When experiments of this work were started in 2013, only a small number of 

experimental publications about the electronic structure of vapors of ILs were 

available [9–12]. The reason for this was the highly complicated experimental 

technique required for such experiments. Not every IL is suitable for vapor phase 

experiments in vacuum. The ILs under investigation must have very low vapor 

pressure at room temperature and, in addition, must be thermally stable at 

vaporization temperatures. E.g., in the case of [EMIM][TFSI], the vapor pressure 

is 6.2*10–5 mbar at 169 °C and rises to 1.1*10–3 mbar at 211 °C [13].  

To understand the electronic structure of isolated ILs, suitable experimental 

techniques should be applied. Ultraviolet Photoelectron Spectroscopy (UPS) is 

the most direct method for investigating the occupied electronic states. A well-

known technique for investigating photo-induced dissociation, fragmentation, 

and intact parent molecules is Time-of-Flight Mass Spectrometry (TOF-MS). 

TOF-MS enables the use of soft ionization and has a wide mass to charge 
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measurement range. In addition, TOF-MS results can confirm that the UPS spectra 

originate from the parent molecule. These methods provide the most reliable 

results when used together with a light source that allows for tunable photon 

energy. Synchrotron radiation was chosen for its exceptional versatility (excellent 

tunability and intensity) [14]. 

All experiments in the present thesis were performed at the new FinEstBeAMS 

beamline at the MAX IV Laboratory. The construction and commissioning of the 

FinEstBeAMS beamline were the result of a seven-year collaborative effort 

involving Estonian, Finnish, and other Nordic user communities, in which the 

author of this thesis also actively participated. It is noteworthy that Paper III was 

the first scientific article, following the building and commissioning contri-

butions, to originate from the FinEstBeAMS beamline.  

This thesis is dedicated to investigations of the electronic structure of selected 

ILs in the vapor phase. I focused on studying the effects of different anion and 

cation combinations on the electronic structure of ionic liquids and their frag-

mentation under vacuum ultraviolet radiation (VUV). This study contributed to a 

deeper understanding of their fundamental properties. The key motivation was to 

obtain direct experimental information about the electronic structures of free IL 

ion pairs. These results were compared with ab initio electronic structure calcu-

lations (MP2, DFT) of the same compounds, to assess the suitability of existing 

theoretical approaches at describing these unusual systems.   
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2. OVERVIEW OF THE CURRENT SITUATION IN 

THE FIELD OF IONIC LIQUIDS  

2.1 Ionic liquids and their applications 

ILs are increasingly being used in different applications due to their unique pro-

perties (see Figure 1).  

 

 

Figure 1. Applications of ionic liquids across various fields. Figure reproduced under a 

CC BY 4.0 license from [30]. 

 

In electrochemical applications, they are used in metal electrodeposition [15], 

batteries [16], sensors [17], dye-sensitized solar cells [18], fuel cells [19], thermo-

electrochemical cells [20], and supercapacitors [21]. ILs are used as additives in 

lubricating agents, corrosion inhibitors, surface-active agents [22], plasticizers, 

shale inhibitors [23]. In extraction and separation processes these compounds are 
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applied in micro-extraction [24], biomass extraction [25], extraction of flavo-

noids, dissolution of wood [26], water treatment technologies, and enhanced oil 

recovery [27]. In chemical applications ILs are applied in organic reactions, 

nanoparticle synthesis [28], and enzymatic reactions. Industries that use ILs 

include the food and bioproduct industry, biodiesel production, and the pharma-

ceutical industry. In analytical applications, they find use in gas chromatography 

columns, matrices for mass spectrometry, and in high-performance liquid 

chromatography [29]. ILs are applied as advanced materials in artificial muscles, 

liquid crystals, and thermal energy storage devices. In environmental protection 

ILs demonstrate promising results in carbon capture, the treatment of nuclear 

waste, and fuel purification [4]. 

There is a large variety of ILs, which can be synthesized by combining dif-

ferent organic cations with anions. Moreover, substituent groups can be varied in 

cations like ammonium, sulfonium, imidazolium, triazolium, pyridinium, 

phosphonium, pyrazolium, guanidinium etc. Some commonly used anions are 

tetrafluoroborate [BF4]
–, hexafluorophosphate [PF6]

–, bistriflimide, bis(fluoro-

sulfonyl)imide [FSI]–, iodide, chloride, triflate [OTf]–, acetate, and dicyandiamide 

[DCA]– [4, 31]. As an example of this versatility, the length of alkyl side chains 

in imidazolium cations can be adjusted to tune various properties of ILs, such as 

ionic conductivity [32], the energy gap between the highest occupied and the 

lowest unoccupied molecular orbitals (HOMO-LUMO gap) [33], and other 

physicochemical characteristics [34].  

 

 

2.2 Research topics and spectroscopy of ionic liquid vapors 

Although different properties of ILs are the subject of a large number of articles, 

information about the electronic structure of IL vapors is still limited. One reason 

for this was the complicated experimental technique and the level of specific 

know-how needed for such experiments. Even basic information, like the thermal 

effusion properties of ILs in high vacuum was published for only a few ILs [35]. 

Although ILs have very low vapor pressures at room temperature (lower than 

1*10–6 mbar) [35], minor vaporization does still occur at elevated temperatures 

and gas-phase experiments are possible [3, 9–11]. There were some experimental 

studies of gaseous ILs using mass spectrometry and infrared (IR) spectroscopy 

(e.g., [8, 36, 37] and references therein), but detailed studies of IL vapors under 

ionizing radiation were rather few. Both experimental [9, 11, 38–40] and theo-

retical [41–44] studies have shown that thermal vaporization of ILs produces 

mainly isolated ion pairs in high vacuum. UPS experiments on [EMIM][TFSI] 

suggested that IL vapor is mainly composed of cations and anions as isolated IL 

molecules that are likely to dissociate after photoionization, producing an intact 

cation and neutral fragments of the anion [9]. Ion pairs have also been directly 

observed by field ionization [40] and indirectly by soft-ionization mass spectro-

metry [11, 45], line-of-sight mass spectrometry [38, 46] and UV spectroscopy [9, 



   

 

17 

12, 47, 48]. UPS and inverse photoemission spectroscopy (IPS) have been used 

to determine the HOMO and LUMO energy levels of IL droplets [33]. 

Since the start of our research about ionic liquids in 2013, every year several 

new publications about gas phase ionic liquids X-ray photoelectron spectroscopy 

(XPS), UPS and MS are published [24, 49–54]. In situ XPS was used to track the 

evolution of X-ray irradiation-induced chemical reactions in a series of ionic 

liquids ([CnMIM][AuCl4]; n=4, 6, 8, 10) on the Si (111) single-crystal surface. 

[49]. Ambient-pressure XPS was used to examine the impact of water on values 

of the electrochemical shift C 1s, O 1s and N 1s for [EMIM][OAc] [50]. Ionic 

liquid-dispersive micro-extraction and detection by high-performance liquid 

chromatography-electrospray ionization mass spectrometry for antifouling bio-

cides in water was developed [24]. 

In this thesis, a particular focus was on the characterization of ILs that are 

being investigated for use in Electrical Double-Layer Capacitors (EDLCs), also 

known as supercapacitors. Commonly used cations for EDLCs are e.g. [EMIM]+, 

[PYR14]
+, [DEME]+, [P2224]

+ and anions are e.g. [BF4]
–, [PF6]

–, [FSI]–, [TFSI]– 

[55]. In these systems, ILs are used as the liquid electrolytes. The capacitance of 

an EDLC is directly affected by the electrochemical stability window and the 

dielectric constant of the ionic liquid that is used. In turn – these properties are 

first and foremost governed by the electronic structures of the constituent cations 

and anions that form the IL. Therefore, a detailed quantitative characterization of 

the electronic structures of free cation-anion pairs – the building blocks of bulk 

ILs – is of great practical as well as fundamental interest. A full list of the ILs 

investigated in this thesis, together with figures showing their chemical struc-

tures, is presented in Table 1. 
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3. RESEARCH TASK 

3.1 Motivation and formulation of the research tasks 

Several ILs have unique properties that are used in specific applications (listed in 

section 2.1.). As mentioned before, the possible number of anion and cation 

combinations is huge, and experimentally characterizing all of them is unfeasible 

[56]. The principal aim of this research project is to perform high accuracy gas 

phase measurements of free ion pairs – the basic building blocks of ionic liquids. 

The results of these measurements will be analyzed with reference to theoretical 

results for the same compounds to gain fundamental insights into the electronic 

structures of ILs. 

The key challenge is to determine the experimental conditions under which 

such ion pairs can be produced. Indeed, as discussed throughout this thesis, in 

many cases, heating an IL in vacuum may instead lead to the decomposition of 

the material.  

In turn, this means that it is necessary to experimentally determine the com-

position of the gas that is released from ionic liquids in vacuum, at room tem-

perature, or at elevated temperatures. This is a nontrivial task that requires a soft 

ionization and a specialized mass spectrometry setup due to the high molecular 

masses of the cations and anions involved. 

Therefore, in order to be able to perform the experiments described above, and 

to reach the stated aim of measuring high resolution gas phase photoelectron 

spectra of ionic liquid vapors, it was first necessary to set up and test the experi-

mental apparatus consisting of an effusion cell, an electron kinetic energy analyzer, 

and a time-of-flight mass spectrometer, all connected to the analysis chamber at 

the gas phase endstation of the FinEstBeAMS beamline at the MAX IV syn-

chrotron. The development and commissioning of this experimental setup formed 

a major part of this research project, which are described in detail in Paper I. 

 

 

3.2 Statements presented for defense 

1. It has been shown conclusively that it is possible to experimentally determine 

the electronic structure (Paper III–V) and fragmentation patterns of IL vapors 

(Paper II). This is not trivial, since several experimental parameters and 

requirements for the IL have to be considered. 

2. It was determined that most ILs studied in this work vaporize predominately 

as isolated ion pairs during heating in vacuum. (Paper II–V) 

3. It has been shown that in the case of [EMIM][DCA], there are strong indi-

cations that an uncommon interionic charge transfer electronic relaxation 

process during photoemission occurs. (Paper V) 
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4. In some cases ([PYR14][FSI], [PYR14][TCM]) indirect experimental evidence 

of the specific conformer structure of the vaporized species has been obtained. 

This was possible due to the sensitivity of the UPS spectrum on the underlying 

ion-pair structure. (Paper IV) 

5. The acquired experimental data enabled the reinterpretation of the HOMO 

energy of [EMIM][BF4]. The binding energy of the [EMIM][BF4] ion pair 

HOMO is now estimated to be 9.25–9.3 eV instead of 7.4 eV. This is sug-

gested by overall agreement with our calculation trends. (Paper IV) 

6. The presence of hydrogenated and dehydrogenated fragments was confirmed 

in [EMMIM][TFSI], [EMIM][OTf] and [EMIM][DCA] (Paper II).  
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4. EXPERIMENTAL METHODS 

4.1 Sample preparation and evaporation 

In the present thesis the following ionic liquids were investigated: [EMMIM][TFSI], 

[EMIM][OTf], [EMIM][DCA], [EMIM][TFSI], [PYR14][TFSI], [PYR14][OTf], 

[PYR14][DCA], [PYR14][TCM], [PYR14][FSI], [PYR14][PF6], [S222][TFSI], 

[P4441][TFSI], [DEME][TFSI] (see Table 1 for chemical and structural formulas). 

These samples were purchased from IoLiTec Ionic Liquids Technologies GmbH 

(Germany) or Sigma-Aldrich (USA) and were used as received.  

The main motivation for selecting the ILs in (Paper II) ([EMMIM][TFSI], 

[EMIM][DCA], [EMIM][OTf]) was based on our hypothesis that different anions 

influence the fragmentation patterns of the same or similar cations, which needed 

to be confirmed or disproved. As part of the studies, to separately investigate the 

influence of the anions and the cations on the properties of free ion pairs, two series 

of ILs were considered. In the first series – [EMMIM][TFSI], [EMIM][DCA], 

[EMIM][OTf] – the anion is varied, whilst the cation is kept the same (or similar). 

Experimental measurements of this series of ILs are presented in Paper II. In the 

second series (Paper III) – [EMIM][TFSI], [DEME][TFSI], [PYR14][TFSI] – the 

cation is varied, while the anion is kept the same. In (Paper IV) a diverse set of ILs 

[EMIM][OTf], [PYR14][OTf], [EMIM][DCA], [PYR14][DCA], [PYR14][TCM], 

[PYR14][FSI], [PYR14][PF6], [S222][TFSI], [P4441][TFSI], and [EMMIM][TFSI] 

were chosen for the study. The selection included simple sulfonium- and 

phosphonium-based cations, aromatic cations like [EMIM]+, non-aromatic rings 

like pyrrolidinium; and small anions such as [PF6]
–, medium-sized anions like 

[FSI]–, [OTf]– and large anions like [TFSI]–.  

For each sample transfer, the experimental station was vented with nitrogen 

(99.995 %), and the effusion cell was removed. The IL sample was poured into a 

clean quartz crucible under a fume hood and was covered with aluminium foil. 

The quartz crucible containing the IL sample was transported to the experimental 

station and inserted into the effusion cell. The effusion cell was then reattached 

to the experimental station. Pre-vacuum pumping was started through a restricted 

by-bass valve while degassing intensity was monitored through an inspection 

port. The estimated ambient air exposure time was approximately 10 minutes for 

all samples. 

Most ILs are known to be hygroscopic to varying degrees [57]. Dissolved 

water and gases in ILs can be volatile during heating in a vacuum. Vacuum heating 

at 80–130 °C (depending on the IL) was performed for several hours to remove 

these unwanted impurities prior to measurement. Uncontrollable volatile out-

gassing during operation can potentially damage the experimental equipment. 

Even small pressure spikes will cause artifacts in both the photoelectron emission 

and mass spectra. To mitigate this risk, the temperature was gradually increased 

to 80 °C while continuously monitoring the vacuum pressure gauge for pressure 

spikes due to outgassing with high-voltage instruments turned off. Pressure spikes 

caused by water evaporation were visually confirmed to result from outgassing 
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of the IL. Gas bubbles were observed emerging from the IL. The frequency and 

amplitude of the pressure spikes during heating depended on the IL. [EMIM][DCA], 

[PYR14] [TFSI] and [EMMIM][TFSI] showed very little outgassing, while 

[EMIM][OTf] exhibited pressure spikes two orders of magnitude higher, 

occurring every 10 seconds even at room temperature. [EMIM][OTf] was left to 

outgas overnight, the next day no further outgassing was observed, and the 

vacuum had stabilized. It is important to note that for some ILs, thermal degra-

dation takes place even below the evaporation temperature, however this was not 

the case with the ILs studied in this work. 

The TOF-MS (Paper II) and UPS (Paper III) measurements were carried out 

in the 10–7 mbar pressure range with a liquid nitrogen-cooled cold trap installed 

on the opposite side of the effusion cell. For UPS measurements in (Paper IV–V), 

a large turbomolecular pump (400 L/s) was used instead of the liquid nitrogen 

cold trap, and the same 10–7 mbar pressure range was achieved. A schematic illus-

tration of the experimental setup is shown in Figure 2. 

 

 

Figure 2. Principal scheme of a) gas-phase XPS and b) TOF measurement setup.  
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Table 1. Ionic liquids, investigated in the current thesis and [EMIM][BF4], which is refe-

renced often.  

Abbreviation Chemical formula Structural formula 

[EMMIM] 

[TFSI] 

1-Ethyl-2,3-

dimethylimidazolium 

bis(trifluoro-

methylsulfonyl)imide  

[EMIM][OTf] 1-Ethyl-3-

methylimidazolium 

trifluoromethanesulfonate 

 

[EMIM][DCA] 1-Ethyl-3-

methylimidazolium 

dicyanamide  

[EMIM][TFSI] 1-Ethyl-3-

methylimidazolium 

bis(trifluoro-

methylsulfonyl)imide 
 

[PYR14][TFSI] 1-Butyl-1-

methylpyrrolidinium 

bis(trifluoromethylsulfonyl) 

imide  

[PYR14][OTf] 1-Butyl-1-

methylpyrrolidinium 

trifluoromethanesulfonate 

 

[PYR14][DCA] 1-Butyl-1-

methylpyrrolidinium 

dicyanamide 
 

[PYR14][TCM] 1-Butyl-1-

methylpyrrolidinium 

tricyanomethanide 

 

[PYR14][FSI] 1-Butyl-1-

methylpyrrolidinium 

bis(fluorosulfonyl)imide 
 

[PYR14][PF6] 1-Butyl-1-

methylpyrrolidinium 

hexafluorophosphate 

 

[S222][TFSI] Triethylsulfonium 

bis(trifluoro-

methylsulfonyl)imide  
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Abbreviation Chemical formula Structural formula 

[P4441][TFSI] Tributylmethyl-

phosphonium 

bis(trifluoromethyl-

sulfonyl)imide 

 

[DEME][TFSI] Diethylmethyl(2-

methoxyethyl)ammonium 

bis(trifluoromethylsulfony

l)imide  

[EMIM][BF4] 1-Ethyl-3-

methylimidazolium 

tetrafluoroborate  

 

 

4.2 Time-of-Flight Mass Spectrometry 

In traditional photoionization mass spectrometry, the neutral molecules are 

ionized by Vacuum Ultraviolet (VUV) photons:  

 

 M + hν → M●+ + e– (1) 

 

Here, M is the molecule under investigation and M+• is called the molecular ion 

or parent ion. Very often, the parent ion is unstable, and it usually fragments into 

smaller pieces. Uncharged free radicals and neutral molecules will not produce a 

peak on the mass spectrum. Only charged particles can be detected by the TOF-

MS. [58] 

When a vapor phase IL ion pair is irradiated by VUV photons, there are two 

main mechanisms that can produce intact cations [C]+. The first process is the 

photoexcitation of the IL, followed by the possible dissociation to an intact cation 

and anion: 

 

 [C][A] + hν → [C][A]* → [C]+ + [A]– (2) 

 

The second mechanism is the photoionization of the ion pair, which generates 

intact cations by dissociation: 

 

 [C][A] + hν → [C]+ + [A] + e–  (3) 

 

Since both of these mechanisms also generate various other ions resulting from 

fragmentation (Paper II) [59], TOF-MS is an excellent experimental method to 

study these processes. 

F

F

F

S

O

O

N
–S

O

O

F

F
F

CH3

P
+
CH3

CH3

CH3

SS

F
F

F

F

F

F

O

OO

O
N
–

O
N
+

CH3

CH3

CH3

CH3

N N
+CH3

CH3

B
–
F

F F

F



   

 

24 

A schematic illustration in Figure 3 shows the principle of operation of a TOF-

MS used in this work. The cations are extracted from the interaction area (Es) by 

an electric field pulse, which is also the start time of the time of flight. These 

cations are then accelerated towards the drift tube by an electric field in (Ed). All 

cations will acquire the same kinetic energy, which means that the mass distri-

bution of cations will result in a distribution of their velocities. The distance 

traveled in the field-free drift tube (D) results in a distribution of flight times.  

 

 

Figure 3. Schematic illustration of a Time-of-flight Mass Spectrometer. Top: Ions with 

different masses but the same initial position arrive at the detector at different times. 

Bottom: Ions with the same mass and different initial positions arrive at the detector 

simultaneously, demonstrating space focusing. Courtesy of Marta Berholts. [60]  

 

In principle, the upper mass range of a time-of-flight instrument has no limit, 

which makes it especially suitable for soft ionization techniques. Another 

advantage of these instruments is their high transmission efficiency, which leads 

to very high sensitivity. The analysis speed of TOF analyzers is very fast, and a 

spectrum over a broad mass range can be obtained in microseconds. So, it is 

possible in theory to produce in 1 second several thousand TOF mass spectra over 

a very wide mass range. But in practice, for most of the applications, the small 

number of ions detected in each individual spectrum is insufficient to provide the 
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required precision of mass or abundance measurement. Furthermore, it is actually 

impossible to record all these individual spectra one by one at such a rate without 

exceeding the speed of data transfer and the capacity of data storage of most 

computers. Thus, recorded spectra are generally the addition of a number of 

individual spectra. [58] 

Another interesting characteristic of the TOF analyzer lies in its easy mass 

calibration with only two reference points. The TOF mass spectrometer requires 

a calibration equation to convert the measured ion flight times into mass-to-

charge values [58]. The time of flight, T, of an ion is directly proportional to the 

square root of the ion’s m/z and is expressed as: 

 

 𝑇 = 𝑇0 + 𝐶√
𝑚

𝑧
  (4) 

 

where To and C are calibration constants that depend on the parameters of the 

spectrometer and could be calculated by solving the above equation for two 

known mass signals (e.g. rest gas ions always present in the vacuum chamber 

such as N2
+ and H2O

+). The typical flight times of the ions are in the order of 

microseconds [60]. The calibration is more accurate if the calibrant peaks are far 

apart from each other [58]. 

 

 

4.3 Photoelectron spectroscopy in the gas phase 

An intense beam of ultraviolet light (in this work, 40 and 50 eV was used) ionizes 

molecules of a gas in a vacuum. This energy is sufficient to ionize electrons from 

the valence shell, which are involved in chemical bonding. Electrons have a 

characteristic binding energy, the minimum energy needed to eject them to 

infinity. Part of the photon's energy is used to overcome this binding energy and 

the rest must appear as kinetic energy of the ejected electrons. An illustration of 

photoionization and photoexcitation is shown in Figure 4. 

The ejected electrons are separated according to their kinetic energies in an 

electron analyzer, detected and recorded. The photoelectron spectrum is a record 

of the number of electrons detected at each energy, corresponding to the binding 

energy of an electron in an atom.  

There are several mechanisms that broaden the lines observed in the UPS 

spectra. Here are outlined some important ones: 

1.  Photoionization generally changes the potential energy surfaces of the mole-

cule (IL) and the new vibronic progressions leave a corresponding energy 

change to the photoelectron energy leading to vibronic broadening. 

2.  At finite temperatures, molecules populate higher vibrational and rotational 

states, which leads to thermal line broadening. 

3.  The finite lifetime of the ionized state introduces uncertainty in the energy of 

the emitted electron, leading to lifetime broadening 
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Figure 4. Left: Schematic of the photoelectric effect during UPS. A valence electron is 

ejected by an incident ultraviolet radiation from its valence band. Right: At lower incident 

radiation energies than is required for ejecting a valence electron into a continuum, photo-

excitation can occur. Courtesy of Marta Berholts. [60]  
 

 

4.4 Ab initio calculations 

Publications III, IV and V contain besides experimental results also theoretical 

calculations. Although these calculations are not performed by the author of the 

present thesis, some comments are given below about the theoretical methods used. 

Density Functional Theory (DFT) and Hartree-Fock (HF) are both methods 

used in computational quantum chemistry to calculate the electronic structure of 

atoms and molecules. Both belong to the family of first principles (ab initio) 

methods, so named because they can predict material properties for unknown 

systems without any experimental input. 

In DFT, the functional is the electron density, which is a function of space and 

time. The electron density is used in DFT as the fundamental property. HF 

considers the wavefunction of each electron individually. Another key difference 

between DFT and HF is the way that they treat electron correlation. In DFT, 

electron correlation is treated using an exchange-correlation functional, which is 

a mathematical approximation of the many-body effects of electron correlation. 

HF currently does not treat correlation, but the perturbation theory (post-HF) is 

able to add some elements of the correlation. 

Hybrid functionals are a class of approximations to the exchange–correlation 

energy functional in DFT that incorporate a portion of exact exchange from 

Hartree–Fock theory with the rest of the exchange–correlation energy from other 

sources (ab initio or empirical). 

Møller–Plesset perturbation theory (MP) is one of post-Hartree–Fock ab initio 

methods. It improves on the HF method by adding electron correlation effects by 

means of Rayleigh–Schrödinger perturbation theory (RS-PT), usually to second 

(MP2), third (MP3) or fourth (MP4) order. 
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4.5 Synchrotron radiation generation 

The working principle of a synchrotron relies on the fact that accelerating charged 

particles (electrons or positrons) close to the speed of light emit electromagnetic 

radiation with a small natural divergence [61]. A schematic illustration of a 

typical synchrotron is presented in Figure 5. A modern synchrotron facility con-

sists of 4 main components held under ultra high vacuum (UHV) to minimize 

electron collisions with the rest gas molecules and to prevent absorption of the 

produced radiation. These components are discussed below with a short descrip-

tion of processes happening to the electrons and the emitted electromagnetic 

radiation. 

 

Figure 5. Schematic illustration of a synchrotron storage ring. Courtesy of Marta Berholts. 

[60]  
 

4.5.1 Linear accelerator 

The linear accelerator (Linac) accelerates electrons generated in the electron gun 

with high voltage. Linac incorporates an electron gun at one end (the cathode), 

and as the electrons are emitted, they are directed to the positive anode located 

on the opposite end. In the center of the anode is a small aperture, followed by a 

transfer line, that allows the electrons to pass through either into the booster ring 

that accelerates the electron stream even further to the energy of electrons in the 

main storage ring or less (commonly measured in GeV) or straight to the storage 

ring via transfer line. 
 

4.5.2 Storage ring and insertion devices 

The storage ring stores the relativistic electrons inserted from the Linac or the 

booster ring. Around the storage ring, there are different kinds of magnets, which 

force the electron beam to focus (quadrupole magnets), to bend (bending magnet), 
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or to travel in a “snaking” path (undulator, wiggler) illustrated in Figure 6. When 

relativistic electrons are accelerated perpendicular to their velocity, they emit 

synchrotron radiation. The radiofrequency cavity supplies the electrons with the 

required amount of energy to compensate for the energy loss due to emitted 

radiation when electrons pass the magnetic structures. 

 

Figure 6. Schematic illustration of an undulator/wiggler. Courtesy of Marta Berholts. [60]  
 

Undulators and wigglers (see Figure 6) are insertion devices that consist of a 

periodic structure of dipole magnets. The key characteristic of undulators and 

wigglers is the strength K: 

 

 𝐾 =
𝑒𝐵𝜆𝑢

2𝜋𝑚𝑒𝑐
  (5) 

 

where e is the electron charge, B is the magnetic field, λu is the spatial period of 

the undulator magnets, me is the electron rest mass, and c is the speed of light. 

In a classic wigglers (K >> 1) electrons radiate independently and a wide high-

power spectrum is the result. In general, the wiggler acts like a sequence of 

bending magnets with alternating polarities. The wiggler spectrum is more 

intense (equation 6) than the bending magnet. 

 

 I ∝ Nelectrons x Npoles (6) 
 

 I ∝ Nelectrons x (Npoles)
2 (7) 

 

where Nelectrons is the number of electrons and Npoles is the number of magnetic 

poles.  

In a classic undulator (K << 1), the magnetic field is weak, and beam def-

lections are small. This results in radiation interaction with itself, producing de-

structive and constructive interference and thus intensive radiation (equation 7). 

The undulator spectrum consists of intense peaks. Insertion devices are placed in 

straight sections of the storage ring. [62] 

 

 

 

 



   

 

29 

4.5.3 Beamlines  

The beamlines start after the magnetic structure of insertion devices or bending 

magnets and run off tangentially from the storage ring. The first part of the 

beamline is the front end, whose main function is to reduce heat load from the 

insertion device directed toward the beamline's first mirror and to protect users 

from unwanted radiation. Beamlines have many optical devices (monochro-

mators, filters, beam-position monitors, mirrors, lenses, etc.) to control and 

improve the quality of the radiation produced by insertion devices, measuring and 

purifying the photon beam along its final path to the experimental chamber.  

The monochromator is an optical device that separates light/radiation into a 

wide range of wavelengths or energies. The optical concept behind the plane 

grating monochromator is described in detail by Petersen [63]. One of the most 

successful monochromators used at synchrotron beamlines is the plane grating 

monochromator SX-700 produced by Zeiss [64]. This has been further developed 

into collimated light plane grating monochromator (cPGM) [65], which is used 

at FinEstBeAMS. The cPGM concept arises from the fact that although emitted 

synchrotron radiation is in a very narrow cone, the light is not parallel. Thus, the 

plane grating would be illuminated with divergent light. This issue has been 

addressed by introducing an additional optical element (mirror) in front of the 

monochromator. The mirror works as a collimator to produce parallel light in the 

dispersion plane of the monochromator. The principle of collimated light allows 

us to operate in high energy resolution, high flux or high spectral purity mode. [65]  

The resolving power of a spectrometer is defined as: 

 

 𝑅 =
λ

Δλ
 (8) 

 

Where Δλ is the spectral resolution of a spectrometer – the minimum wavelength 

difference that can be distinguished at the wavelength λ.  

 

4.5.4 Experimental end-stations 

Experimental end-stations are used to perform the experiments, as here radiation 

hits the sample placed in its path. Each endstation is designed specifically for the 

types of experiments conducted on that beamline. In general, each one consists 

of a sample holder or a sample injection system and a detection system, as well 

as computers through which the researchers control their experiments and view 

data as it is recorded. 
 

 

4.6 Design of the FinEstBeAMS Beamline 

The FinEstBeAMS beamline at MAX IV Laboratory (Lund, Sweden) was 

designed to fulfill the various needs of the Estonian, Finnish, and Nordic user 

communities in gas-phase electron and ion spectroscopies, surface science and 
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photoluminescence research, while also providing a modern instrument to any 

users of synchrotron radiation with their own experimental end stations. There-

fore, the beamline had to afford an extensive photon energy range from ultraviolet 

to soft X-rays, good performance in terms of photon energy resolution and photon 

flux (often needed in gas-phase electron spectroscopy), reasonably small focal 

spot sizes to allow moderate spatial resolution in surface studies, and a possibility 

to probe samples with light of variable polarization. A further restriction in the 

design was to have only one undulator and one monochromator despite the 

extended operation range. A solution of how these demanding goals can be 

achieved was presented in the beamline design paper [66]. 

The FinEstBeAMS beamline is located at 1.5 GeV storage ring at MAX IV 

Laboratory and covers a wide photon energy range, 4.3 – 1000 eV, and gives an 

opportunity to probe core and valence levels with a focused or defocused beam 

using light, produced by an elliptically polarizing undulator (EPU) with variable 

polarization. [66] 

 

Figure 7. Schematic layout of the beamline optical system. The following abbreviations 

are used: EPU – elliptically polarizing undulator, M1–M4 – mirrors, BAFF – baffles, 

PG – plane grating, ES – exit slit, HOS – higher-order suppressing filters, GPES – gas-

phase end station, PLES – photoluminescence end station, and SSES – solid-state end 

station. Figure reproduced under a CC BY 4.0 license from (Paper I). 

 

The EPU of the beamline is based on the APPLE II design with permanent mag-

nets [67]. All four arrays of magnets can be shifted in the longitudinal direction 

which allows full control of the light polarization. The first undulator harmonic 

will cover in the circularly polarized mode the photon energy range of 4.9 – 207eV. 

At higher photon energies higher harmonics have to be used and the degree of 

circular polarization typically goes down to 70–80%. The undulator has a high K 

value (10.065), thus when the undulator gap is closed down to 14 mm, its 

spectrum resembles that of a wiggler at high photon energies (> 1000 eV). In 

wiggler mode the undulator can reach close to 1500 eV photon energy. This 

means that experiments are feasible also at 1253 eV and 1486 eV and allow for 

direct comparison to results obtained using Mg and Al Ka laboratory X-ray 

sources. Furthermore, running the undulator as a wiggler provides quite high 

photon flux at high photon energies: at 1000 eV the estimated flux exceeds 1012 
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ph/sec for 0.1% band width compared to undulator mode, where expected flux is 

1010 ph/sec for 0.1% band width. 

The beamline optical design (Figure 7) was based on cPGM [66]. The pre-

mirror is collimating toroidal mirror (M1). The monochromator consists of an 

internally cooled plane mirror (M2) and two gratings: the first one (PG1), with 

600 lines mm–1 line density (high ruling), can be used at photon energies from 15 

to 1300 eV. The second one (PG2) operates in the photon energy range from 4.5 

to 50 eV and has an exceptionally sparse line density of 92 lines mm–1 (low 

ruling). The dispersed radiation from the grating will be focused by two identical, 

not actively cooled toroidal focusing mirrors at the gas-phase or solid-state 

branch line exit slits (M3). Switching between the branch lines will be achieved 

by inserting either of the two focusing mirrors into the beam path (M3). The re-

focusing for the gas-phase and solid-state branch-lines will be accomplished by 

a single ellipsoidal mirror (M4).  

The FinEstBeaMS beamline was modeled with the program RAY [68]. First, 

the resolution predicted by the analytical model was tested by ray tracing. The 

correspondence was excellent and showed that the resolution is mostly limited by 

the diffraction limit set by the grating. Thus, the required resolving power (as 

input of the user community), R=5000–10000 over the whole photon energy 

range shall be within the reach. A standard way to compare beamlines is to give 

the flux at a certain resolving power over the photon energy range of the 

beamline. Figure 8 shows the result of simulations in the case R=5000, a typical 

setting foreseen for most experiments. 

 

Figure 8. In design phase planned photon flux at experiment for the 92 l/mm grating 

(curve at left, black colour, photon energies 4.3 to 60 eV) and the 600 l/mm grating (curve 

at right, red colour, photon energies 60 to 1000 eV) for resolving power of 5000, i.e. 

0.02% band width [66]. Beamline acceptance was set at 1 mrad × 0.2 mrad, and it was 

assumed that the most efficient undulator harmonic is tuned for each photon energy. A 

ring current of 500 mA was used in these calculations. Solid squares and open circles 

show the first order flux for the two gratings after using filters of 200 nm thickness under 

the condition that the sum of the second and third order flux is 1% or less of the first order 

flux. Horizontal bars depict the energy ranges of the different filters. Figure reproduced 

under a CC BY 4.0 license from [66]. 
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FinEstBeAMS has three experimental endstations (see Figure 7): the gas-phase 

end station (GPES) [69], the solid-state end station (SSES) [70], and the photo-

luminescence endstation (PLES) [71].  

The experimental work of this thesis was carried out at GPES endstation. The 

GPES is designed for gas-phase targets and samples with high vapor pressure not 

suitable for UHV conditions. The main instruments of GPES are a Scienta R4000 

electron spectrometer and a Wiley-McLaren TOF-MS. The electron and ion spec-

trometers can also be used independently for high-resolution electron and ion 

spectroscopy or to collect electron and ion yields as a function of photon energy. 

The GPES is portable and allows to connect user designed equipment, like the 

effusion cell that was designed and used to vaporize ionic liquids in the present 

work. 
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5. RESULTS AND DISCUSSION 

5.1 Paper I – Performance and characterization of 

the FinEstBeAMS beamline at the MAX IV Laboratory  

Construction of a beamline in a synchrotron facility is a long process where 

numerous people spend tens of thousands of working hours together. Publi-

cation[I] is a summary of this enormous work, which gives a strong backbone for 

all further scientific works that have already been performed and will be per-

formed in the future at the FinEstBeAMS beamline. While publication [66] ref-

lected the design and expectations for the beamline in the planning phase, (Paper 

I) reports the actual performance of the operational beamline. 

The photon energy resolution of the beamline is one of the most important 

parameters for every beamline. In the (Paper I) this was investigated by 

measuring the Total Ion Yield (TIY) spectra of several gases at the GPES. For 

that purpose, the Ne 1s → 3p, Ne 2p → 13d, N2 N 1s → *, Ar 2p3/2 → 4s, and 

Xe 5p1/2 → 9s resonances were used. To give a visual demonstration of the 

spectral resolution, Ne 2p → nd, ms spectra are displayed in Figure 9. 

 

Figure 9. TIY spectra of Ne 2p → nd, ms excitations measuring using the 600 lines mm–1 

grating (black line) and 92 lines mm–1 grating (blue line) measured with 10 μm exit slit. 

(Inset) Experimentally obtained (dots) and calculated (solid lines) dependencies of 

resolution of the slit widths for the corresponding graph. Figure modified under a CC BY 

4.0 license from (Paper I). 
 

The Ne 2p and Xe 5p excitation spectra were approximated by the Gaussian 

functions, as the contribution of lifetime in the widths of these spectra was assumed 

to be negligible.  

Photon energy resolution of the beamline was estimated by taking into account 

four main factors: source size, exit slit width, slope errors of the optical elements 

and the diffraction limit. For the sake of simplicity, it was assumed that all of 
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these factors follow a Gaussian distribution. Thus, quadratic summing can be 

used to estimate the overall resolution.  

In this way, it is possible to estimate the photon energy resolution in a wide 

energy range and with different values of slit widths (Figure 10). The calculated 

values are expected to reproduce well the experimental resolution, apart from a 

slight overestimation in the low-energy range. In Figure 10, dash-dotted lines are 

shown as eye-guides for values of constant resolving power.  

 

Figure 10. Calculated photon energy resolution for the 92 l/mm grating. Corresponding 

values of slit width are shown in the plot legend. Gray dashed lines show values of 

constant resolving power. Figure reproduced under a CC BY 4.0 license from (Paper I). 

 

The main conclusion of the publication (Paper I) is that the FinEstBeAMS beam-

line works as designed. The achieved resolution of the beamline is even better 

than planned because the quality (surface roughness, etc) of gratings is better than 

expected during the beamline design phase. Experimental data also demonstrate 

that the beamline flux is slightly weaker than planned, since the first mirror (M1) 

of the beamline is not collecting photons as well as was expected during the 

planning phase. Due to M1 inefficient cooling, frontend movable masks are 

closed down to 0,6x0,8 mm, which limits M1 acceptance more than was initially 

planned. As expected, the combination of the low-line-density grating and 

grazing-incidence optics on the beamline results in poor high-order suppression 

in monochromated light. Therefore, each of the two beamline branches contains 

specific filter units, where six different filters can be mounted, purifying the 

radiation further for low photon-energy experiments (Paper I). 

The implementation of the FinEstBeAMS beamline was important for Euro-

pean communities in gas-phase electron and ion spectroscopies, surface science, 

and photoluminescence research, while in Europe, only some beamlines are 

available in the respective energy region.  
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5.2 Paper II – Ion fragmentation study of [EMMIM][TFSI], 

[EMIM][OTf] and [EMIM][DCA] by vacuum ultraviolet light  

In (Paper II), the photo-induced fragmentation processes by detecting fragment 

ions and their varying intensities as a function of VUV photon energy of three 

different ILs: [EMMIM][TFSI], [EMIM][OTf], and [EMIM][DCA] were studied. 

The aim of this paper was to identify the fragmentation pathways of [EMIM]+ 

and [EMMIM]+ cations and to compare the effect of different anions on the photo-

fragmentation channels.  

The nomenclature for the fragments is derived from the cation notation. The 

parent ion [EMMIM]+ (1-Ethyl-2,3-dimethylimidazolium) fragments to [MMIM]+ 

(2,3-dimethylimidazolium), [MMIM]+• (2,3-dimethylimidazolium-1-yl), [2MIM]+ 

(2-methylimidazolium), [IM-H]+ • (imidazolium-1-yl). 

 

5.2.1 [EMMIM][TFSI]  

In the TOF-MS spectra of [EMMIM][TFSI] (Figure 11), only singly charged ions 

are present (i.e., z=1). This is due to the relatively low photon energies and inten-

sities used for the photoexcitation. The intact [EMMIM]+ cation peak was identi-

fied at m/z 125 and the cation fragments were also observed. During the fragmen-

tation of [EMMIM]+ and [EMIM]+ based ILs the aromatic imidazolium ring can 

remain intact, or it may break. The fragments at m/z 42 (C2H4N
+) and 54 (C3H4N

+) 

result from the breaking of the imidazolium ring, as proposed in [72] and [73].  

 

Figure 11. TOF-MS spectra of [EMMIM][TFSI] acquired at different photon energies at 

the temperature of 200 °C. Excitation photon energies and key fragments are given in the 

figure (Paper II). 

 

One would expect to observe a fragment at m/z 111 [EMIM]+, because the typical 

fragmentation pattern for a similar IL, [EMIM][TFSI], involves the loss of the 

methyl group from the nitrogen position [74]. However, no peak at m/z 111 was 

detected. It was proposed that fragmentation pathways that involve the loss of the 

ethyl group are so much more probable than the m/z 111 fragment [EMIM]+ 

(Paper II).  
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5.2.2 [EMIM][OTf]  

TOF-MS spectra of [EMIM][OTf] are demonstrated in Figure 12.  

 

Figure 12. TOF-MS spectra of [EMIM][OTf] measured at different photon energies and 

acquired at 243 °C. The spectra have been normalized to the m/z 111 peak height and 

vertically offset, except for the 9 eV curve, which has not been normalized. Excitation 

photon energies and key fragments are given in the figure. Figure reproduced under a CC 

BY 4.0 license from (Paper II). 

 

Besides the separation of the anion and cation from the isolated ion pair, three 

fragmentation channels can be identified. The first one involves the loss of the 

methyl (-CH3) group and produces [EIM]+• fragments (m/z 96). The second one 

involves the loss of the ethyl (-C2H5) group and produces [MIM-H]+, [MIM]+• or 

[MIM+H]+ fragments. At excitation energies 15 and 16 eV, the corresponding 

triple peak feature at m/z 81–83 can be clearly observed (Figure 12). The third 

fragmentation channel involves the loss of both alkyl groups and produces de-

hydrogenated [IM-H]+• (m/z 68).  

Figure 13. The relative intensity (peak intensity relative to the sum of IL-related frag-

ments) of the main fragments of [EMIM][OTf] as a function of excitation energy. Dotted 

lines represent odd electron fragments and solid lines even electron fragments. The 

[MIM+H]+ curve has been multiplied by 4 for better visual comparison. Figure repro-

duced under a CC BY 4.0 license from (Paper II). 
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The peak intensity of the main fragments of [EMIM][OTf] varies with energy, as 

shown in Figure 13. At low energies, the intensity of the main cation peak (m/z 

111) is high, then it drops significantly at around 9 eV and then rises again at higher 

excitation energies. It has been interpreted analogously to our group's previous 

study of [EMIM][BF4] in [59]. When the photon energy is below the ionization 

threshold, but over the first photoexcitation resonance, the IL is photoexcited and 

can fragment into its cation and anion constituents (according to Equation 3). 

When the photon energy is raised over the photoexcitation threshold energy, but 

is still below the ionization energy, the signal decreases because the photo-

absorption cross-section decreases. Starting from the photoionization threshold, 

the cation peak signal starts to increase again. This analysis is based on the 

assumption that there are many excited states below the ionization threshold, 

similar to [EMIM][BF4][59]. These states are dissociative and result in various 

fragments. An extensive study of excited states of several ILs using electron 

energy loss spectroscopy (EELS), UPS and DFT [75] further supports this analysis. 

Unfortunately, the lack of sufficient data points prevents us from determining the 

ionization energy precisely, but it is approximately 10 eV. 

Secondly, the two dominant cation fragmentation peaks [MIM]+• and [EIM]+• 

seem to behave similarly. Therefore, it is assumed that the fragmentation to 

[MIM]+• and [EIM]+• are probabilistic outcomes from the same initial state. 

Thirdly, the [MIM]+• at m/z 82 and the hydrogenated [MIM+H]+ peak at m/z 

83 behave almost identically at low energies. From about 14 eV onwards, the 

[MIM+H]+ diverges to higher intensity compared to [MIM]+•. Therefore, the frag-

mentation to [MIM]+• or to [MIM+H]+ seems to be competing decay channels, 

and when more energy is deposited, the system seems to prefer the [MIM+H]+ 

fragmentation channel. 

The following conclusion has been drawn from these behaviors: there is no 

reason to assume the presence of a hydrogenated [EMIM][OTf] in the liquid phase, 

as the [MIM]+• and [MIM+H]+ peaks are naturally explained.  

However, the presence of dehydrogenated [EMIM][OTf] cannot be ruled out. 

A weak signal of the dehydrogenated [EMIM-H]+ at m/z 110 was detected already 

at 110 °C during heating (not shown on any figures). This signal originates from 

the modification of the IL by the residuals inside the IL, as discussed in reference 

[76]. The dehydrogenated [MIM-H]+ peak at m/z 81 behaves differently from 

other peaks (Figure 13). Its intensity seems to be anti-correlated to the intensity 

of the [EMIM]+ peak at m/z 111, and therefore, it could result from thermal decom-

position products. Furthermore, unlike in the case of [EMIM][BF4] [59], the de-

hydrogenated [EIM-H]+• at m/z 95 is not observed in [EMIM][OTf]. 
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5.2.3 [EMIM][DCA] 

The TOF-MS spectra of [EMIM][DCA] were acquired at different photon energies 

at a temperature of 140 °C (see Figure 14). 

Figure 14. TOF-MS spectra of [EMIM][DCA]. The spectra have been normalized to the 

m/z 96 peak height and offset vertically. Excitation photon energies and key fragments 

are given in the figure. Figure reproduced under a CC BY 4.0 license from (Paper II).  

 

The [EIM]+• fragment at m/z 96 and the hydrogenated [EIM+H]+ fragment at m/z 

97 have very similar energy dependencies. A similar conclusion has been drawn 

as in the [EMIM][OTf] case from this data: the fragmentation to [EIM]+ or to 

[EIM+H]+ seems to be competing decay channels from the same initial state. 

Again, there is no need to suppose the presence of hydrogenated [EMIM][DCA] 

but rather the [EIM+H]+ peak results from the cleavage of the methyl group when 

it leaves a hydrogen behind (i.e. a net loss of CH2).  

The peak at m/z 150 is likely a liquid phase reaction product [76, 77], EMIM-

NCN+• (NCN-ylidene), involving the carbene intermediate. It is well-known that 

carbenes are highly reactive [78, 79] and the respective mechanism is proposed 

by Chambreau et al. [76, 77].  

It was also suggested in (Paper II) that the reaction product EMIM-NCN is 

formed in liquid phase and is not a result of gas phase interactions. In our experi-

ment, the experimental chamber pressure increased over time even when the 

effusion cell temperature was kept constant for 4 hours. In our experience, if the 

only process involved is thermal evaporation, then the experimental chamber 

pressure should decrease over time as the water evaporates from the IL and out-

gassing from the vacuum chamber’s inner surface occurs. The constant increase 

in pressure over time can be caused by thermal decomposition of the IL or chemi-

cal reactions inside the IL. As the experiment was carried out at 140 °C, well 

below the reported 284 °C thermal decomposition temperature of [EMIM][DCA] 

[80], a plausible explanation is that the decrease of the water content creates an 

environment where chemical reactions can take place to produce EMIM-NCN+•. 

Chambreau et al. even proposed that this could be a useful one-pot synthesis 
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method for NCN imidazolium-ylide species without the need for flammable 

solvents at lower temperatures than reported previously [76]. 

The peak at m/z 122 is the fragments resulting from the loss of an ethyl group 

from the EMIM-NCN+• reaction product. This assignment is based on the fact 

that the fragment has a m/z 28 difference from the EMIM-NCN+• parent com-

pound, which indicates a loss of an ethyl group when it leaves hydrogen behind. 

As with [EMIM]+ fragments involving alkyl group losses, the dehydrogenated 

species MIM-NCN-H+•• can also be observed at m/z 121. The peak at m/z 110 is 

assigned to dehydrogenated [EMIM-H]+•.  

 

5.2.4 Comparison of ionic liquids 

In the case of all investigated ILs [EMMIM][TFSI], [EMIM][OTf] and 

[EMIM][DCA], the intact cation peaks were identified and the cation fragments 

were observed. No higher mass positively charged clusters were detected in any 

case. This indirectly confirms that ILs vaporize as isolated ion pairs. 

Deyko et al. concluded that the intact cation to main fragment ratio (relative 

yield) seems to depend on the anion size [36]. Therefore, the area of the intact 

cation peak to the sum of the areas of the main cation fragments were compared 

(e.g. sum of [MIM]+•, [MMIM]+ and [EIM]+• in case of [EMMIM][TFSI]). Such 

ratio was highest (86 at 10.5 eV ionization energy) for [EMMIM][TFSI] and 

lowest (12 at 9 eV ionization energy) for [EMIM][DCA] (Paper II). Tolstogouzov 

et al. performed a TOF-MS experiment on [EMIM][TFSI] using 20 eV electron 

ionization and observed a fragment-to-parent cation ratio that seems to be roughy 

similar to our results of [EMMIM][TFSI] [81]. However, a 70 eV electrospray 

ionization line-of-sight MS experiment of [EMIM][TFSI] demonstrated a lower 

ratio [36]. Our experiment seems to partially support Deyko et al-s hypothesis 

that ILs with larger anions have fewer cation fragments. It has to be noted that, 

in addition to anion size, cation fragmentation ratio is also dependent on the anion 

species, ionization method, and ionization energy. 

TOF-SIMS spectra of [EMIM][TFSI] have been reported previously [82–84]. 

Both 2 keV He+ and 2.5 keV Ga+ were used for excitation. The cation fragment 

peak assignment of these works looks remarkably similar to our [EMIM][OTf] 

TOF-MS spectra with 16 eV excitation energy. The cation fragment peaks have 

less intensity in the TOF-SIMS study of [EMIM][TFSI] [73] when compared to 

our [EMIM][OTf] results (Figure 12), but the main fragment peaks [MIM]+•, 

[MIM+H] + and [EIM]+• in our case seem to be in roughly the same proportion with 

respect to each other like in work by Souda et al. [83]. If to compare the TOF 

spectra of [EMIM][TFSI] [83] with the TOF spectra of [EMIM][OTf] (Figure 12), 

the main difference is the higher intensity of peaks at m/z 40–42 and 52–56 in 

our work. The peaks in these regions are associated with the fragmentation of the 

imidazolium ring. The ring cleavage is more probable with higher excitation 

energies [85, 86].  

Even at low temperatures of 140 °C, the temperature-induced reaction product 

2-cyanoimino-1-ethyl-3-methylimidazole EMIM-NCN+• at m/z 150 was observed 
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in the TOF-MS spectra of [EMIM][DCA]. The additional peaks originating from 

EMIM-NCN+• in the TOF-MS spectra of [EMIM][DCA] make it difficult to com-

pare [EMIM][DCA] (Figure 14) and [EMIM][OTf] (Figure 12) spectra directly. 

Both [EMIM]+ based ILs produce preferably [EIM]+• fragments at lower (below 

12 eV) excitation energies. In addition, [EMIM][OTf] spectrum exhibits a triple 

peak feature for [MIM-H]+, [MIM]+• and [MIM+H]+. The [EMIM]+ cation and 

the hydrogenated [MIM+H]+ are not present in the [EMIM][DCA] spectrum, but 

the hydrogenated [EIM+H]+ and dehydrogenated [EMIM-H]+ fragments are 

observed. [EMMIM][TFSI] (Figure 11), however, produces different fragments 

than [EMIM]+ based ILs: [MMIM-H]+ and [MMIM]+ peaks are observed, and no 

hydrogenated species are detected. 

[EMIM][OTf] exhibits a triple peak feature consisting of [MIM-H]+, [MIM]+ 

and [MIM+H]+. The [MIM]+ and [MIM+H]+ fragments of [EMIM][OTf] were 

seen to behave very similarly with respect to excitation energy. This is also the 

case for [EIM]+ and [EIM+H]+ fragments in [EMIM][DCA]. It was concluded that 

in each case, they result from the same initial state, and there is no need to assume 

the presence of hydrogenated [EMIM][DCA] or [EMIM][OTf] species in the liquid 

phase. 

In the case of [EMMIM][TFSI] the loss of a methyl group from the nitrogen 

position should produce a [EMIM]+ peak at m/z 111. However, in [EMMIM] 

[TFSI] this peak was not observed in the photon energy range of 10.5 to 16 eV. 

[EMMIM][TFSI] produces different fragments than [EMIM]+ based ILs: [MMIM-

H]+ and [MMIM]+ are observed and no hydrogenated species are detected. 

 

 

5.3 Paper III – The electronic structure of ionic liquids 

based on the TFSI anion: A gas phase UPS and DFT study 

This is the first-ever research paper published based on experiments conducted at 

the FinEstBeAMS beamline. In this paper, the valence bands of [EMIM][TFSI], 

[DEME][TFSI] and [PYR14][TFSI] gas-phase ion pairs have been investigated 

using UPS. To the best of our knowledge, this is the first presentation of the vapor 

phase UPS spectra of two [TFSI] based ionic liquids: [DEME][TFSI] and 

[PYR14][TFSI].  

[EMIM][TFSI] (purity ≥98%), [PYR14][TFSI] (purity ≥98.0%) and [DEME] 

[TFSI] (purity ≥98.5%) were purchased from Sigma Aldrich. Gas-phase experi-

ments were carried out by evaporating the liquid from a quartz crucible of an 

effusion cell. After inserting 5 ml of IL into the effusion cell (NTEZ, MBE 

Komponenten, Germany), heating of IL at 80 °C for several hours was performed 

to remove residual water from the ILs. The ILs themselves were evaporated at 

220–240 °C. 

The main experimental result of this paper is that all three investigated ionic 

liquid vapors demonstrate similar photoelectron spectra because all three ILs have 

the [TFSI]– anion (Figure 16, upper part). UPS spectra were measured with an 

excitation energy of 40 eV for the ionic liquids [EMIM and PYR14][TFSI] and 
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50 eV for [DEME][TFSI]. The similar shapes of the experimental spectra sug-

gested that all three UPS spectra are primarily influenced by the TFSI anion. This 

conclusion was fully supported by ab initio calculations.  

Figure 15. Side-by-side comparison of experimental and calculated spectra with the 

depiction of the cation as inset. a) and d) [DEME][TFSI], b) and e) [PYR14][TFSI], c) and 

f) [EMIM][TFSI]. All simulated density of states (DOS) type spectra have been 

calculated using the hybrid ωB97X-D functional. The dotted curves that are fitted on a), 

b), c) experimental spectra are for eye-guide only. Figure modified under a CC BY 4.0 

license from (Paper III). 

 

The experimental photoelectron spectra are interpreted by using several density 

functional and ab initio calculation methods. However, when discussing intensi-

ties, it is important to remember that the intensity of photoemission does not 

depend on the density of states only [35] but also on the experimental geometry, 

electron analyzer transmission function, incident photon energy and photoemis-

sion cross sections among other parameters. The good accordance of experi-

mental UPS spectra (Figure 15, upper part) and ab initio DOS calculation 

(Figure 15, lower part) also indirectly confirms that isolated IL molecules domi-

nate in the vapor phase.  

Calculations demonstrate that the HOMO state (lower binding energy side of 

UPS spectra) of the [DEME][TFSI] ion-pair is due to the [TFSI]– anion, while in 

[EMIM][TFSI] it is due to the [EMIM]+ cation. However, it is difficult to make 

conclusive assignments for the [PYR14][TFSI] ionic liquid. All calculation 

methods predict the LUMO to be of cationic origin in all the studied ion pairs. 

It is also important to point out that the HOMO-LUMO gaps predicted by the 

hybrid M06 functional are reversed when compared to the experimental electro-

chemical stabilities. For example, the IL whose ion pairs have the largest calcu-

lated HOMO-LUMO gap ([EMIM][TFSI]) is actually electrochemically the least 
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stable. This seems to verify the claim that the HOMO-LUMO gaps from the calcu-

lation should not be blindly used to make conclusions about the anodic or catho-

dic stabilities. 

 

 

5.4 Paper IV – Ionic Liquid Vapors in Vacuum: Possibility to 

Derive Anodic Stabilities from DFT and UPS 

In (Paper III), it was confirmed that UPS spectroscopy can be successfully 

applied to vapor-phase ILs. In (Paper IV), the scope was widened, and more ILs 

were included. It was determined that the M06 functional was able to reproduce 

most of the spectral features, and it performed surprisingly well for most IL 

vapors. 

UPS measurements were conducted in a pressure range of 10–7 mbar using a 

liquid nitrogen-cooled cold trap. Due to the high hydrophilicity of some ionic 

liquids (ILs) and their significant water content, water continued to evaporate 

even at elevated temperatures. As a result, traces of water vapor are present in 

most spectra, specifically contributing peaks at 12.62 eV and 13.0 eV. Additio-

nally, because of the relatively low vapor density of the ionic liquid, various 

background gases are also detected in the spectra, with nitrogen being the most 

prominent. Nitrogen contributes peaks at 15.6 eV, 16.7 eV, 16.9 eV, 17.15 eV, 

and 18.75 eV. In most instances, the peaks from background gases do not signi-

ficantly affect the interpretation of the spectra. 

Knowledge of the electronic energies and composition of the topmost valence 

states (HOMO region) is vital for understanding processes that involve the 

removal of electrons from the IL [87]. Due to the high practical importance of the 

EW and the very large number of ab initio calculation studies of ionic liquid ion 

pairs in vacuum, further experimental data on the HOMO (and LUMO) states of 

ionic liquid ion pairs are needed. In the future, LUMO states could be investigated 

further using Inverse Photoemission Spectroscopy (IPS). 

UPS investigations of several gas-phase IL ion pairs have been conducted. 

The criteria for selecting the following ILs are outlined in Section 4.1. 

[EMIM][OTf], [PYR14][OTf], [EMIM][DCA], [PYR14][DCA], [PYR14][TCM], 

[PYR14][FSI], [PYR14][PF6], [S222][TFSI], [P4441][TFSI], and [EMMIM][TFSI] 

vapor UPS spectra are presented for the first time at the time of the release of this 

paper. DFT calculations have been used to interpret the experimental data. The 

gas-phase photoelectron spectra in conjunction with the theoretical calculations 

are able to verify most HOMO energies and assign them to the cation or anion. 

Many different ion-pair conformers were manually constructed. All geo-

metries (conformers) were optimized (relaxed) for the lowest energy. For 

example, over 40 different conformers were studied for [S222][TFSI]. Similarly to 

Fogarty et al., the emphasis was to survey a wide range of cation–anion place-

ments [88]. 

The measured ILs with the [TFSI]– anion [EMMIM][TFSI], [P4441][TFSI], and 

[S222][TFSI] (Paper IV) have similar UPS spectra. Their spectra are also similar 
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to the UPS spectra of other [TFSI]– anion-based ILs like [PYR14][TFSI], 

[DEME][TFSI] (Paper III), [EMIM][TFSI] [89], [BMIM][TFSI] [90], etc. This 

is because their spectra are mostly dominated by the anion. However, the low-

energy region around 9–12 eV is still somewhat different in all of the [TFSI]– 

anion-based ILs. As mentioned above, the low-binding-energy cutoff value of the 

[TFSI]– anion-based IL vapors is about 8.6–8.7 eV. The [TFSI]– anion-based ILs 

are also the most thermally stable under our experimental setup, i.e., they can be 

evaporated in high vacuum with minor thermal degradation. The UPS data shows 

that in general, the HOMO energies of IL ion pairs are increasing with increasing 

electron affinity of the anion: [DCA]–, [OTf]–, [TFSI]–, [FSI]–, [BF4]
–, [PF6]

–. 

Therefore, we predict that the [TFSI]– anion should be more stable than the [OTf]– 

anion. This is in agreement with results of Asha et al [91, 92].  

The DFT calculation predicts that the HOMO of presented [DCA]– and [TCM]– 

anion-based ILs is due to the π-orbitals of the anion. Furthermore, the top six 

molecular orbitals of [PYR14][DCA] and [PYR14][TCM] are associated with the 

π-orbitals of the anion.  

Figure 16. Experimental UPS spectra (blue curves), and DFT DOS simulations (magenta 

curve) of IL ion pairs. Figure modified under a CC BY 4.0 license from (Paper IV). 

 

In some cases ([PYR14][FSI], [PYR14][TCM]), the excellent agreement between 

the experimental UPS spectrum and the calculated DOS (Figure 16) validates the 

conformer found for the IL ion pair and provides indirect experimental evidence 

for the structure of ionic liquid vapors. This is due to the sensitivity of the UPS 

spectrum on the underlying ion-pair structure. 
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The acquired experimental data together with new insights on the charge 

transfer process enabled the reinterpretation of the HOMO energy of [EMIM][BF4]. 

The binding energy of the HOMO of [EMIM][BF4] ion pair was estimated to be 

9.25–9.3 eV instead of the previous estimation of 7.4 eV. This is suggested by 

the overall agreement with our calculation trends.  

At the time of publication (Paper IV) only a limited number (10+) of experi-

mental photoelectron spectra of IL vapors were available in the literature. How-

ever, the liquid phase IL energy gaps of imidazolium-based ionic liquids de-

termined by Kanai et al. [33] with UPS/IPS methods are in excellent agreement 

with our gas-phase HOMO data and the M06 (calculation is shifted by +1 eV) 

calculations. Using UPS and IPS, Kanai et al. [33] showed that [OMIM][BF4] has 

a HOMO-LUMO gap of 9.1 eV. That IL is expected to have a very similar gap 

to [EMIM][BF4] and [BMIM][BF4]. Indeed, the UPS/IPS method is a direct probe 

of the valence and conduction bands. Therefore, this method is recommended for 

future IL studies. 

 

5.5 Paper V – Charge transfer and electronic relaxation 

effects in the photoemission of EMIM-DCA ionic 

liquid vapor 

The difficulties in calculating the electronic structure of ILs have been pointed 

out many times already [9, 93–95] (Paper III–IV). From the wide selection of ILs, 

investigated in the present thesis, the hybrid M06 DFT functional only had diffi-

culties with the description of the electronic structure of [EMIM][DCA] (as 

shown in (Paper IV). This contrasts with many other ILs where the hybrid M06 

functional performed remarkably well [96] (Paper III–IV). Therefore, further 

analysis of the [EMIM][DCA] electronic structure has been done in Paper V.  

Our calculations show that the [EMIM][DCA] electronic structure is highly 

sensitive to the underlying ion-pair structure. Our previous work with the elec-

tronic structure of various ILs also revealed a strong dependence on the calcu-

lation method (Paper III–IV), [96, 97]. 

Figure 17 demonstrates the predicted conformer structure of the [EMIM][DCA] 

ion-pair (left) and the proposed charge transfer state (right). The [DCA]– anion is 

very simple compared to most ILs anions and the [EMIM][DCA] itself only has 

hydrogen, carbon and nitrogen atoms present. We have chosen the conformer, 

whose DOS type spectra offers the best overall agreement with the experimental 

UPS spectrum.  
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Figure 17. The predicted conformer structure of the ion-pair(left) and the proposed charge 

transfer state (right). Hydrogen atoms are marked with light grey, carbon atoms with dark 

grey and nitrogen atoms with dark purple. The blue and red areas indicate the electron 

density associated with positive and negative phases. Figure reproduced under a CC BY 

4.0 license from (Paper IV). 

 

The charge distribution analysis based on the MP2 wavefunction of the ion-pair 

shows that the neutral [EMIM][DCA] ion-pair has a cation-anion charge of ±0.76e. 

However, from the calculations follows that the ionized molecule (ionized ion-

pair) has cation-anion charges of +2.15e and –1.15e. Therefore, in addition to the 

removal of an electronic charge upon ionization, this suggests a possible further 

charge transfer of about –0.39e from the cation to the anion. This is the expla-

nation behind the charge transfer/electronic relaxation effect indirectly observed 

in the UPS spectrum. The electronic relaxation process during photoemission was 

already found in [EMIM][BF4][96]. However, in [EMIM][BF4], the relaxing 

states seem to be reversed compared with the [EMIM][DCA] studied in this 

thesis. In that IL, the cation-related peaks seemed to relax, while the [BF4]
– anion 

remained mostly intact [96]. 

Our preliminary analysis shows that a π–π* type transition occurs during the 

photoemission of both ILs. In [EMIM][BF4], this transition is on the [EMIM]+ 

cation itself, and in [EMIM][DCA], it is interionic: from the cation to the anion. 

Such charge transfer during photoemission is rare, uncommon, and needs more 

theoretical and experimental research. 

Therefore, the charge distribution differences between ionized [EMIM][BF4] 

and [EMIM][DCA] ion pairs can explain differences in their UPS spectra, espe-

cially the relaxation behavior. Furthermore, the difference in the electronic re-

laxation between [EMIM][BF4] and [EMIM][DCA] must be due to the anion, 

since the cation is the same. 

Recently, in unpublished results, the band gap of [EMIM][BF4] has been even 

more accurately re-evaluated to be 9.85 eV. 

The conclusion of (Paper V) is that along with [EMIM][BF4] and [EMIM] 

[B(CN)4][98] also [EMIM][DCA] provides another example of the need for 

further improvements in DFT based calculations to match the qualitative accu-

racy of wavefunction based ab initio calculation methods.  
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6. CONCLUSIONS 

This thesis is dedicated to investigations of the electronic structure of selected 

ILs in the vapor phase. In this research, the effects of different anion and cation 

combinations on the electronic structure of ionic liquids were studied. These 

results were compared with ab initio electronic structure calculations (MP2, DFT) 

of the same compounds to offer high quality experimental data and to give feed-

back for theoretical calculations.  

All experiments of the present thesis were performed at the new FinEstBeAMS 

beamline at the MAX IV Laboratory (Lund, Sweden). The author designed and 

implemented an effusion cell-based experimental apparatus that enabled the 

vaporization of ILs and their vapor phase photoelectron spectroscopy measure-

ments and mass spectrometry measurements.  

The building and commissioning of the FinEstBeAMS beamline was a 7-year-

long group effort in which the author of the present thesis contributed. The author 

participated in the assembly, optimization and characterization of the FinEst-

BeAMS beamline and preparation of the solid-state branch including endstation 

for commissioning. The beamline was put into operation, and it was confirmed 

that the performance of the beamline was as designed (Paper I). It is noteworthy 

that the achieved resolution of the beamline was even better than initially planned.  

The first-ever UPS spectra of more than 10 ionic liquid vapors were measured 

and interpreted: [EMMIM][TFSI], [EMIM][OTf], [EMIM][DCA], [EMIM][TFSI], 

[PYR14][TFSI], [PYR14][OTf], [PYR14][DCA], [PYR14][TCM], [PYR14][FSI], 

[PYR14][PF6], [S222][TFSI], [P4441][TFSI], [DEME][TFSI] (Paper III–V). The 

first TOF-MS spectra of [EMMIM][TFSI] and [EMIM][OTf] were reported 

(Paper II). Our selection of ILs was diverse, and it included simple sulfonium-

based, ammonium-based, phosphonium-based, imidazolium-based aromatic 

cations, non-aromatic rings like pyrrolidinium [PYR14]
+; and small anions such 

as [PF6]
–, medium-sized anions like [FSI]–, [OTf]– and large anions like [TFSI]–. 

It has been shown that it is possible to experimentally determine the electronic 

structure (Paper III–V) and fragmentation patterns of IL vapors (Paper II). This 

is not trivial, since several experimental parameters and requirements for the IL 

have to be considered. Firstly, high photon flux is needed for vapor phase UPS 

experiments due to the very low vapor pressure of most ILs. Secondly, not every 

IL is suitable for vapor phase experiments in a vacuum – in some cases thermal 

degradation takes place even below evaporation temperature.  

TOF-MS detected intact IL cations, and no positively charged clusters with 

higher mass than the cation were observed (Paper II). This also indirectly con-

firmed that ILs vaporize as isolated ion pairs. TOF-MS results revealed that ILs 

with larger anions have less cation fragmentation. Also, the breakup of the ring 

is more probable with excitation energy higher than 12 eV. The presence of 

hydrogenated and dehydrogenated cation fragments (Paper II) was confirmed in 

[EMMIM][TFSI], [EMIM][OTf] and [EMIM][DCA]. It was found in the case of 

[EMIM][OTf] and [EMIM][DCA] that there is also a different ratio of hydro-

genated and dehydrogenated [EMIM]+ fragments. The dissociation mechanisms 
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underlying the hydrogenation and dehydrogenation of the cation fragments 

require further clarification.  

The presence of isolated IL molecules in the vapor phase was confirmed by 

the good agreement between the UPS spectra and the ab initio calculations for 

most of the studied ILs (Paper III–V), because all the DFT calculations used iso-

lated ion pairs as the underlying structure. The UPS spectra of [PYR14][FSI] and 

[PYR14][TCM] showed especially good agreement with theory (Paper IV).  

The UPS experimental data show that the HOMO energies of ILs increase 

with the electron affinity of the anion in ascending order: [DCA]–, [OTf]–, [TFSI]–, 

[FSI]–, [BF4]
–, [PF6]

–. In general, a more negative HOMO energy implies greater 

stability. There are conflicting reports on the relative stability of [TFSI]– and 

[OTf]– in the literature. Based on our data, it can be estimated that the [TFSI]– 

anion is more stable than the [OTf]– anion (Paper IV).  

Modern quantum chemistry calculations (hybrid DFT, GW, MP2) can describe 

most UPS spectra (Paper III–V). In some cases ([PYR14][FSI] and ([PYR14][TCM]), 

the excellent agreement between the experimental UPS spectrum and the calcu-

lated DOS validates the conformer found for the IL ion-pair and provides indirect 

experimental evidence for the structure of ionic liquid vapors. This is possible 

due to the sensitivity of the UPS spectrum on the underlying ion-pair structure 

(Paper IV). To clarify, this is not always the case: if different conformers do not 

produce considerable changes in the calculated DOS-type spectra, then it is dif-

ficult to determine which conformers were present in the experiment. 

The acquired experimental data, together with previous experimental data 

about other ILs, enabled the reinterpretation of the HOMO energy of 

[EMIM][BF4]. The binding energy of the HOMO of [EMIM][BF4] ion pair was 

estimated to be 9.25–9.3 eV instead of the previous estimation of 7.4 eV (Pa-

per IV). More recent calculations (unpublished results from 2025), reinterpret the 

HOMO energy of [EMIM][BF4] to be even higher at 9.85 eV. 

However, there are exceptions to the good agreement between theory and 

experiment, and this was the case for [EMIM][DCA] in (Paper IV). These dis-

crepancies were resolved, and the key reason was found to be a rare and uncommon 

charge-transfer process. Indeed, it has been shown that in the case of [EMIM][DCA], 

there are strong indications that electronic relaxation during photoemission is 

occurring (Paper V). Furthermore, the charge distribution differences between 

ionized [EMIM][BF4] and [EMIM][DCA] ion pairs were used to explain the 

differences in their UPS spectra, especially in their relaxation behavior. 

This thesis has advanced the understanding of ILs' electronic structure in the 

vapor phase through high quality UPS and TOF-MS measurements at the 

FinEstBeAMS beamline. The results confirmed the existence of isolated ion pairs 

in vapor phase, which is in agreement with ab initio calculations. Key findings 

include the influence of anion electron affinity on HOMO energies and the identi-

fication of charge-transfer processes in specific ILs, such as [EMIM][DCA]. The 

findings reported herein help clarify existing ambiguities in the literature, provide 

quality data and analysis for future electronic structure investigations of IL in the 

vapor and in the liquid phase. 
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SUMMARY IN ESTONIAN 

Fotoergastatud protsessid ioonvedelike aurudes 
 

Käesolev doktoritöö on pühendatud valitud ioonvedelike elektronstruktuuri uuri-

misele aurufaasis. Täpsemalt uuriti erinevate anioonide ja katioonide kombinat-

sioonide mõju ioonsete vedelike elektronstruktuurile. Saadud tulemusi võrreldi 

samade ühendite ab initio elektronstruktuuri arvutustega (MP2, DFT), et pakkuda 

kvaliteetseid katseandmeid ja anda tagasisidet teoreetiliste arvutuste täpsusta-

miseks.  

Kõik käesoleva dissertatsiooni eksperimendid viidi läbi MAX IV labori 

FinEstBeAMS kiirekanalil. Autor disainis ja rakendas efusioonrakul põhineva 

eksperimentaalse lahenduse, mis võimaldas ioonsete vedelike aurustamist, nende 

aurufaasi fotoelektronspektrite ning massispektrite mõõtmist.  

FinEstBeAMS kiirekanali ehitamine ja kasutuselevõtt oli 7 aastat kestnud 

grupitöö, milles ka käesoleva dissertatsiooni autor osales. Autor osales 

FinEstBeAMS kiirekanali monteerimisel, optimeerimisel ja karakteriseerimisel 

ning kiirekanali tahkise haru lõppjaama ettevalmistamises kasutuselevõtuks. Kiire-

kanal rakendati tööle ning näidati ära, et kiirekanali parameetrid reaalsetes töö-

tingimustes vastasid põhiosas algselt kavandatule (Artikkel I). On märkimis-

väärne, et kiirekanalil saavutatud spektraallahutus oli parem kui algselt planeeritud.  

Esmakordselt mõõdeti ja interpreteeriti üle kümne aurufaasis oleva ioon-

vedeliku fotoelektronspektrid: [EMMIM][TFSI], [EMIM][OTf], [EMIM][DCA], 

[EMIM][TFSI], [PYR14][TFSI], [PYR14][OTf], [PYR14][DCA], [PYR14][TCM], 

[PYR14][FSI], [PYR14][PF6], [S222][TFSI], [P4441][TFSI], [DEME][TFSI] 

(Artiklid III–V). Esmakordselt registreeriti ja analüüsiti [P4441][TFSI] ja 

[DEME][TFSI] lennuaja-massispektrid (TOF-MS) (Artikkel II). Uuringuteks 

valiti lihtsamad sulfooniumi- [S222]
+, ammooniumi- [DEME]+, fosfooniumi-

põhised [P4441]
+ katioonid, aromaatsed katioonid nagu [EMIM]+, mittearomaatse 

rõngaga katioon [PYR14]
+. Valiti väikesed anioonid [PF6]

–, keskmise suurusega 

anioonid [FSI]–, [OTf]– ning suured anioonid [TFSI]–. 

Näidati, et gaasfaasis ioonvedelike elektronstruktuuri [Artiklid III–V] ja 

massispektreid (Artikkel II) saab eksperimentaalselt määrata. See pole triviaalne, 

kuna tuleb silmas pidada mitmeid eksperimentaalseid parameetreid ja nõudeid 

ioonvedelikele. Esiteks, aurufaasi ultraviolett fotoelektronspektroskoopia (UPS) 

eksperimentide jaoks on vaja suurt footonite voogu, kuna ioonvedelikel on väga 

madal aururõhk. Teiseks, mitte kõik ioonvedelikud ei sobi aurufaasi eksperimen-

tideks – osadel juhtudel toimub termiline lagunemine enne aurustustempera-

tuurini jõudmist. 

TOF-MS mõõtmiste käigus tuvastati terveid IL katioone ja katioonist suurema 

massiga laetud klastreid ei leitud (Artikkel II). See tõestab kaudselt, et ioon-

vedelikud aurustuvad isoleeritud ioonpaaridena. TOF-MS tulemused näitasid, et 

suuremad katioonid fragmenteeruvad vähem ja aromaatse ringi purunemise tõe-

näosus suureneb ergastusenergiatel üle 12 eV. Hüdrogeneerunud ja dehüdro-

geneerunud fragmentide olemasolu tehti kindlaks [EMIM][OTf], [EMIM][DCA] 

ja [EMMIM][TFSI] puhul. Leiti, et [EMIM][OTf] ja [EMIM][DCA] puhul on 
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hüdrogeneerunud ja dehüdrogeneerunud [EMIM]+ fragmentide osakaal erinev 

(Artikkel II). Eriti need dissosatsiooni mehhanismid, mis puudutavad see-

suguseid hüdrogeneeritud ja dehüdrogeneeritud fragmente, vajavad siiski edasist 

uurimist. 

Isoleeritud IL molekulide (ioonpaaride) olemasolu aurufaasis tehti kindlaks 

UPS spektrite ja ab initio arvutuste hea kooskõlaga enamuse ioonsete vedelike 

puhul (Artiklid III–V). Kõikide DFT arvutuste puhul kasutati põhistruktuuriks 

isoleeritud ioonpaare, seejuures [PYR14][FSI] ja [PYR14][TCM] UPS spektrid 

olid eriti heas kooskõlas teooriaga (Artikkel IV). 

Meie gaasifaasi UPS andmete põhjal saame teha järelduse, et üldiselt suure-

nevad HOMO energiad aniooni elektronegatiivsuse kasvades reas: [DCA]–, 

[OTf]–, [TFSI]–, [FSI]–, [BF4]
–, [PF6]

–. Negatiivsem HOMO energia viitab suure-

male stabiilsusele. Kirjandusest on leida vastuolulisi andmeid [TFSI]– and [OTf]– 

asukohtade suhtes stabiilsusjärjestuses. Lähtudes meie katseandmetest järel-

dasime, et [TFSI]– anioonid on stabiilsemad kui [OTf]– anioonid (Artikkel IV).  

Kaasaegsed kvantkeemia arvutused (hübriid DFT, GW, MP2) on võimelised 

kirjeldama enamikku ioonsete vedelike spektreid (Artiklid III–V). Mõnel juhul 

([PYR14][FSI], [PYR14][TCM]) kinnitab suurepärane kooskõla eksperimentaalse 

UPS-spektri ja DOS-tüüpi arvutuse vahel ioonpaaride jaoks leitud konformeeride 

olemasolu ja annab kaudseid eksperimentaalseid tõendeid ioonvedeliku gaasfaasi 

struktuuri kohta. Selle põhjuseks on UPS-spektri tundlikkus ioonpaari põhi-

struktuuri suhtes. Selgituseks, see pole alati nii: kui väiksed geomeetrilised muu-

tused põhistruktuuris ei põhjusta märkimisväärseid muutusi arvututatud DOS-

tüüpi spektris, siis ei pruugi olla võimalik kindlaks teha, milline konformeer oli 

eksperimendis vaatluse all. 

Kogutud eksperimentaalandmed koos uute teadmistega laenguülekande prot-

sessist võimaldasid uuesti hinnata [EMIM][BF4] HOMO energia. Uus hinnang 

[EMIM][BF4] HOMO seoseenergiale on 9.25–9.3 eV (Artikkel IV), mis on 

oluliselt suurem varasemast hinnangust 7.4 eV. Veelgi uuemate arvutuste järgi 

(avaldamata tulemused aastast 2025) on [EMIM][BF4] HOMO energia veel 

kõrgem, 9.85 eV. 

Siiski on erandeid teooria ja eksperimendi kooskõlas, nagu see oli [EMIM] 

[DCA] puhul (Artikkel IV). See vastuolu lahendati ja põhjus oli haruldane ja 

harvaesinev laenguülekande protsess. On näidatud, et [EMIM][DCA] puhul tõe-

näoliselt toimub fotoemissiooni ajal laenguülekanne (Artikkel V). Lisaks, ioni-

seeritud [EMIM][BF4] ja [EMIM][DCA] ioonpaaride laengujaotuse erinevus 

selgitas ka nende UPS spektrite erinevuse, eriti nende relakseerumise protsessis. 

Käesoleva töö tulemusel on suurenenud arusaam ioonvedelike elektron-

struktuurist aurufaasis läbi kõrge kvaliteediga UPS- ja TOF-MS-mõõtmiste 

FinEstBeAMS kiirekanalil. Tulemused kinnitavad isoleeritud ioonpaaride ole-

masolu aurufaasis, mis on kooskõlas ab initio arvutustega. Peamised tulemused 

hõlmavad aniooni elektronafiinsuse mõju HOMO energiatele ja laengu ülekande 

protsesside tuvastamist konkreetsetes ioonvedelikes nagu näiteks [EMIM][DCA]. 

Töös saadud tulemused aitavad kaasa olemasolevate erisuste lahendamisele 

kirjanduses, pakuvad kvaliteetseid eksperimentaalandmeid ja analüüsi tulevikus 

läbiviidavatele ioonvedelike gaasfaasi ja vedelfaasi uuringutele.  
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