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I. Abstract 

This cumulative thesis is based on five peer-reviewed publications and one conference 

contribution/proceedings. Three of the manuscripts discuss in-situ infrared 

spectroscopic studies on gas hydrates, while two additional publications address IR-

ATR sensing of dissolved ions and ion pairs in synthetic salt solutions and in real 

seawater. Finally, one publication covers the infrared spectroscopic detection of 

perfluorinated tracer molecules for potential usage during subsurface storage of 

carbon dioxide. Therefore, various attenuated total reflection mid-infrared 

spectroscopic (IR-ATR spectroscopy) sensing methods were developed to enable 

measurements at extreme conditions in aqueous environments, i.e. at high-pressure 

conditions or at high saline concentrations. 

IR-ATR spectroscopy is a powerful tool for the detection of molecular changes that 

occur in materials and molecules (i.e. phase transitions, adsorption, etc.). Each 

molecule shows individual infrared absorption patterns, which – next to its molecular 

identity - also give information on its physical condition. Fiber optic MIR ATR 

spectroscopy is a robust and reliable spectroscopic sensing technique that may not 

only be miniaturized but enables in-situ measurements even at conditions that are 

occurring, e.g. in the deep sea and in other geologically relevant environments. 

 

The first part of this thesis is focused on the in-situ detection and characterization of 

gas hydrates within an appropriately adapted gas hydrate autoclave. Gas hydrates are 

of substantial scientific and technical, as well as economic and environmental interest 

serving as a storage of massive amounts of natural gas. They provide a potential future 

energy source with the possibility to store the carbon dioxide that is produced during 

combustion of natural gas as gas hydrates, thus providing a close to zero-emission 

strategy for energy generation. Furthermore, they have the potential to substantially 

contribute to climate change, since they possibly release vast amounts of methane into 

the ocean, and subsequently, into the atmosphere due to the increasing temperature 

of the oceans and atmosphere. In oil and gas pipelines, they repeatedly cause plugging 

or even destruction of pipes, if too much water is contained within the transported 

medium (e.g. natural gas). Finally, they provide opportunities for save storage and 

transportation of gases. 1–4 
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For in-situ gas hydrate studies, a polycrystalline silver halide (AgX) fiber was fitted 

through the steel walls of an autoclave. This setup enabled the continuous and 

simultaneous observation, recording, and correlation of pressure, temperature, and 

infrared spectral data. A variety of surfactants were employed to accelerate the 

formation and growth of gas hydrates inside the autoclave. The molecular mechanistic 

background of this acceleration process was studied at a molecular level via IR-ATR 

spectroscopy. 

 

A study on the influence of artificial seawater on gas hydrate growth finally led to the 

development of a method, which allows the simultaneous detection and quantification 

of several IR-inactive ions in water by IR-ATR spectroscopy, which is presented in the 

second part of this thesis. A multivariate model was established that could discriminate 

between seven ions dissolved in water (Cl-, Na+, Mg2+, Ca2+, K+ and Br- next to the IR-

active ion SO4
2-) due to their individual effect on the IR-spectrum of water. Four of 

these ions (Cl-, Na+, Mg2+ and SO4
2-) could be correctly quantified in a sample of real 

seawater from the Atlantic Ocean. Due to the temperature dependence of the analysis, 

the influence of varying temperature was considered in a subsequent model. Ultimately, 

the model could conversely be applied to determine the temperature, at which a 

sample was analyzed. In a follow-up study, a second multivariate model was 

established that enables the determination of several ion pairs in water. The algorithm 

was able to discriminate between NaCl/KCl, NaBr/KBr, MgCl2, CaCl2, and Na2SO4 with 

sodium/potassium chloride and bromide being treated as a sum parameter each. An 

additional multivariate model was able to distinguish between NaCl, KCl, NaBr, and 

KBr including their simultaneous quantification. These models were also tested in real 

seawater. Whilst the concentration of MgCl2 could be correctly predicted, evidently 

more realistic calibration mixtures that resemble the matrix of natural seawater have 

to be used to correctly determine the other ion pairs in real-world matrices.  

 

Finally, a MIR spectroscopic sensor for the detection and quantification of 

perfluorinated tracer molecules that are of potential use during the storage of carbon 

dioxide (CO2) in subsurface geological formations was developed. For that purpose, a 

trapezoidal zinc selenide (ZnSe) ATR crystal was coated with an ultra-thin polymer 

membrane, which enabled the extraction of the tracer molecules from the aqueous 

phase flowing across the membrane within a flow-cell assembly. Thereby, the tracer 



Abstract 

 
Page 11 of 143 

was enriched within the penetration depth of the evanescent field for spectroscopic 

analysis and quantification. With this technique, ppb concentration levels of two 

commonly considered perfluorinated tracers could be quantified. The established 

method has the potential to be used in-situ, if the ATR crystal is replaced by a 

polycrystalline fiber (e.g. AgX). The sensor head could then be lowered into the 

geological formation through a borehole to collect information on the migration of the 

tracer and enable deriving the migration of CO2 within the storage rock formation. The 

findings of these experiments are presented in the third part of this work. 
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I. Zusammenfassung 

Diese kumulative Doktorarbeit besteht aus fünf referierten Veröffentlichungen und 

einem Konferenzbeitrag, der im Rahmen eines assoziierten, referierten 

Proceedingsbandes veröffentlicht wurde. Drei dieser Publikationen behandeln das 

Thema in-situ infrarotspektroskopischer Studien von Gashydraten, zwei drehen sich 

um die IR-ATR-spektroskopische Bestimmung von Ionen und Ionenpaaren in 

Salzlösungen und in echtem Meerwasser, und eine Publikation beschreibt die 

Detektion von potentiellen perfluorierten Tracermolekülen, die zur Untersuchung der 

Migrationseigenschaften von Kohlenstoffdioxid bei unterirdischer Speicherung in 

Felskavernen genutzt werden sollen. Ziel der vorliegenden Arbeit war die Entwicklung 

einer Gruppe an spektroskopischer Verfahren im Spektralbereich des mittleren Infrarot, 

die es ermöglicht, mittels abgeschwächter Totalreflektion (attenuated total reflection, 

IR-ATR) analytische Messungen in extremen Umgebungen wie zum Beispiel unter 

hohen Drücken oder bei hohem Salzgehalt durchzuführen.  

Die IR-ATR Spektroskopie ist prädestiniert zur Analyse molekularer Veränderungen, 

wie sie z.B. bei Phasenübergängen auftreten, da diese Technik extrem empfindlich 

Änderungen der chemischen Bindungen innerhalb eines Materials oder einer 

Probematrix aufzeigen kann. Jedes Molekül zeigt ein individuelles Absorptionsmuster 

im Infraroten, das auch Informationen über den physikalischen Zustand der Probe 

kodiert. Faseroptische IR-ATR-Spektroskopie ist eine robuste und zuverlässige 

Messtechnik, die miniaturisiert werden kann und zudem erlaubt, Messungen unter 

hohen Drücken, wie sie beispielsweise in der Tiefsee auftreten, oder in anderen 

geologisch relevanten Szenarien durchzuführen.  

 

Im ersten Teil dieser Doktorarbeit wird die in-situ Untersuchung und Charakterisierung 

von Gashydraten in einem entsprechend adaptierten Gashydratautoklaven 

beschrieben. Gashydrate sind kristalline Feststoffspeicherformationen für große 

Mengen an natürlichem Gas, und haben daher großes wissenschaftliches und 

technisches, sowie ökonomisches und ökologisches Interesse geweckt. Sie stellen 

eine potentielle Energiequelle der Zukunft dar, mit der Möglichkeit das bei der 

Verbrennung des Gases entstehende CO2 wiederum als Gashydrat zu speichern, um 

somit nahezu klimaneutrale Energie zu erzeugen. Daneben haben sie jedoch auch 

das Potential den Klimawandel verstärken, wenn es durch die zunehmende 



Zusammenfassung 

 
Page 13 of 143 

Erwärmung der Ozeane und der Erdatmosphäre zur Freisetzung großer Mengen an 

Methan kommt, das ursprünglich als Gashydrat in der Tiefsee immobilisiert war . In Öl- 

und Gaspipelines führt die Gashydratbildung regelmäßig zu Verstopfungen oder gar 

Zerstörungen der Rohre, wenn zu viel Wasser im transportierten Medium enthalten ist. 

Schlussendlich bieten sie Möglichkeiten zur Speicherung und sicherem Transport von 

Gasen als kristalliner Feststoff. 1–4 

Um in-situ Gashydratstudien durchzuführen wurde eine polykristalline 

Silberhalogenidfaser (AgX) durch die Stahlwandung eines Gashydrat-Autoklaven 

geführt. Dieser Messaufbau ermöglicht die gleichzeitige Aufzeichnung von Druck, 

Temperatur und infrarotspektroskopischen Daten. Es wurden unterschiedliche 

Tenside untersucht, um die Entstehung und das Wachstum der Gashydrate im 

Autoklaven zu beschleunigen. Der Mechanismus dieser Beschleunigung wurde auf 

molekularer Ebene mittels IR-ATR Spektroskopie untersucht. 

Eine Studie zum Einfluss von künstlichem Meerwasser auf das Wachstum von 

Gashydraten führte schlussendlich zur Entwicklung eines spektroskopischen 

Verfahrens, das es ermöglicht mehrere IR-inaktive, in Wasser gelöste Ionen 

gleichzeitig mittels Infrarotspektroskopie zu detektieren und zu quantifizieren, da durch 

die gelösten Ionen das IR Wasserspektrum individuell beeinflusst wird. Diese Studien 

bilden den zweiten Teil der vorgelegten Dissertation. Ein multivariates Modell wurde 

entwickelt, welches zwischen sieben in Wasser gelösten Ionen unterscheiden konnte 

(Cl-, Na+, Mg2+, Ca2+, K+ und Br-, daneben das IR-aktive Ion SO4
2-). Vier der genannten 

Ionen (Cl-, Na+, Mg2+ und SO4
2-) konnten in einer realen Meerwasserprobe aus dem 

Atlantik quantifiziert werden. Da die beschriebenen Messmethoden 

temperaturabhängig sind, wurde außerdem der Einfluss der Temperatur untersucht. 

Das entwickelte Modell konnte in weiterer Folge die Temperatur, bei der eine Probe 

gemessen wurde, richtig bestimmen. In weiterführenden Untersuchungen wurde ein 

weiteres multivariates Modell entwickelt, das die Bestimmung von Ionenpaaren in 

Wasser ermöglicht. Der Algorithmus konnte zwischen NaCl/KCl, NaBr/KBr, MgCl2, 

CaCl2, und Na2SO4 unterscheiden, wobei Natrium- und Kaliumchlorid bzw. -bromid 

jeweils als Summenparameter behandelt wurden. Ein weiteres multivariates Modell 

konnte zwischen NaCl, KCl, NaBr, and KBr unterscheiden und diese Ionen damit auch 

simultan quantifizieren. Auch diese Modelle wurden mit Wasser aus dem Atlantik auf 

Anwendbarkeit getestet. Die Konzentration von MgCl2 konnte dabei richtig bestimmt 
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werden, während für die Bestimmung der anderen Ionenpaare realistischere 

Kalibrierlösungen benötigt werden, die die Matrix von Meerwasser besser abbilden.  

 

Abschließend wurde ein Infrarotsensor zur Detektion und Quantifizierung von 

perfluorierten Tracermolekülen, die bei der unterirdischen Speicherung von CO2 in 

Felskavernen eingesetzt werden sollen, entwickelt. Dafür wurde ein Zinkselenid ATR-

Kristall mit einer ultradünnen Polymermembran beschichtet, die es ermöglichte die 

Tracermoleküle aus der darüberfließenden wässrigen Phase in einer Durchflusszelle 

zu extrahieren und sie innerhalb der Eindringtiefe des evaneszenten Feldes 

anzureichern und kontinuierlich spektroskopisch zu erfassen. Mit dieser Technik 

konnten zwei der potentiell interessantesten perfluorierten Tracer im ppb 

Konzentrationsbereich detektiert werden. Die entwickelte Methode bietet das Potential 

für in-situ Messungen, wenn der ATR-Kristall durch eine polykristalline Faser ersetzt 

wird. Der Sensorkopf könnte dann durch ein Bohrloch in die geologische Schicht 

hinabgelassen werden, um dort die Migration des Tracemoleküls - und somit von CO2 

- im Speichermedium zu verfolgen. Die Ergebnisse dieser Studie werden im dritten 

Teil dieser Arbeit beschrieben.  
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II. Scope of this Work 

The scope of this work was the application of infrared spectroscopy for the study of 

processes occurring in extreme aqueous environments, offering a technique that is 

suitable for in-situ measurements with minimal or no sample preparation steps. Three 

different applications were studied or established, which are summarized in the 

following: 

 

1) In-situ fiber optic studies on gas hydrates inside a pressure vessel: 

Gas hydrates are existent at elevated pressures (approx. 50 bars) and low 

temperatures (around 2 °C). In order to study the formation and growth of 

bulk gas hydrates, the optical fiber had to be fitted right through the pressure 

vessel, thereby maintaining leak tightness and mechanical integrity of the 

waveguide. Also, the fiber had to be separated from the steel walls of the 

autoclave to avoid metal induced corrosion, ultimately destroying the fiber. 

The influence of different surfactants, namely sodium dodecyl sulfate (SDS), 

Aerosol OT (AOT) and cetylpyridinium chloride (CPC) on gas hydrate 

nucleation and formation was to be determined on a molecular level, thus 

confirming a mechanism proposed earlier by the research group and finally 

refining it. 

 

2) Simultaneous determination of IR-inactive ions in salt solutions and 

seawater: 

A multivariate approach was developed in order to determine several 

dissolved IR-inactive ions and ion pairs in artificial salt solutions and original 

seawater. The small changes in the infrared spectra of water upon ion 

dissolution and temperature changes were used to develop a principal 

component regression (PCR) model.  

A multivariate model was established by employing a range of calibration 

mixtures that contained each salt at different concentrations and measured 

at several temperatures. For the verification of the model, several validation 

mixtures had to be prepared and measured. 

The models were ultimately tested on a sample of genuine seawater from 

the Atlantic Ocean. Verification measurements were carried out via ICP-
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OES and titration of chloride with silver nitrate. An existent model was 

refined and expanded to include temperature and to determine the 

concentration of the ions in a real-world seawater sample. Also, a model 

determining ion pairs in water was established. 

 

3) Development of an infrared spectroscopic sensor for perfluorinated 

molecules: 

During the storage of carbon dioxide, captured from combustion processes, 

e.g. from power plants, in subsurface geological formations, the migration of 

the CO2 plume has to be monitored. Since it is difficult to distinguish between 

CO2 injected into the formation and natural CO2, perfluorinated tracers are 

frequently used. Upon detection of such tracers in water samples from 

boreholes, the dispersion of the carbon dioxide inside the storage rock can 

be monitored. A sensor, enabling the extraction and determination of 

perfluorinated tracer molecules from aqueous samples, based on IR-ATR 

spectroscopy was developed. The tracers were extracted by an ultrathin 

polymeric membrane, thus enriching them in the range of the evanescent 

field of the ZnSe crystal coated with the respective polymer. Several 

polymers were applied and their performance was studied and evaluated. 

Furthermore, the influence of coating thickness and solution flow rate were 

determined. Ultimately, this sensor offers the possibility for in-situ 

measurements upon application of miniaturized components and fiber optics. 
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III. State of the Art: IR-ATR Spectroscopy 

Infrared attenuated total reflection spectroscopy was introduced by Harrick 5 and 

Fahrenfort. 6 The key to this method is an infrared transmissive high-refractive-index 

waveguide, acting as an internal reflection element (IRE). Upon internal reflection, a 

so-called evanescent filed develops at the interface, which penetrates the medium 

surrounding the IRE several micrometers in depth. This exponentially decaying 

evanescent field can interact with materials/substances that are deposited on the IRE 

and thus information about its chemical identity, state and structure can be gathered. 

The most common material used as a waveguide is zinc selenide (ZnSe) in the form 

of a trapezoidal crystal. Today, there is a variety of materials suitable as IREs, 

depending on the chemical environment and the technical requirements of the 

experiment. 7 IR-ATR spectroscopy is a versatile and non-destructive technique, 

requiring minimum or no sample preparation and thus enabling in-situ measurements 

in a variety of chemical environments. 

Today, IR-ATR spectroscopy is utilized in a variety of research fields, including basic 

research like sampling depth in thin films 8, the evanescent wave itself 9 or substrate 

contributions in micro-ATR 10 and medical and pharmaceutical science, e.g. 

penetration of drugs into membranes 11 phase partitioning in dentin adhesives 12, 

HIV/AIDS diagnostics 13, examination of homeopathy 14 and the classification of cancer 

subtypes 15; geology and energy resources, like the quantification of aromatic 

hydrocarbons in geochemical fluids 16, studies on gas hydrates 17–19, spectroscopy of 

petrols and other motor fluids 20, adulteration in different diesel blends 21, analysis of 

mineral components 22, detection of perfluorinated tracers in CO2 geosequestration 23 

or characterization of gaseous and liquid fuels 24. It is also widely employed for 

biological applications and protein analysis, e.g. spectroscopic imaging of aorta, skin 

and live cells 25, biofilm formation 26, protein interaction with surfaces 27, spectral 

imaging of plant and human prostate tissue 28, structural changes during heat-induced 

denaturation of bovine serum albumin (BSA) 29, quantification of amyloid fibrils in 

protein mixtures 30 and discrimination of bacterial populations 31; forensics, for example 

in the advanced analysis of human fingerprints 32, identification of material from fire 

debris 33, and in forensic soil examination 34, as well as in characterization of polymers, 

like in miscibility and tacticity studies 11, the estimation of the state of biodegradation 

of polyethylene 35 and analysis of polymeric fabric materials 36. Another field is the 
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analysis of food, e.g. screening of beer quality 37, determination of total trans-fat 38, 

quantification of sugar in honey 39, detection of fungal derived contaminations in food 

crops 40, the quantification of fructooligosaccharides 41 and determination of milk-like 

additions (soymilk) in cow-milk 42, as well as environmental studies, like detection of 

organic contaminants in water 43,44, identification of oils in water 45 or the detection of 

Saharan dust in an urban atmosphere 46. IR-ATR spectroscopy is also used in the 

characterization of novel materials like gold nanoparticles 47. Consequently, IR-ATR 

spectroscopy is combined with several complementary techniques like atomic force 

microscopy and electrochemistry 48 or Neutron Reflectivity 49.  

Chemometrics offer a powerful tool to analyze huge datasets or minimal spectral 

differences between different analytes derived by IR-ATR spectroscopic 

measurements (See also chapter 3). 12,14,15,28,31,36,40–42,50,51 Several novel IRE materials 

like Mercury-Cadmium-Telluride (MCT) 52, integrated hollow waveguides 53–55, thin-film 

diamond strip waveguides 56 or silver nanoparticle enhanced AgX fibers 57, new light 

sources, like tunable QCL Lasers (tQCL) 56,58,59 and innovative detection methods, e.g. 

sub-micrometer polysilicon wires 60, modified graphene oxide 61, carbon nanotubes 

wrapped by cytochrome 62 or single-metal nanonstructures 63 were developed in the 

recent years and will provide enhanced opportunities in infrared ATR spectroscopy.  

Most recently, Babchenko et al. fabricated diamond-coated germanium (Ge) ATR-

prisms to overcome the poor mechanical stability of Ge. A thin diamond layer (approx. 

250 nm) was grown on a germanium prism, protected by a layer of amorphous silicon 

(20 – 30 nm) via chemical vapor deposition. The coating proofed to be stable enough 

to be reusable after mechanical cleaning with a cotton swab and low temperature 

plasma hydrogenation. 64 

Prati et al. used FTIR-ATR spectroscopy for trace analysis of dyes enabling the 

analysis of only few nanograms of the dyed sample, which is especially important 

during studies on cultural heritage objects. The samples were extracted and pipetted 

onto different supporting substrates including a gold layer, before being scanned with 

an FTIR microscope. The so-called metal underlayer (MU)-ATR spectroscopy enabled 

the recording of a recognizable spectrum of 1 µl of a 10-6 M solution of the azo dye 

acid orange 7, which is a total amount of 0,35 ng of the dye. 65 

High Pressure FTIR-ATR in-situ spectroscopic studies on the behavior of asphaltenes 

in crude oils were published by Gabrienko et al. in 2016. Crude oil was pressurized 

with CO2 to 50 bars in a temperature controlled high-pressure diamond ATR cell and 
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IR microimages were collected from the precipitating asphaltenes in order to 

understand CO2-induced viscosity changes of crude oil and crude oil fouling on a 

molecular level. They proposed a mechanism for the precipitation of asphaltenes 

containing C-O-R and S=O groups upon reaction with carbon dioxide. It is stated that 

CO2 absorbs on the surface of asphaltene molecules, thus influencing the stabilization 

of asphaltenes in the crude oil and leading to precipitation. 66 

Another high-pressure in-situ study was published by Schädle et al. in 2016. They 

studied the behavior of CO2 and methane at high pressures (up to 60 bars) in brine 

environments that are existent during carbon capture and storage in saline aquifers. 

The detection of both, 13CO2 and CO2 was possible at elevated pressures similar to 

downhole conditions. Also, gaseous and dissolved states of CO2 could be 

differentiated via IR-ATR spectroscopy. Additionally, it was shown for the first time that 

the infrared signals of methane undergo distinct changes at greenhouse gas storage 

conditions depending on the physical state of CH4 (gaseous vs. dissolved vs. 

supercritical). 67 

The solubility of water in carbon dioxide at elevated pressures (up to 60 bars), which 

is important during carbon capture and storage (CCS) processes, was studied by 

Comak et al. The presence of water in the captured carbon dioxide can possibly 

damage the pipelines used for transportation of the CO2. Therefore, it is important to 

fully understand the role of water in the CO2/H2O mixtures at temperatures and 

pressures relevant for CCS. They established a new synthetic-dynamic method for the 

determination of water dissolved in carbon dioxide by IR-ATR spectroscopy, thus 

complementing current literature concerning dew points for the CO2/H2O systems. 68 

A comprehensive review about most recent advances in mid-infrared spectroscopy for 

chemical analysis was published by J. Hass and B. Mizaikoff in 2016, including novel 

infrared light sources, detectors and waveguides as well as emerging techniques and 

innovative applications of infrared spectroscopy. 69 
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1 Theory 

This part of the work describes the fundamentals of spectroscopy in general and IR 

spectroscopy in special. Also, ATR spectroscopy and fiber optics in IR spectroscopy 

are covered within this section. In-depth descriptions about gas hydrates, seawater 

analysis and the detection of perfluorinated tracer molecules can be found in the 

respective parts of this work. 

 

1.1 Spectroscopy 

Spectroscopy (from Latin “spectrum” = ‘appearance, image, apparition’) and ancient 

Greek “skopéō” = ‘to see’) generally is the interaction of electromagnetic radiation with 

matter.  

Traditionally, Newton is considered as the “founder” of spectroscopy, as he was the 

first to publish his experiments and explanations about the dispersion of visible light 

with a prism in his book called “Opticks”. 1 

The basic principle of spectroscopy is that both, radiation and matter are energy 

carriers. Under certain conditions, these forms of energy can be transformed, which 

leads to an energetic state change of the matter that can be detected. 2 

This chapter gives a short introduction over several types of spectroscopy, classified 

by the energy of radiation that is used. For more elaborate reviews on these 

spectroscopic methods, please refer to literature cited in the respective chapters. 

The electromagnetic spectrum ranges from gamma rays with wavelengths below 1 pm 

to radio waves with a wavelength of several meters or even kilometers, as shown in 

Figure 1-1. 2  
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Figure 1-1: Spectrum of electromagnetic radiation including the different regions of radiation as well as the 

types of excitations. 

  

The energy of the radiation is dependent on the frequency, which is indirectly 

proportional to the wavelength, and is described by the following equations (Equation 

1-1 and Equation 1-2): 2 

 

𝐸 = ℎ ∙ 𝜈 

Equation 1-1 

 

𝜈 =
𝑐

𝜆
 

Equation 1-2 

 

With: E = Energy [J] 

 h = Planck constant [J∙s] 
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 𝜈 = Frequency [s-1] or [Hz] 

 𝜆 = Wavelength [m] 

 c = Speed of light [m/s] 

 

In the following, several spectroscopic techniques are introduced briefly, starting with 

low-energy radio waves to the far end of the electromagnetic spectrum with highly 

energetic gamma rays. 

 

1.1.1 Radio Frequencies - Nuclear Magnetic Resonance (NMR) Spectroscopy  

Certain atomic nuclei with an odd number of either neutrons or protons have a property 

known as spin (e.g. 1H, 13C). If such a nucleus is placed into an external magnetic field, 

the so-called Zeeman splitting occurs. This means that the spin energy level is split 

into two energy levels, one higher and one lower than the ground state. The same 

phenomenon can be described by nuclear precession. This means that the magnetic 

moment that is spinning in a cone around the external magnetic field can either be 

aligned with the magnetic field (low energy state) or against it (high energy state). In 

NMR spectroscopy, radio waves are used to trigger transitions between those energy 

states. Since the magnetic field is influenced by circulating electrons in the immediate 

environment of the nuclei, each atom (nucleus) in a molecule has a different resonance 

frequency. This difference is called chemical shift that is measured relative to a 

standard material. 

Also, spin-spin-coupling can occur, which means that the signals are split-up by 

interactions of the magnetic moments of the involved nuclei, transmitted via electrons 

in chemical bonds.  

NMR Spectroscopy is mostly used in Organic Chemistry for structural analysis. 2–5 

In 1991 Richard Ernst was rewarded the Nobel Prize for his development of a Fourier 

Transform NMR Spectrometer. 6 

 

1.1.2 Long Microwaves - Electron Spin Resonance (ESR) Spectroscopy 

This type of spectroscopy is very similar to NMR spectroscopy, but instead of nuclear 

spins the transitions of spins of unpaired electrons in a magnetic field are monitored in 
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this technique. These transitions are triggered by microwaves. ESR can only be used 

for paramagnetic materials, e.g. organic and inorganic radicals or transition metal 

ions. 5 

 

1.1.3 Short Microwaves - Rotational Spectroscopy 

This kind of spectroscopy employs microwaves and far infrared radiation to trigger 

transitions between rotational states of polar molecules. Information about bond length 

and angles can be obtained via this technique. 7 It is used for studying molecular 

structures in the gas phase 8 and also for the exploration of the composition of the 

interstellar medium. 9 In 1934, a recording of the absorption spectra of ammonia at 

microwave frequencies by Cleeton & Williams led to the start of rotational 

spectroscopy. 10 

 

1.1.4 Infrared Radiation - Infrared and Raman Spectroscopy 

Infrared spectroscopy, also referred to as vibrational spectroscopy, uses infrared 

radiation between 700 nm and 1000 µm to stimulate molecular vibrations. It is one of 

the most common spectroscopic techniques and a powerful tool in the identification of 

a range of inorganic and organic substances, each of which exhibits a characteristic 

absorption in the infrared spectrum. Since vibrations of chemical bonds are excited, 

information about bond length and strength can be gathered. Also, this technique is 

simple, versatile and robust and can be used to detect and quantify almost all kinds of 

molecules irrespective of its state of matter. 2–4,11–15 

Infrared radiation was first discovered and described by Sir William Herschel in 1801 

as he used a prism and a mercury thermometer to measure heat-radiation. 16 The 

development of the Michelson Interferometer that was awarded with a Nobel Prize 

enabled the evolution of the modern Fourier-Transform IR Spectrometer (FTIR). 17 

Infrared radiation is divided in far, mid and near IR (see Figure 1-1). Chapter 1.2 gives 

a more detailed explanation about infrared spectroscopy. 

Figure 1-2 (a) shows the vibrational excitation of a molecule in a Jablonsky diagram. 

S0 is the electronic ground state with different vibrational excitation states V0..3 (S0). 

During these excitations the molecule has to change its dipole moment, otherwise the 
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respective transition is not IR-active. S1 is an electronically excited state that does not 

play any role in vibrational excitation. This state is included in the figure for better 

comparability with other excitations (Raman, UV/Vis) 

 

 

Figure 1-2: Jablonsky diagram of (a) vibrational excitation and (b) Raman Excitation. S0 is the ground state, 
S1 is an electronically excited state, V0...3 are the vibrational ground state and excited states, VS1 is a virtual 
excited state 

 

Raman Spectroscopy is another technique that enables probing of molecular vibrations 

in materials. In this technique a laser is used to excite the molecules to a virtual excited 

state (VS1) and the scattered radiation is detected. Most of its light is backscattered 

elastically, giving no information about the analyte (Rayleigh scattering). A minor part 

of the radiation is scattered inelastically yielding lower (Stokes) or higher energy (Anti-

Stokes). The decrease/increase in radiation energy arises from molecules that are 

dropping from the virtual state to an excited vibrational state of the ground state S0 

(Stokes) or are excited from a higher vibrational state and drop back to the ground 

state (Anti Stokes). Figure 1-2 (b) shows these effects in a Jablonsky diagram. Since 

the differences in radiation energy correspond to vibrational excitation states of the 

molecule, information about bond length and strength as well as compositional data 

can be collected similar to IR spectroscopy. In order to be Raman active, a molecule 
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has to change its´ polarizability during excitation. That is why several molecules that 

are IR-inactive are Raman-active and vice versa. Both techniques are complementary. 

3,4,13,14 The Raman effect was discovered by Chandrasekhara Raman who was 

awarded a Nobel Prize in Physics in 1930. 18  

 

1.1.5 Ultraviolet and Visible Light – UV/Vis, Fluorescence and 

Phosphorescence Spectroscopy 

UV/Vis spectroscopy uses visible and ultraviolet light in order to trigger electronic 

excitations. This technique is used to study colored materials as well as material 

containing π- or non-bonding electrons. It is widely used in e.g. investigation of 

chemical equilibria and kinetics 19, process monitoring 20 and medical diagnostics 21,22, 

and a routine analysis technique, since it is easy to handle, robust und affordable. 

UV/Vis detectors are widely used in HPLC. In the Jablonksy diagram in Figure 1-3 the 

electronic excitations of a molecule are shown. On the left side, two different transitions 

are shown, absorbing different wavelengths of incident light (green and yellow 

arrow). 2–4 

 

 

Figure 1-3: Jablonsky diagram of electronic transitions. Left side (lime green and yellow arrow): Electronic 
excitation from the ground state S0 to the excited state S1. Middle part: Emission by Fluorescence (dark 
green dashed arrow). Right side: Emission by Phosphorescence (blue dashed arrow). The red arrows 
represent vibrational relaxations. 
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In fluorescence spectroscopy, mostly ultraviolet radiation is used to excite the electrons 

in an analyte. During relaxation the excited molecule loses some of the energy as 

vibrational energy by colliding with other molecules. When the lowest vibrational level 

of the excited electronic state is reached, the molecule drops to its electronic ground 

state and a photon of a lower energy (than the incident photon) is emitted. Since some 

of the energy was transformed into vibrational energy, the emitted light has a lower 

frequency than the incident light. The middle part of Figure 1-3 illustrates the 

electronic/vibrational transitions during fluorescence (dark green arrow). This kind of 

spectroscopy is widely used in biochemical and medical research fields. 23,24 

Fluorescence was first reported by Sir William Herschel in 1845 in a quinine solution 

excited by sunlight. 25 

Phosphorescence was first reported in 1602 by a cobbler from Bologna who noticed a 

mineral (“Bolognian phosphor”) become bright after calcination with coal and exposure 

to sunlight. 26 In some molecules, an intersystem crossing (ISC) can occur, which leads 

to phosphorescence. This means that the excited molecule can change from a singlet 

(S1) to a triplet state (T1) and then emit a photon of different energy than the incident 

photon during a “forbidden” and therefore time-delayed energy state transition back to 

the singlet ground state. This process is also illustrated in Figure 1-3 (right side). 24  

 

1.1.6 X-Rays – X-Ray Fluorescence-, X-Ray Photoelectron- and Auger Electron 

Spectroscopy 

X-radiation is a highly energetic kind of radiation, which can excite the inner electrons 

of an atom. During this excitation, several different processes can be triggered. 

A very important technique is X-ray diffraction (XRD), used in crystal structure 

elucidation and analysis. The incident radiation is reflected on the different planes of a 

crystal lattice (the crystal is a three-dimensional diffraction grating for the X radiation). 

If the distance between two crystal planes is a multiple of the incident wavelength, 

constructive interference occurs and a diffraction signal can be measured. Dorothy 

Crowfoot Hodgkin was awarded a Nobel Prize for solving the structures of cholesterol, 

penicillin and vitamin B12 via X-ray diffraction. 27 She also determined the structure of 

insulin after 30 years of work. 28 
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X-ray fluorescence spectroscopy (XRF) is a non-destructive method mostly used for 

multi-element analysis. An X-ray is incident on a sample, thus removing an electron 

from an inner shell. A second electron from an outer shell drops into this vacancy and 

the energy is released as x-radiation, which can be detected. This radiation is specific 

for each element. The first XRF spectrometer was developed by Friedmann and Birks 

in the US Naval Research Laboratories in Washington DC in 1948. 29 

Figure 1-4 (a) shows a scheme of the removal of the inner shell electron and the filling 

of the vacancy by an outer shell electron triggering the emission of X-radiation.  

 

 

Figure 1-4: Schemes of (a) XRF, (b) XPS and (c) AES. 

 

One technique that is used for probing the surface properties of materials is X-ray 

photoelectron spectroscopy (XPS). The incident X-radiation removes an electron from 

the surface of sample and the kinetic energy of the electron is measured. This energy 

is equal to the binding energy of the electron and therefore specific for each element. 

The basics for this technique, the photoelectric effect was discovered by Heinrich 

Rudolph Hertz in 1887 30 and explained by Albert Einstein in 1905, which earned him 

the Nobel Prize in Physics in 1921. 31 Figure 1-4 (b) shows a scheme of the XPS 

process. 

Another surface sensitive technique used in materials science is the Auger Electron 

Spectroscopy (AES) discovered by Pierre Auger in 1925 32. Figure 1-4 (c) shows the 
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electron transitions characterizing the Auger effect. First, an inner shell electron is 

removed by incident X-radiation. The vacancy is filled by an outer shell electron, thus 

emitting X-radiation. The emitted X-ray can remove another electron from the outer 

shell. The energy of this secondary electron can be measured and is equal to its´ 

binding energy in the atom. 

 

1.1.7 Gamma Rays - Mössbauer Spectroscopy and Neutron Activation 

Analysis 

Mössbauer Spectroscopy uses the Mössbauer effect to measure oxidation states of 

elements, the influence of different ligands or the magnetic environment. 

The Mössbauer effect is the recoil-free nuclear resonance fluorescence. Normally, a 

nucleus that emits a gamma ray photon experiences a recoil taking a certain amount 

of the energy from the photon. This means that the emitted photon cannot excite 

another nucleus of the same element. In solids, recoil free emissions can occur, since 

the whole crystal lattice acts as counterweight and only a negligible portion of radiation 

energy is lost. Rudolf Mössbauer received the Nobel Prize in Physics for the discovery 

of this effect in 1961. 33,34 

This effect is coupled with the Doppler effect to be able to scan the gamma ray energy 

through a certain range. The gamma ray source has to contain the same isotope than 

the sample. If the chemical environment of both, source and sample is the same, the 

transmitted radiation intensity is zero. By modifying the radiation energy Mössbauer 

spectroscopy enables the detection of very subtle changes in the chemical 

environment of nuclei. 35 

This technique is a powerful tool in the characterization of iron-bearing minerals and a 

miniaturized Mössbauer spectrometer has been recently employed on Mars to study 

its surface minerals. 36 

Neutron Activation Analysis (NAA) is an analytical technique for elemental and isotopic 

analysis, based on nuclear transitions. The analyte is bombarded with neutrons and 

the intensity of the emitted gamma radiation as well as the radioactive half-life of the 

produced nuclei are analyzed. 2 

NAA was first discovered and used by G. Hevesy and H. Levi, analyzing rare earth 

elements by bombardment with thermal neutrons. 37 
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Using this technique, a hair sample of Napoleon Bonaparte was analyzed and a slow 

arsenic poisoning could be indicated. 38 

 

1.2 Infrared Spectroscopy 

1.2.1 Molecular Vibrations 

When infrared radiation interacts with a molecule the chemical bonds are excited and 

radiation is absorbed at a certain wavelength. Likewise, molecular rotations are 

induced by IR radiation. These rotational excitations can only be detected in gaseous 

materials, since in liquid and solid materials the intermolecular forces hinder molecular 

vibration. In IR spectroscopy, the wavenumber, which is directly proportional to the 

energy, is commonly used instead of the wavelength of radiation. The wavenumber 

can be calculated via Equation 1-3: 

 

�̅� =
1

𝜆
 

Equation 1-3 

 

With: �̅� = wavenumber [cm-1] 

 𝜆 = wavelength [cm] 

 

In order to be IR-active, a molecular vibration has to induce a change in the dipole 

moment of the molecule during excitation. The energy that is absorbed by this 

excitation process depends on the characteristics of the respective chemical bonds, 

e.g. bond length and mass of the atoms, as well as the chemical environment. In 

classical mechanics, the molecular vibrations are typically described as a spring 

(chemical bonds) with a mass on each end (atoms). The respective quantum 

mechanical model is the harmonic oscillation. A more detailed, quantum mechanical 

model, is the inharmonic oscillation. This model includes the dissociation of molecules 

upon strong vibrational excitation, as well as the decreasing distance between 

vibrational excited states with increasing excitation state. Also, the fact that the atoms 
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of a molecule cannot infinitely approximate each other due to Coulomb interactions, is 

considered in this model. 2–4,7,11–15 

 

1.2.1.1 Molecular Vibrations of the Water Molecule 

Since this thesis deals with MIR spectroscopy in aqueous environments, the molecular 

vibrations of the water molecule in this spectral region are explained in more detail in 

the following.  

The water molecule has three normal vibrational modes (𝜈1, 𝜈2 and 𝜈3). All possible 

vibration modes of the molecule can be described as a superposition of these normal 

modes. 39 

In the liquid state, all vibrational bands are arising from water molecules in different 

states of bonding within the network of H-bonds. Components with strong hydrogen-

bonds appear at lower wavelengths, while components that are weakly H-bonded 

appear at higher wavenumbers. 40 Since this H-bond network is variable upon changes 

in temperature and pressure, the infrared absorption pattern is also influenced by these 

parameters. 41 

 

1.2.1.1.1 𝜈1-vibration, symmetric stretch 

The first normal mode of vibration of the water molecule is the symmetric stretching 

vibration centered at 3657,1 cm-1. 42,43 During this vibration, the hydrogen nuclei travel 

forth and back in the direction of chemical bonds between oxygen and hydrogen. Both 

H-atoms travel away from and back to the oxygen atom at the same time. In liquid 

water this feature appears as a broad absorption band together with the asymmetric 

stretching vibration, 𝜈3, and an overtone of the bending vibration, 𝜈2 at around 3400 

cm-1. 44 

Figure 1-5 shows a schematic of the 𝜈1 vibration of the H2O molecule: 
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Figure 1-5: Symmetric stretching vibration of the water molecule. The length of both O-H-bonds is 
stretching and retracting simultaneously. 

 

1.2.1.1.2 𝜈2-vibration, bending 

𝜈2 is the second normal vibrational mode of the H2O molecule. The H-Atoms travel 

perpendicular to the direction of the bonds, thus bending these. This absorption feature 

is centered at 1594,7 cm-1. 42,43 In the spectrum of liquid water it appears as a rather 

small individual peak at approximately 1644 cm-1. 44 

A scheme of this vibration is shown in the following figure (Figure 1-6): 

 

 

Figure 1-6: Bending vibration of the water molecule. The bonds are vibrating perpendicular to the binding 
axes between Oxygen and Hydrogen. 

 

1.2.1.1.3 𝜈3-vibration, asymmetric stretch 

The asymmetric stretching vibration is the third normal mode of water vibrations, 

centered at 3755,9 cm-1. During this vibration, the hydrogen nuclei travel back and forth 

along the chemical bonds, as during 𝜈1 vibrations, but in opposite directions. In the 

liquid state this band appears as the main water absorption feature, together with the 
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symmetric stretching vibration, 𝜈1 , and an overtone of the bending vibration, 𝜈2  at 

around 3400 cm-1. 44 

This vibration is illustrated in Figure 1-7: 

 

 

Figure 1-7: Asymmetric stretching vibration of the water molecule. The length of both O-H-bonds are 

stretching and retracting alternatingly. 
 

1.2.1.1.4 Libration vibrations 

Librations are rotational motions that are hindered due to hydrogen-bonds between 

individual water molecules, thus resulting in a rocking vibration. In the MIR spectral 

region, a minor absorption band at approximately 2130 cm-1 is caused by a 

combination of the bending (𝜈2) and a libration vibration. 44 

Several librational motions of the water molecule are indicated in Figure 1-8: 

 

 

Figure 1-8: Libration vibrations of the water molecule. The molecule is performing several hindered 
rotations due to restrictions by H-bonds. The molecule rotates back and forth around the axes shown in 
the scheme. 
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1.3 Infrared Spectroscopy of Water in the MIR Range 

1.3.1 Influence of Physical State 

The physical state of water and thus the H-bond environment of the individual H2O 

molecules has a major influence on the absorption pattern of water, enabling the 

observation and study of phase transitions via infrared spectroscopy.  

 

1.3.1.1 Monomeric Water 

In IR-spectra of isolated water molecules, only the normal vibrations are detectable, 

since all other absorption features involve a combination of several water molecules.  

Fox and Martin collected infrared spectra of water in carbon tetrachloride in 1940, by 

drying water saturated CCl4 solutions via bubbling through dried air, assuming the 

remaining water is monomeric in this solution. They discovered two distinct vibrations 

of this monomeric H2O molecules in the 2500 – 4000 cm-1 spectral range, namely the 

asymmetric stretching vibration at 3705 cm-1 and the symmetric stretching vibration at 

3614 cm-1. 45 

Ohno et al. recorded spectra of the OH-stretching region of matrix-isolated water 

molecules. As a matrix they chose a mixture of O2 + N2 (25:75), thus preventing 

molecular rotation of the H2O and excluding a rotational fine structure from the 

collected spectra. In this study the 𝜈1-vibration was distinct at 3635 cm-1, while the 𝜈3-

vibration occurred at 3725 cm-1. The authors showed that these results are in good 

agreement with other studies, using different matrices for isolation of the water 

molecules, like pure N2 or O2, D2 or noble gases. 46 

Strommen et al. recorded the 𝜈2 -vibration of the H2O-monomer in a D2 matrix at 

1599 cm-1 and compared this finding to other studies (in a N2-matrix), showing 

comparable results (1597 – 1600 cm-1). 47 

 

1.3.1.2 Gaseous 

In the gaseous phase the vibrational absorption features always exhibit a rotational 

fine structure. The rotational-vibrational spectrum of water vapor is complex and has 

been the subject of many studies. Recently, a critical evaluation of the spectra of water 

vapor was carried out by Tennyson et al. 48, yielding in a collection of water 

transitions. 49  
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As in monomeric water, only the normal vibration modes can be excited in water vapor, 

thus resulting in three absorption features in the MIR range. The asymmetric stretching 

vibration, centered at 3756 cm-1, the symmetric stretching vibration, centered at 3657 

cm-1 and the bending vibration at 1595 cm-1. 48 

The absorption features of gaseous water are shifted to higher wavenumbers 

compared to spectra of matrix isolated monomeric water in gases or CCl4, since in the 

vapor no interaction with other molecules can influence the infrared absorption 

behavior of the H2O molecules.  

 

1.3.1.3 Liquid 

In liquid water, the rotational fine structure cannot be resolved due to interactions 

between water molecules. Some additional absorption features become distinct from 

combined vibrations of several water molecules. There are four main infrared 

absorption features in the MIR region between 3800 and 650 cm-1. The major 

absorption band is a broad feature between 2900 and 3700 cm-1, arising from a 

combination of several vibrations, namely symmetric stretching vibration ( 𝜈1) , 

asymmetric stretching vibration (𝜈3) and an overtone of the bending vibration (𝜈2). The 

second feature is the combination of the bending vibration and a librational vibration, 

a minor but wide peak, centered at 2150 cm-1 called “combination band”. The distinct 

feature at approximately 1600 cm-1 arises from the bending vibration of the water 

molecule. The last feature at the far end of the spectrum (1000 – 650 cm-1), arising 

from librational motions of many water molecules, is distorted by the MCT-detector cut-

off at ~ 650 cm-1. 44,50,51  

Figure 1-9 shows a fiber optic spectrum of liquid water in the MIR spectral region, 

including the assignment of the absorption bands. 
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Figure 1-9: Fiber optic MIR spectrum of liquid water, including the assignment of absorption features in 
this range: 3750 – 2900 cm-1: combination of 𝝂𝟏, 𝝂𝟑 and an overtone of 𝝂𝟐; 2450 – 1900 cm-1: combination of 

𝝂𝟐 and a librational vibration; 1800 – 1500 cm-1: 𝝂𝟐; 1000 – 600 cm-1: libration. The spectrum was collected 

at a resolution of 2 cm-1 as an average of 400 scans. 

 

1.3.1.4 Solid 

In the solid state the same vibrations that are distinct in liquid water are occurring. Due 

to the rigid H-bond environment in ice or gas hydrates, some of the features are 

significantly shifted to different wavenumbers. 

In amorphous ice the OH-stretching vibration is distinct at approximately 3230 cm-1, 

the “𝜈2+libration”-band is centered at 2230 cm-1, the bending vibration is shifted to 1650 

cm-1 and the libration band is detected at around 800 cm-1. 52–54 The wavenumbers of 

these absorption bands are approximately similar in the manifold structures of 

crystalline ice. 53,55–57 

At certain conditions (e.g. high pressure, low temperatures, availability of small guest 

molecules), gas hydrates can be formed instead of ice. Upon formation of solid gas 

hydrate from liquid water, the OH-stretching vibration shifts to the red by approximately 

120 cm-1. Both, the combination vibration and the libration are shifting to higher 

wavenumbers, whilst the bending vibration decreases in intensity. Figure 1-10 shows 

the fiber optic MIR spectra of both, liquid water and solid gas hydrate, as well as the 
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spectral changes during the phase transition, indicated by arrows. Gas hydrates are 

covered in detail in chapter 1.8. 58–60 

 

 

Figure 1-10: Fiber optic MIR spectra of both, liquid water (blue) and solid gas hydrate (red). The arrows 
indicate the spectral changes upon phase transition. The red spectrum was normalized to the maximum 
relative absorption of the blue spectrum between 2900 and 3800 cm-1 (OH-stretching vibration). Both 
spectra were collected at a resolution of 2 cm-1 as an average of 400 scans. 

 

1.3.2 Influence of Temperature 

Temperature also has an influence on the absorption behavior of liquid water in the 

MIR range, since it influences the hydrogen-bond environment of the H2O molecules. 

Upon heating the OH-stretching vibration is shifting to higher wavenumbers, whilst the 

libration and bending vibrations undergo narrowing and an increase in intensity upon 

shifting to lower wavenumbers. With rising temperature, the H-bonds are weakened, 

and thus, the covalent bonds are strengthened, resulting in absorption at higher 

wavenumbers, regarding the OH-stretching. As bending and libration vibrations are 

more dependent on intramolecular bonds (H-bonds), those are weakened and shifted 

to the red. 41,61,62 

Amongst others, these minor effects of temperature on the mid-infrared absorption 

pattern were employed in this work to establish a multivariate model that could 
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correctly predict the temperature at which a sample of an aqueous salt solution was 

measured. 63 

  

1.3.3 Influence of Pressure 

As well as temperature, pressure has an influence on the H-bonds in the liquid water 

phase. Raman studies indicate that high pressures increase the length of the OH-

binding distances, thus resulting in absorption at lower wavenumbers. Also, elevated 

pressure lead to less long, weak or broken bonds and more bent, short and strong H-

bonds. 64 

Nevertheless, the effects of pressure are negligible compared to the spectral changes 

upon phase transition at the applied pressure and were therefore not considered any 

further during any part of this work. 

 

1.3.4 Influence of Dissolved Ions 

Addition of ions has a minor, but detectable influence on the infrared absorption pattern 

of water. These influences were thoroughly studied during this work and are covered 

in detail in chapter 3 of this thesis. It was shown that several ions and ion pairs could 

be quantified by the changes they induce in the spectrum of liquid water upon 

hydration. 63,65 

 

1.4 IR Spectrometer 

In principle, an infrared spectrometer consists of four main parts, namely an emission 

source, generating infrared radiation, an interferometer or dispersive element, the 

sample compartment, where the radiation can interact with the sample and an infrared 

detector, collecting the incident light and sending the collected data to a computer. 

 

1.4.1 Light Source 

Several sources of infrared radiation are used today, including ceramic or metallic 

materials and a variety of lasers. 
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“Nernst glowers” are cylindrical rods, consisting of a mixture of zirconium, yttrium and 

erbium oxide. This material is an insulator at room temperature and therefore must be 

preheated to become conductive. At 1530 °C this radiation source has an emission 

spectrum resembling that of a black body. The main disadvantages are the relatively 

short lifetime and mechanical instability. Another ceramic emission source is the so-

called “Globar”, made of silicon carbide and a metallic electrode on each end enabling 

the application of electric currents, which leads to the emission of infrared radiation at 

temperatures above 1000 °C. Cooling of the electrodes is necessary and therefore this 

light source is more expensive and technically complex than a Nernst glower. Metallic 

alloys like Nichrome coils can also be used as radiation sources for infrared 

spectroscopy. 11–13,66 

In modern applications of infrared spectroscopy lasers are being used as light sources, 

since they have a significantly higher emission intensity than classic light sources. 

Their major drawback is the limitation of available wavelengths, which can be partly 

overcome by tunable lasers. 

For example, a variety of diode lasers like antimonide diode lasers or lead salt diode 

lasers emit radiation in the infrared region. Solid state lasers using transitions of 

transitional-metal ions and rare-earth ions are covering a spectral range between 1.7 

and 4.7 µm. Another infrared light source are Quantum Cascade Lasers (QCL). These 

are semiconductor lasers emitting radiation via inter-subband transitions enabled by 

periodic series of very thin (several nanometers) layers of different semiconductive 

materials and application of an electric current to this nanostructured material. The 

wavelength of the emitted light is dependent on the layer thickness and can therefore 

be designed for individual spectroscopic demands. 67–70 

The following table gives an overview over the mentioned light sources including their 

emission range in the infrared spectral region. 
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Table 1-1: Types of light sources including their emission range 

Type of Light Source Emission range [cm-1] Reference 

Nernst Glower 
Whole IR range, resembling emission of a 

black body at 1800 K 
14 

Globar 80 to > 5000 13 

QCL 400 - 3300 70 

Antimonide diode lasers 

GaInSbAs/GaSb 3300 to 5000 
67 

InAsSb/InAs 2000 to 3333 

Lead salt diodes 

PbCdS 2500 to 3300 

70 
PbSSe 1100 - 2500 

PbSnTe 370 - 1250 

PbSnSe 370 - 1000 

 

1.4.2 Wavelength Selection 

Almost all modern infrared spectrometers use interferometers to record intensity as a 

function of the optical path length that can be transformed to a function of the 

wavelength via a Fourier Transformation (FTIR spectroscopy). Nowadays, Michelson 

interferometers are widely used, based on the original design by Albert A. Michelson, 

as schematically shown in Figure 1-11. In this technique, the radiation emitted from the 

light source is incident on a beamsplitter, reflecting a part of the radiation on a fixed 

mirror (M1) and transmitting another portion of light on a moving mirror (M2). The 

beamsplitter is designed to reflect and transmit equal portions of light (commonly a thin 

layer of Germanium on an IR transparent substrate like KBr). The radiation is reflected 

back to the beamsplitter by both mirrors and, again, reflected or transmitted. 

Depending on the position of the moving mirror, constructive or destructive interference 

of the combined light portions occurs. Upon measurement of the interference pattern 

and a subsequent Fourier Transformation of the obtained interferogram, an infrared 

spectrum can be obtained. 11,13 
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Figure 1-11: Schematic of a Michelson Interferometer. 

 

Dispersive elements like prisms or optical grating, once widely applied, are nowadays 

still used for wavelength separation in special applications, demanding short ranges of 

wavelengths or even the signal at one individual wavelength. 13,14 

 

1.4.3 Sample Compartment 

In the sample compartment the radiation can interact with the sample. A variety of such 

interaction compartments are available, e.g. transmission cells for gases, liquids and 

solids, ATR-setups, “remote sensing” devices (fiber optics) or devices for measuring 

reflected infrared radiation.  

Transmission cells for gases or liquids feature IR-transparent windows, like 

halogenides or zinc selenide on each side of the cell. In gas cells, often mirrors are 

used to increase the optical path-length. In contrary, liquid transmission cells have to 

feature extremely short path lengths to overcome the problem of strong absorptivity of 
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the infrared radiation by most solvents. Solids are pulverized with KBr and compressed 

to pellets that are IR-transparent.  

ATR spectrometers are widely used in MIR spectroscopy, since they require almost no 

sample preparation and are suitable for most measurement requirements (this 

technique is discussed in more detail in chapter 1.5). 

Fiber optic sensing devices enable infrared spectroscopy in locations remote from the 

light source and detector since they can guide the radiation across a distance via 

internal reflection (this technique is explained in more detail in chapter 1.6). 

In reflection infrared spectroscopy, the radiation reflected by the sample is detected. 

This non-destructive technique is used for example for the examination of 

paintings.2,71,72 

 

1.4.4 Detectors 

The remaining infrared energy is detected after interaction with the sample. Detection 

can occur either by “thermal detection” or by “photon detection”. 

Thermal detectors measure the change of temperature of an absorbing material by 

incident infrared radiation. These changes can be measured via the electrical 

conductivity of the material (“bolometer”) or expansion of a gas, with subsequent 

deformation of a flexible mirror, sensed by an additional optical system (“Golay 

detector”). The voltage produced by temperature changes between two different 

materials can be used to determine infrared radiation (“thermovoltaic effect”) as well 

as the change of electrical polarization and generation of an electrical field of crystalline 

materials upon increasing temperature (“pyroelectric effect”). 

Most detectors nowadays use “photon detection”, more precisely the internal photo 

effect in semiconductive materials like PbS or MCT (= mercury cadmium telluride). 

Therefore, layers of n- and p-doped semiconductors are combined, leading to a space-

charge region with very little free charge carriers. A photon with a certain energy can 

promote an electron from the valence band to the conduction band, yielding in a 

measurable electrical current. 

During the studies in this work MCT-detectors were used exclusively. MCT is a 

semiconductor consisting of the semimetal HgTe and the semiconductor CdTe. This 

detector has to be cooled to temperatures around - 196 °C with liquid nitrogen or by a 
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sterling cooler. The spectral response can be tailored from 1,0 to > 17,0 µm by 

changing the ratio of these components. 2,11,13,73 

 

1.5 IR-ATR Spectroscopy 

All studies carried out during this thesis were based on ATR (“attenuated total 

reflection”) infrared spectroscopic techniques, enabling studies of water, which 

normally is the most common interference in infrared spectroscopy since it is a strong 

absorber in the MIR region (see chapter 1.2.1.1). In addition, the sample preparation 

requirements for ATR spectroscopic studies and measurements are minimal. 

 

1.5.1 Fundamental Principles of IR-ATR Spectroscopy 

The basic principle of ATR spectroscopy is the total internal reflection of the radiation 

inside an IR transmitting waveguide. Upon total reflection, an evanescent wave is 

formed, penetrating the medium around the waveguide, thus enabling spectroscopic 

studies of the immediate vicinity of the surface of the waveguide. 

The evanescent wave is decaying exponentially with decreasing distance to the 

waveguide. Typically, it penetrates the surrounding medium from few nanometers up 

to several micrometers, depending on its physical state and optical properties. 

Figure 1-12 illustrates the principle of attenuated total reflection. The incoupled 

radiation is totally internally reflected at the interface between the optical denser 

waveguide (refractive index n1) and the less optical dense adjacent medium (refractive 

index n2), if the angle of incidence θ is beyond the critical angle θc. The critical angle 

can be calculated by the following equation (Equation 1-4): 

 

𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑛1

𝑛2
) 

Equation 1-4 

With: θc = critical angle  

 n1 = refractive index of the waveguide 

 n2 = refractive index of the surrounding medium 
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At the point of reflection, a standing wave, the evanescent wave, forms perpendicular 

to the surface of the waveguide, thus penetrating the medium surrounding it. An 

evanescent field surrounding the waveguide is formed by multiple total internal 

reflection of the radiation. 

 

 

Figure 1-12: Schematic of attenuated total reflection. At each point of total internal reflection, at the 
interface between waveguide and adjacent medium, an evanescent wave forms, penetrating the sample 
several nanometers to micrometers. Interaction between radiation and the sample is enabled in a very small 
volume around the waveguide. E = amplitude of standing wave, dp = penetration depth, θ = angle of 

incidence, n1/2 = refractive indices 

 

The penetration depth dp of the evanescent wave can be calculated by the following 

equation (Equation 1-5), taking into account the wavelength of radiation, λ, the 

refractive indices of both, the waveguide and the adjacent medium, n1 and n2, and the 

angle of incidence θ. 
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𝒅𝒑 =
𝝀

𝟐𝝅√𝒏𝟐
  𝟐 ∙ 𝒔𝒊𝒏𝟐𝜽 − 𝒏𝟏

  𝟐

 

Equation 1-5 

 

With: dp = penetration depth [m] 

 n1/2 = refractive indices 

 θ = angle of incidence 

 

Typical penetration depths are 10 – 20 µm in gases, 0,5 – 1 µm in liquids and 

approximately 0,5 µm in solid media. 2,11–13,66,74 

 

1.5.2 Advantages of IR-ATR Spectroscopy 

The main advantage of infrared ATR spectroscopy is that it can be applied to aqueous 

media. Water being a very strong IR absorber, usually is a major interferant during IR 

spectroscopic measurements, since it can overlap with absorption features from the 

analyte of interest. The volume probed during ATR spectroscopic studies is so small 

that even pure water cannot totally absorb the incident radiation. Hence, during the 

present studies, attenuated total reflection infrared spectroscopy was used to study the 

changes in the spectrum of water itself upon phase transitions (liquid to gas hydrate) 

or addition of ions. 

In modern ATR spectrometers, the waveguide comes in different shapes and sizes e.g. 

waveguides with different geometries, flow-through cells etc. and most of them can be 

easily removed and cleaned.  

Furthermore, the surface of the waveguide can be functionalized in several ways 

before being reapplied to the ATR unit. This was utilized to enrich hydrophobic 

perfluorinated tracers near the surface of an ATR crystal in a polymeric coating in this 

work. 75–82  
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1.5.3 ATR Waveguide Materials 

There are several materials that are used as waveguides for infrared ATR 

spectroscopy, some of which are listed in the following table (Table 1-2), including the 

wavenumber range of transmitted radiation and their refractive index. 

 

Table 1-2: Several materials for IR-ATR waveguides and their optical properties 13,83 

Material 
Wavenumber Range 

[cm-1] 
Refractive Index 

Zinc Selenide (ZnSe) 20000 – 400 2,4 

KRS-5 (Thallium Bromoiodid) 20000 – 300 2,4 

Arsenic Triselenide (As2Se3) 12500 – 800 2,8 

Silicon (Si) 5000 – 1600 3,4 

Germanium (Ge) 5000 - 900 4,0 

Diamond 44400 - < 100 2,4 

 

In most cases, trapezoidal ZnSe crystals are used as ATR waveguides. These crystals 

are cut into a shape that enables the in-coupling of the entire radiation incident on the 

crystal face into the waveguide and thus being propagated through the waveguide via 

total internal reflection, leading to the formation of an evanescent field on the crystal 

surface.  

ZnSe crystals are resistant to most organic chemicals/solvents and therefore offer a 

wide field of applications. 

One major drawback of this material is that in contact with acids, poisonous Hydrogen 

Selenide (H2Se) is formed upon dissolution of the crystal.  

During this work, trapezoidal zinc selenide crystals (analysis of perfluorinated tracers), 

a multiple bounce silicon waveguide (determination of ions/ion pairs in water) and 

polycrystalline silver halide fibers (gas hydrate studies) were used as waveguide 

materials. 2,11–13,83 
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1.6 Fiber Optics in Infrared Spectroscopy 

Sometimes extreme environments necessitate to separate the sensing probe from the 

detection unit and the light source of the IR spectrometric setup, as the sensitive 

equipment can be damaged resulting in poor data quality. In such cases, optical fibers 

transmitting infrared radiation by total internal reflection can be used as waveguides 

and sensing probes, enabling “remote sensing”. 

In 1870, John Tyndall was the first to show propagation of light in a waveguide by 

coupling light into a thin water jet. This principle was later applied for data transmission 

in quartz and glass fibers and transmission of optical information via combination of 

lasers and optical fibers in the 1960s. This development led to a huge variety of optical 

fiber materials and applications, covering the entire electromagnetic spectrum. 84 

 

1.6.1 Materials for Optical Fibers in Mid Infrared Spectroscopy 

The most important prerequisite for optical materials for optical fibers in mid-infrared 

spectroscopy is obviously the ability to transmit infrared radiation without major 

attenuation in the spectral range between 2 to 20 µm. Further requirements are 

mechanical and chemical stability, the possibility for surface functionalization and the 

achievable fiber length. 

Infrared fiber optic materials can be divided into three subclasses, depending on their 

properties: hollow waveguides (silica or sapphire tubes, internally coated with IR 

reflective coatings, enabling reflection and propagation of infrared radiation), 

polycrystalline or crystalline fibers (e.g. halides or sapphire fibers) and glass fibers (e.g. 

chalcogenides or fluorides). 85 

The following table (Table 1-3) shows some materials used for infrared optical fibers 

and a selection of their properties, like the transmitted wavenumber range and its 

attenuation: 
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Table 1-3: Selection of infrared optical fiber materials including some of their properties 85 

Subclass Material 
Attenuation 

[dB/m at 3400 cm-1] 

Transmission 
[cm-1] 

Hollow Waveguide 
Silica or Sapphire 

tube 
0,5 (silica) 530 - 5000 

Crystalline Sapphire 0,4 3200 - 20000 

Polycrystalline Silver Halides 3 550 - 3300 

Polycrystalline Tellurium Halides 0,5 770 - 3300 

Glass Chalcogenides 5 900 - 5000 

Glass Fluorides 0,08 2200 - 40000 

Glass Low-OH SiO2 0,012 at 12200 cm-1 4000 - 33300 

Glass SiO2 0,0004 at 7580 cm-1 7150 - 40000 

  

1.6.2 Silver Halide Fibers 

In this thesis, polycrystalline silver halide fibers were used for the in-situ gas hydrate 

studies. These fibers offer a wide transmission range and a high mechanical stability 

(e.g. pressure resistance); they are insoluble in water, non-toxic and plastically 

deformable. The fibers can easily be fabricated by extrusion of a melt of AgCl/AgBr in 

different compositions, in various diameters (e.g. 700 or 900 µm) and lengths (up to 

10 m). 86 

In the following table, the properties of the silver halide fibers used during the gas 

hydrate studies are summarized (Table 1-4): 

 

The main disadvantage is their sensitivity to (day)light and metals that are less noble 

than silver. Upon contact with such a metal or exposition to light, the fibers will slowly 

darken, since the silver ions are reduced to elementary silver, which is black, thus 

decreasing and ultimately destroying the infrared transmittance of the fiber. 
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Table 1-4: Properties of the silver halide fibers used during the gas hydrate studies 87 

Specific Weight 6,39 g/cm3 

Melting Point 412 °C 

Tensile Strength 100 Mpa 

Knoop Hardness 15 kg/mm2 

Minimal Bending Radius 5 ∙ diameter 

Transmission Range 4 – 15 µm 

Refractive Index 2,21 

Attenuation Loss at 5,25 µm 1 – 2 dB/m 

Attenuation Loss at 10,6 µm 0,5 – 1 dB/m 

 

Two main mechanisms are responsible for limitation of the transmission range in silver 

halide fibers. At the lower end of the transmission range at approx. 550 cm-1 the so-

called “multiphonon edge” is existent. At this wavenumber lattice vibrations are induced 

in the polycrystalline material, thus absorbing the radiation. At the farther end of the 

transmission range (approx. 3400 cm-1), at the “electronic edge”, electrons are excited 

from the valence band into the conductance band, thereby absorbing the 

corresponding energy from the infrared radiation. 

Minor radiation losses are originating from scattering of the radiation on micropores, 

inhomogeneities or micro cracks of the material, from the extrusion process, or on 

metal colloids, originating from photo- or metal-induced reduction of the silver ions. 

Upon strong bending of the fiber, a minor portion of the radiation is being coupled out 

of the waveguide by refraction. This effect is marginal but measurable. 85,88–90 
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2 Mechanistic Information on Gas Hydrate 

Nucleation and Growth via In-Situ Fiber Optic 

Infrared Spectroscopy in a Gas Hydrate Autoclave 

 

2.1 Gas Hydrates - Introduction 

Gas hydrates, crystalline compounds, consisting of a rigid framework of water 

molecules, entrapping small molecules inside the crystal cavities, were first discovered 

by Sir Humphrey Davy during his experiments with chlorine gas (“oxymuriatic gas”). In 

1811 he published these experiments amongst others in the Philosophical 

Transactions of the Royal Society of London: 

“It is generally stated in chemical books, that oxymuriatic gas is capable of being 

condensed and crystallized at a low temperature; I have found by several experiments 

that this is not the case. The solution of oxymuriatic gas in water freezes more readily 

than pure water, but the pure gas dried by muriate of lime undergoes no change 

whatever, a temperature of 40 below 0° of Fahrenheit.” 1 

In 1823, M. Faraday was the first to name the new substance “hydrate” in a paper “On 

Hydrate of Chlorine” 2 

Nevertheless, gas hydrates remained a laboratory curiosity, until, in 1934 it was 

discovered that these compounds are responsible for blocking or destruction of 

pipelines upon transportation of natural gas containing water vapor. 3 

Today, research on natural gas hydrates concentrates on the exploitation of gas 

hydrate deposits as an energy source and the influence of gas hydrate 

formation/dissociation on the global climate and on the stability of continental slopes. 4 

Natural gas hydrates can be detected via video observations by remotely controlled 

vehicles (ROVs) or autonomous underwater vehicles (AUVs) on the surface of the 

seafloor sediment. Methane bubbles from the seafloor can indicate potential hydrate 

sites in the ocean. Drilling cores can give information on the content of gas hydrate in 

deeper layers of the sediment.  

Since these methods are extremely elaborate and cost-/time-intense, currently mostly 
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seismic methods are used to detect natural gas hydrates in the deep-sea. The seismic 

waves, send from a ship to the seafloor travel faster in sediments bearing gas hydrate 

than in the underlying sediment, bearing free gas. This results in a seismic profile 

resembling the actual sea bottom in the sediment below. This signal, called “bottom-

simulating reflector” or BSR together with information on depth and temperature 

normally indicates the lower limit of the gas hydrate stability zone. 4–8 

The estimates of the total amount of global gas hydrate resources has decreased 

during the past 40 years. The mean estimate between 2000 through 2014 is 3000 x 

1018 (trillion cubic meters, TCM), of which roughly 10 % (approx. 300 TCM) is believed 

to be technically recoverable (TRR). This is about the global amount of conventional 

gas (404 TCM) or shale gas (204 – 456 TCM) resources. 5,9 

Three main techniques are proposed and studied today for recovery of methane from 

natural gas hydrate deposits, namely thermal stimulation, depressurization and 

injection of inhibitors. 5,10 Hydrate bearing sediment can be heated to dissociate the 

gas hydrate and recover the released methane, e.g. by hot brine 11 or water 12 injection 

or electromagnetic heating. 13 For depressurization, the local pressure at the gas 

hydrate deposit is lowered in order to dissolve the solid hydrate and recover the 

trapped gas. 14,15 Several chemicals can be injected into the sediment to trigger hydrate 

dissociation, e.g. ethylene glycol. 16 Another promising technique is the recovery of 

methane from gas hydrates by replacing it with carbon dioxide, thus storing the CO2 in 

depleted hydrate deposits. 17,18 

Globally, several nations run expensive and elaborate research programs in 

preparation of the commercial recovery of methane from natural gas hydrate deposits 

in both, permafrost and deep-sea environments. 10 Scientific gas hydrate drilling 

expeditions for methane production tests are currently planned or run by Japan, the 

USA, South-Korea, India, China, Germany and Canada. The first commercial-scale 

production is planned to start before 2020 in the eastern Nankai Trough off the 

Japanese coast. 19   

Since it is of major importance to gather profound and detailed knowledge of the 

processes employed in the production of methane from natural gas hydrates, e.g. 

formation/dissociation of hydrates, these were studied on a molecular level via fiber 

optic IR-ATR spectroscopy in this thesis. Chapter 2.2 gives an introductory overview 

over spectroscopic methods used in gas hydrate research and on the chemical 
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structure of clathrate hydrates. 20 Chapter 2.3 shows the design and development of 

the technical equipment (e.g. modification of a commercially available gas hydrate 

autoclave) used for the fiber optic in-situ gas hydrate studies. 21 Finally, chapter 2.4 

presents the results of the infrared spectroscopic studies, on the mechanism of gas 

hydrate formation inside the autoclave. 22 

For more detailed information on gas hydrates please refer to the cited references, 

especially to “Clathrate Hydrates of Natural Gases” by E.D. Sloan and C. A. Koh. 4
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3 IR ATR Spectroscopic Simultaneous 

Determination of Several Ions and Ion Pairs in 

Water and the Influence of Temperature. 

 

3.1 Salinity - Introduction 

Salinity is a major parameter in water analysis. Especially in marine environments, it is 

an indicator for the mixing ration of fresh water and salt water, boundaries between 

water layers and oceanic currents. Also, salinity influences all marine ecosystems and 

is crucial for their existence. In most cases, salinity is obtained as a sum parameter of 

all dissolved ions, mostly via measurements of density or electrical conductivity. 1 

The first non-poetic explanations for the saltiness of seawater came up in the 6th 

century BC, articulated by ancient greek philosophers. One of them, Empedocles said: 

“The sea is the sweat of the earth”. 2 

Aristotle (384 – 322 BC) carried out several experiments concerning the salt content 

of seawater and figured out that saltwater is more dense then fresh water, and that 

seawater does also contain other dissolved material than salt, which he attributed the 

“bitter” taste of the water to. 3 

Pliny the Elder (25 – 76 BC) gave a first early qualitative estimation of the salinity of 

seawater: “If more than a sextarius (~ 542 mL) of salt (~ 678 g) is dropped into four 

sextari of water, the water is overpowered, and the salt does not dissolve. However, a 

sextarius of salt and four sextari of water (salt content of ~31%) give the strength and 

properties of the saltest sea.” This is quite a good estimation considering that the salt 

content of the Dead Sea is around 28%. 4 

In his famous “The Notebooks”, in Note 946, Leonardo da Vinci states: “[…] But the 

conclusion is, that the saltness of the sea must proceed from the many springs of water 

which, as they penetrate into the earth, find mines of salt and these they dissolve in 

part, and carry with them to the ocean and the other seas […]”. 5 

In the 17th century, Robert Boyle investigated the salt content of seawater by several 

methods. He tried to estimate the total amount of dissolved solids by direct evaporation 

and since this did not satisfy him, he measured the density of the water as an index of 

salinity. He reported an estimated amount of salt in seawater of 30 g in 1 kg. He also 
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recommended the use of silver nitrate to determine the saltiness of water by 

precipitation. 6 

Louis Ferdinand Marsili (1658 – 1730) was the first to use tables in ocean science in 

order to give detailed descriptions about were the samples were taken (location, tide, 

current, temperature, time and date), since he was convinced that many oceanic 

parameters influence each other and therefore took great care in his experiments. 7 

Antoine Lavoisier published a paper on the use of alcohol in the analysis of mineral 

water in 1772, in which he included the first analysis of seawater ever published 

(According to him seawater was a very complicated mineral water). He analyzed the 

mineral water by evaporation, extraction with alcohol and alcohol/water mixtures and 

recrystallization of the residuals. He was able to identify the following compounds: 

CaCO3, CaSO4*2H2O, NaCl, Na2SO4*xH2O, MgSO4 and MgCl2. Lavoisier stated: “The 

water of the sea results from a washing of the entire surface of the globe; these are in 

some ways the rinsing of the grand laboratory of nature; one therefore expects to find 

mixed together in this water all the salts which can be encountered in the mineral 

kingdom, and that is indeed what is found.“ Lavoisier was also the first who realized 

that the “bitter” taste of seawater arises from the presence of MgSO4 and MgCl2. 8 

Gay-Lussac determined the salt concentration in seawater samples by titration 

methods. He found out that the salt concentrations are practically constant throughout 

the Atlantic Ocean. 9,10 

In 1819 the swiss-born British chemist Alexander Marcet suggested the principle of 

constant composition for the first time (often referred to as “Marcet Principle”). It´s basic 

conclusion is that the relative proportions of the components of seawater are always 

the same, independent from the total salt content of the water. 11 

Johan Georg Forchhammer introduced the term “salinity” for the total salt content of 

seawater in 1865. He also developed the method to describe the salinity as a ratio of 

all major elements to the amount of chloride. 12 

Between 1873 and 1876 the H.M.S. Challenger sailed around the globe during the so 

far most extensive scientific expedition. J. Y. Buchanan collected 77 samples of 

seawater during this cruise that were very thoroughly analyzed afterwards by the 

German chemist William Dittmar in Edinburgh. This was the most complete and well-

analyzed set of seawater-samples until that time, which was not exceeded until the 

1960s. Since this study, the major constituents and their ratios to each other are known 

with only minor adjustments till today. 13 
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Today dissolved ions in seawater can be measured by various methods. 14 Total 

salinity is measured most times by densitometers and conductometers. In literature, 

some optical methods are reported. In 1999, Esteban et. al published their work on a 

fiber optic sensor for salinity based on the measurement of the refractive index via 

surface plasmon resonance. 15 Huber et. al reported a fiber optic sensor for measuring 

salinity by a chloride-quenchable fluorescent probe, in 2000. 16 

None of these techniques is able to distinguish between the major dissolved ions in 

seawater. Either salinity is measured as a sum parameter, or each ion is analyzed 

independently.  

Binary salt-mixtures were studied by near-infrared spectroscopy by Frost and Molt in 

1997. 17 

Mid-infrared ATR spectroscopy in combination with chemometric data treatment 

enables the simultaneous determination of the most prevalent ions in unpolluted 

seawater, as was shown in a previous study by Vogt et al. 18 These ions are, in the 

order of descending concentration, Cl-, Na+, SO4
2-, Mg2+, Ca2+ and K+. Therefore, 

solutions of NaCl, KCl, NaBr, KBr, MgCl2, CaCl2 und Na2SO4 were examined during 

the salinity studies, concerning dissolved individual ions as well as ion pairs and the 

influence of temperature. 19,20 
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4 Perfluorinated Tracers in Carbon Capture and 

Storage (CCS) Processes 

 

4.1 CCS - Introduction 

The idea behind carbon capture and storage, in short CCS, is to capture carbon dioxide 

that is produced upon combustion processes, e.g. in power plants or petrochemical 

plants as well as in the cement/steel industry or refineries, and to ultimately store it in 

geological formations to prevent further global warming by anthropogenic CO2-

emission. 1 

According to the international energy agency, CCS is an essential technology to reach 

the global climate goal to keep the temperature increase well below 2 °C, which was 

defined as a mutual agreement of the United Nations in the “Paris Agreement”. 2–4 

Nevertheless, the technique is also being discussed critically, since it offers the 

possibility of suppressing global warming without implementation of changing 

production and consumption patterns, thus not leading to independence from fossil 

fuels. 5 Also, several technical and political challenges have to be overcome until CCS 

can be used on a large scale, while time for the reduction of emissions is running. 6 

The beginning of subsurface storage of CO2 was the implementation of “CO2-

enhanced oil recovery (CO2-EOR)” in the beginning of the 1970s in Val Verde, Texas, 

US. During this process, carbon dioxide is injected into a producing oil field, in order to 

enhance the production rate and thereby storing the CO2. 

The first large-scale CCS project, Sleipner, was started in 1990 in the North Sea off 

Norway, since the Norwegian government introduced a tax on CO2 in order to reduce 

emissions. Statoil started separating the carbon dioxide that was contained in the 

recovered natural gas offshore and injected it into deep geological formations to avoid 

the tax. Since 1996 about 17 million tonnes of CO2 have been stored in this project. 

Today, several countries are running CCS projects, especially the US, Canada, 

Australia, Saudi Arabia, Norway, Algeria and Brazil. 4 

According to the Global Carbon Capture and Storage Institute Ltd., it is estimated that 

by the end of 2017, 21 large-scale operational CCS projects will be running worldwide 

with a total storage capacity of 40 Mtpa (million tonnes per annum) thus doubling both, 
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the number of projects and the total storage capacity compared to 2010. 7 

Carbon dioxide can be recovered from an emission source via pre-, post- or oxyfuel 

combustion capture technologies. During pre-combustion CO2 capture, the solid, liquid 

or gaseous fuel is converted into a mixture of hydrogen and carbon dioxide. The H2 

can be used as an energy carrier, while the CO2 is recovered from the process. In post-

combustion capture, carbon dioxide is recovered from the exhaust in a suitable solvent 

or via membrane filtration or cryogenic separation. Oxy-combustion works with pure 

oxygen instead of air, thus resulting in an exhaust consisting mainly of CO2 and water, 

enabling easy removal and purification of the carbon dioxide. 8 

The recovered and compressed CO2 is then transported to the storage site via ships, 

trains, trucks and mostly pipelines.  

At the site the gas is injected into the geological formation featuring favorable 

properties like sufficient capacity and an appropriate injectivity (= rate of CO2 uptake 

into the reservoir). 1,7 The sinks that are supposed to store the gas are deep saline 

aquifers. Above these porous storage rocks, an impermeable caprock prevents the 

CO2 from leaking, ultimately trapping it in the pore space, as carbonic acid or 

mineralized as carbonates. 9 

To prevent leakage of the stored gas, the geological site has to be observed for venting 

carbon dioxide. Also, the migration pathways and diffusion of the gas in the storage 

rock/aquifer are monitored. Therefore, several methods are applied like seismic 

(influence of CO2 on acoustic waves) or geoelectrical surveys (changes in resistivity 

upon injection of carbon dioxide), recording of temperature logs (thermal processes, 

e.g. Joule-Thompson effect), gravimetric methods (changes in the density of the 

storage material) and remote sensing (deformation of the surface), geochemical 

sampling (e.g. water samples from bore holes), atmospheric observation (atmospheric 

level of carbon dioxide at the storage site), monitoring of soil gas (concentration of 

CO2) and microbiology (influence of the gas on microorganisms) or injection of 

chemical tracers. 10 Different chemicals can be used as tracers in CCS, e.g. noble 

gases, sulfur hexafluoride, 14C-labeled CO2, chlorofluorocarbons, hydrofluorocarbons 

and cyclic perfluorinated hydrocarbons. 11,12 In this thesis, the IR-ATR spectroscopic 

detection and quantification of two cyclic perfluorinated tracers, namely 

perfluoromethylcyclohexane and perfluoro-1,3-dimethylcyclohexane in water samples 

via enrichment in various polymer coatings was studied, aiming in the development of 

a sensor enabling rapid and convenient on-site determination of the compounds. 13
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5 Conclusions 

 

The detailed conclusions are described in each of the journal publications in chapters 

2, 3 and 4. Therefore, a brief but overall conclusion together with summarized 

conclusions for each topic will be given in the following section. 

During this thesis, several IR-ATR applications were developed to access in-situ 

measurements in different harsh environments like the deep-sea, highly saline 

solutions or geological formations. 

Especially during the gas hydrate experiments in a high-pressure autoclave, a robust 

experimental design was mandatory. A polycrystalline silver halide fiber was used to 

enable infrared evanescent wave spectroscopy at high pressure/low temperature 

conditions inside an autoclave. 

This setup generally facilitates IR spectroscopic studies of different matrices at high 

pressure conditions. For example, it is conceivable to simulate the conditions that are 

present in geological formations at which carbon dioxide is stored, e.g. brine and 

porous sediment at elevated pressure and temperature. Also, the conditions at which 

natural gas hydrates form in the deep-sea, e.g. loose sediment in saline aqueous 

solution at high pressure and low temperature are accessible. 

During real-world IR spectroscopic measurements in both, seawater or subsurface 

geological formations, dissolved salts are omnipresent and hence can possibly 

influence the resulting spectra. These minor but measurable influences were studied 

during this thesis, leading to the development of several multivariate models, 

facilitating the simultaneous quantification of several ions and ion pairs in water at 

different temperatures. 

Eventually, the results of the above-mentioned experiments may lead to the 

development of infrared spectroscopic remote or miniaturized sensors, enabling 

simultaneous in-situ measurements of different analytes at extreme natural (e.g. deep-

sea, geological formations, etc.) or artificial (e.g. process control, online-monitoring, 

etc.) conditions. 

 

In the following the conclusions arising from the individual topics are summarized: 
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1. A commercially available gas hydrate autoclave was modified in order to enable 

in-situ high pressure measurements of bulk methane hydrate. A hydrate 

formation mechanism proposed earlier by our research group could be 

confirmed and extended to different surfactants and guest molecules, leading 

to a generic mechanism. Also, it was confirmed that dissolved methane remains 

in the interstitial water trapped in the bulk gas hydrate.  

The experimental setup enables further studies at conditions closer to natural 

conditions, e.g. by addition of deep-sea sediment or microorganism that can 

produce natural surfactants, promoting the formation of gas hydrates. Also, 

natural seawater can be used in further studies in the pressure vessel. 

For in-field studies, e.g. on-ship or in permafrost areas, miniaturized sensor 

systems can be applied, using a quantum cascade laser instead of conventional 

FTIR-spectrometers. Such sensors enable highly sensitive measurements of 

molecular vibrations due to high-intensity light sources in a compact design. 

 

2. The influence of different dissolved ions to the infrared spectra of water were 

studied, finally leading to the development of several multivariate models that 

enable the simultaneous quantification of several IR-inactive ions and ion pairs. 

All models were tested on a real seawater sample, showing promising results, 

yet uncovering the need for calibration mixtures that highly resemble the sample 

matrix. 

On the one hand, this approach provides access to basic studies of the solvation 

of ions in water, e.g. the formation of ion pairs in a solvation sphere. On the 

other hand, several ions could be readily quantified in a complex matrix, namely 

seawater from the Atlantic Ocean. Also, the influence of temperature on the IR 

spectra of seawater could be unraveled and correctly predicted. 

The models offer the possibility to study other ionic mixtures like, for example, 

nutrients or pollutants in residential or industrial wastewater or in natural water 

resources. Although the achievable limits of detection are relatively high, 

compared to other methods, the simultaneous quantification of several ions 

offers a powerful tool for in-field or online monitoring of water quality. 

 

3. Several perfluorinated tracers, used during subsurface storage of carbon 

dioxide were measured via IR-ATR spectroscopy. The molecules were enriched 
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in a polymeric membrane coated on the surface of a zinc selenide crystal. Water, 

containing the tracers, was guided across the membrane in a flow-through cell 

for a certain time, thus quantifying perfluorocarbons in the sample. 

The technique principally enables in-situ measurements of perfluorinated 

tracers in boreholes that access the respective CO2-bearing storage site. 

Therefore, remote sensing via optical fibers can be applied, similar to the gas 

hydrate setup. Preliminary studies on this subject can be carried out in the 

modified gas hydrate sensor with polymer-coated silver halide fibers, at 

elevated pressure and temperature as present in geological formations. 

Also, eventually, a miniaturized in-field sensor, again, similar to the gas hydrate 

sensor, can be designed and used for in-situ monitoring of the subsurface 

migration of carbon dioxide. 
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6 Appendix 

 

For your convenience, in the print version, you will find attached a CD-ROM with a 

PDF-Version of this dissertation, as well as the supplemental information relating to 

the presented journal articles.  

 

In the PDF version, the DOI of the journal articles is linked to the respective article on 

the webpage of the publisher. 
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