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Abstract 

(Thio)urea catalysts have emerged as efficient and versatile catalysts for a wide range of 

reactions. Hydrogen-bonds are a common motif of these catalysts, however the nature of 

(thio)urea’s hydrogen-bonds as well as the exact binding motif to the reactants (i.e. 

carbonyl groups) has remained elusive. The work covered in this thesis explores the 

fundamental interaction between (thio)urea catalysts to ketones in solution as well as 

the fundamental hydrogen-bonding dynamics of urea-motifs, relevant to 

organocatalysis. To that end, I use a combination of 1H-NMR, linear IR, ultrafast Pump 

Probe IR and 2D-IR spectroscopy combined with DFT-calculations, in order to obtain 

insights into catalyst-substrate binding under catalytically relevant conditions.   

In chapters 1-3, I embed this thesis in a context, discuss the theoretical background and 

present the experimental setups and techniques, which are used for the three main 

chapters.  

 To unravel the very fundamentals of urea’s hydrogen-bonding, I study in chapter 4 

urea-d4/urea mixtures in dimethylsulfoxide (DMSO) to disentangle urea’s vibrational 

structure and dynamics. The linear IR spectra reveal spectrally separated absorption 

bands for ND2 compared to ND stretching modes with significantly different linewidths. 

These different linewidths are confirmed with 2D-IR spectroscopy, which reveals a 

significantly larger inhomogeneous linewidths for ND modes as compared to ND2 

vibrations, implying that the hydrogen-bond environments give rise to a broader 

frequency distribution for ND compared to ND2. Comparison to DFT calculations yields 

that this experimental observation can be explained with a marked asymmetry in the 

hydrogen-bond strength of the two hydrogen-bonds formed by an ND2 group. This 

asymmetry persist for a rather long time of ~1ps. The presence of this long-lived 

asymmetry could explain the high directionality of urea’s hydrogen-bond properties, 

which might be relevant for catalysis, protein denaturation, self-assembly or DNA base-

pairing.   

In chapter 5, I investigate the effect of the catalysts substituents containing electron-

withdrawing CF3 groups – which are known to tremendously enhance catalytic 

conversion – on the catalyst-substrate binding in solution with a combination of 1H-NMR 

and linear IR spectroscopy. More specifically, I study the interaction of three 

diphenylthiourea (DPTU) based catalysts with zero (0CF-DPTU), two (2CF-DPTU) and 

four (4CF-DPTU) CF3 substituents at the phenylring with the substrate 1,3-diphenyl-2-

propenone (diphenylpropenone) in various solvents. In addition, I determine the 

association strength of the catalyst-substrate binding and find that the obtained 

association constants increase with increasing number of CF3 substituents in the 

solvents dichloromethane and toluene, while there is no detectable association in 

acetonitrile. It is found that the enhanced binding in dichloromethane and toluene for an 

increasing number of CF3 substituents correlates well with their increased catalytic 



activity reported in literature and that it can explain the increased reaction rates for 

DPTU catalysts containing CF3 groups.  

Finally, I address the question how the binding strength is influenced by a different 

substrate and how the two conformers (trans-trans and trans-cis) of the catalyst affect 

the binding. For this purpose, I examine the interaction of the catalysts 4CF-DPTU, 2CF-

DPTU and 0CF-DPTU with the substrate diphenylpropenone and compare it to the 

substrate acetophenone. The two conformers can be discriminated with fs-IR 

spectroscopy, due to their different vibrational lifetimes. By determining the association 

strength with 1H-NMR spectroscopy, I find similar overall association constants for the 

two substrates, yet the chemical shift of the complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 is significantly reduced for 

the substrate acetophenone compared to diphenylpropenone. FT-IR spectra reveal in 

the NH region of the catalyst, as well as in the CO region of the substrate a red-shifted 

side band compared to the vibrations of the free molecules.  The red-shifted bands are 

assigned to the hydrogen-bonded species and enable to spectrally discriminate free and 

hydrogen-bonded species. Mixtures of catalyst with substrate reveal three molecular 

states, which can be resolved by their different vibrational lifetimes: trans-trans, trans-

cis and the hydrogen-bonded catalyst-substrate complex. The extracted associated 

spectrum of only the trans-cis conformer changes in the presence of the substrates and 

“spectrally mixes” with the spectrum of the hydrogen-bonded complexes. This 

observation suggests that only the trans-cis conformer forms complexes to the substrate 

within the experimental time window of ~10ps. This finding might help to improve the 

performance of thiourea catalysts by designing, for instance, conformationally more 

stable catalysts.   

  



Zusammenfassung 

(Thio)harnstoff Katalysatoren haben sich als effiziente und vielseitige Katalysatoren für 

ein breites Spektrum an Reaktionen erwiesen. Wasserstoffbrückenbindungen sind ein 

häufiges Motif dieser Katalysatoren, jedoch sind die Details von (Thio)harnstoff’s 

Wasserstoffbrücken und das exakte Bindungsmotif zu den Reaktanden (z.B. 

Carbonylgruppen) schwer zu erfassen. Diese Dissertation untersucht die Grundlagen der 

Wechselwirkung zwischen (Thio)harnstoff Katalysatoren und Ketonen in Lösung, sowie 

die fundamentale Wasserstoffbrückenbindungs-Dynamik von Harnstoff Motifen, welche 

relvant sind für die Organokatalyse. Hierzu benutze ich eine Kombination von 1H-NMR, 

linearer IR, nichtlinearer ultrakurzzeit IR und 2D-IR Spektroskopie kombiniert mit DFT-

Rechnungen, um Einblicke in die Katalysator-Substrat Bindung unter katalytisch 

relevanten Bedingungen zu erhalten. 

In den Kapiteln 1 bis 3 bette ich diese Dissertation in einen Kontext ein, diskutiere den 

theoretischen Hintergrund und stelle die experimentellen Aufbauten und Methoden vor, 

die in den drei Hauptkapiteln benutzt werden.  

Um die Grundlagen der Wasserstoffbrückenbindungen des Harnstoffs zu ergünden, 

untersuche ich in Kapitel 4 Harnstoff-d4/Harnstoff Mischungen in dem Lösungsmittel 

Dimethylsulfoxid (DMSO) als Modellsystem, um dessen Schwingungsstruktur und -

dynamik aufzuklären. Die linearen IR-Spektren enthüllen spektral getrennte 

Absorptionsbanden mit signifikant unterschiedlichen Linienbreiten für ND2 und ND 

Streckschwingungen. Mittels 2D-IR Spektroskopie zeigt sich, dass die signifikant 

größeren Linienbreiten für ND verglichen mit ND2 durch inhomogene Verbreiterung 

hervorgerufen wird, was bedeutet, dass die Wasserstoffbrückenbindungs-Umgebung bei 

ND Streckschwingungen zu einer breiteren Frequenzverteilung führt als bei ND2 

Streckschwingungen.  Der Vergleich zu DFT Rechnungen ergibt, dass diese 

experimentelle Beobachtung mit einer deutlichen Asymmetrie in der Stärke der beiden 

Wasserstoffbrückenbindungen einer ND2 Gruppe erklärt werden kann, welche für eine 

recht lange Zeit von ~1ps bestehen bleibt.  Das Vorhandensein der langlebigen 

Asymmetrie könnte die hohe Direktionalität der Wassersroffbrückenbindungen von 

Harnstoffgruppen erklären, welche für die Katalyse, Proteindenaturierung, 

Selbstorganisation oder DNA-Basenpaarung relevant sein könnten.  

In Kapitel 5 erforsche ich den Effekt von Substituenten an Katalysatoren, die CF3 

Gruppen enthalten – welche bekannt dafür sind, die katalytische Umwandlung 

außerordentlich zu erhöhen – auf die Katalysator-Substrat Bindung in Lösung mit einer 

Kombination von 1H-NMR und linearer IR Spektroskopie. Genauer gesagt, untersuche 

ich die Wechselwirkung von drei Diphenylthioharnstoff (DPTU) basierten Katalysatoren 

mit null (0CF-DPTU), zwei (2CF-DPTU) und vier (4CF-DPTU) CF3 Substituenten an dem 

Phenylring mit dem Substrat 1,3-Diphenyl-2-propenon (Diphenylpropenon) in 

unterschiedlichen Lösungsmitteln. Dazu bestimme ich die Assoziationsstärke der 

Katalysator-Substrat Bindung und finde, dass die erhaltenen Assoziationskonstanten in 



den Lösungsmitteln Dichlormethan und Toluol mit steigender Anzahl an CF3 

Substituenten zunehmen, wobei keine detektierbare Assoziation in Acetonitril gefunden 

wird. Es wird festgestellt, dass die erhöhte Bindungsstärke bei einer zunehmenden 

Anzahl an CF3 Substituenten in Dichlormethan und Toluol mit einer erhöhten 

katalytischen Aktivität aus der Literatur korreliert und dass dies die erhöhten 

Reaktionsgeschwindigkeiten für DPTU Katalysatoren mit CF3 Gruppen erklären kann.     

Zuletzt behandle ich die Frage inwiefern ein anderes Substrat die Bindungsstärke 

beeinflusst und wie die beiden Konformere des Katalysators (trans-trans and trans-cis) 

die Bindung beeinflussen. Zu diesem Zweck untersuche ich die Wechselwirkung der 

Katalysatoren 4CF-DPTU, 2CF-DPTU und 0CF-DPTU mit dem Substrat 

Diphenylpropenon und vergleiche sie mit dem Substrat Acetophenon. Die beiden 

Konformere können mittels fs-IR Spektroskopie aufgrund ihrer unterschiedlichen 

Schwingungslebenszeiten unterschieden werden. Durch die Bestimmung der 

Assoziationsstärke mittels 1H-NMR Spektroskopie entdecke ich ähnliche 

Assoziationskonstanten für die beiden Substrate, jedoch ist die chemische Verschiebung 

des Komplexes 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 für das Substrat Acetophenon signifikant erniedrigt verglichen 

mit Diphenylpropenon. Die FT-IR Spektren enthüllen für die NH Region des 

Katalysators, sowie für die CO Region des Substrates eine rotverschobene Nebenbande 

verglichen mit den Schwingungen der freien Moleküle. Die rotverschobenen Banden 

können den wasserstoffbrückengebundenen Spezies zugeordnet werden was eine 

spektrale Unterscheidung der freien und der wasserstoffbrückengebundenen Spezies 

ermöglicht.  Mischungen von Katalysator und Substrat enthüllen drei molekulare 

Zustände, welche aufgrund ihrer unterschiedlichen Schwingungslebenszeit aufgelöst 

werden können: trans-trans, trans-cis und der wasserstoffbrückengebundene 

Katalysator-Substrat Komplex. Die extrahierten assoziierten Spektren ändern sich nur 

für das trans-cis Konformer welche Komponenten des Spektrums der 

wasserstoffbrückengebundenen Komplexes enthalten. Dies legt nahe, dass nur das 

trans-cis Konformer innerhalb des experimentell zugaenglichen Zeitfensters von ~10ps 

Wasserstoffbrücken zu dem Substrat bildet. Dieses Ergebnis könnte helfen die Leistung 

von Thioharnstoffkatalysatoren durch z.B. das Entwerfen von konformativ stabileren 

Katalysatoren zu verbessern.  
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1 INTRODUCTION 
 

1.1 HISTORY OF ORGANOCATALYSIS  
 

The effect of catalysts on chemical reactions is already known since ancient times, for 

instance the production of alcohol from sugar by fermentation. Another invention was 

for example the Döbereiner lighter in 1823, which is a reaction of hydrogen and oxygen 

catalyzed by platinum.1,2 However, the mechanism of the reactions was poorly 

understood. The first person who defined a catalyst was Wilhelm Ostwald, who stated 

that a catalyst can modify the rate of a reaction without any change in the material 

itself.3 For his contributions to the understanding of catalysis he received the Nobel 

Prize in 1909 and even nowadays we still build up on his definition of catalysis and see a 

catalyst as a material, which lowers the activation energy of a chemical reaction without 

being consumed and therefore enhancing the reaction rate without influencing the 

thermodynamic equilibrium.4,5 Since this discovery, a variety of catalysts have been 

developed and nowadays nearly 90% of all chemical manufacturing processes in the US 

involve catalysis.6 They are used, for instance in chemical synthesis, in refinery of 

chemicals, pollution reduction or fertilizer production.6-8 Different fields of catalysis 

have been developed, such as homogeneous catalysis (the reaction occurs in the same 

phase, where the catalyst is present), heterogeneous catalysis (the reaction occurs in a 

different phase) and biocatalysis (the reaction is carried out by enzymes).4,9,10  For the 

application of enantioselective reactions, like for instance the synthesis of 

pharmaceutics, flavors and other fine chemicals, in general homogeneous catalysis is 

used.11 The most actively studied synthetic homogeneous catalysts are metal-based 

catalysts,12 as the first metal-based asymmetric synthesis was already discovered in 

1938. 11 However, many metal-based catalysts are expensive, toxic, and air- or moisture-

sensitive. 13 When the first organocatalytic reactions were reported in the late 1990s 14-

16, this research area started to grow rapidly, as there are several benefits over the 

metal-based catalysts: in most cases, they are easier to handle, as they are stable in air 

and water, they are cheap, available from biological materials, non-toxic and 

environmentally friendly, yet still providing good stereocontrol.13,17,18 This is really 

attractive for the pharmaceutical industry, as chiral compounds (e.g. drugs) can be 

synthesized cheap, with simpler synthetic pathways and in a selective manner – rather 

than as mixtures of enantiomers – by using organocatalysis.13,19 Organocatalysts are 

defined as organic compounds, consisting of nonmetal elements like carbon, hydrogen, 

nitrogen, oxygen, sulfur or phosphorus, which enhance the rate of a chemical reaction. 4 

A necessity for a good catalyst is that it binds to one of the reactants, forming a catalyst-

substrate complex, in order to weaken the bonds, which must be broken. However, the 

binding should not be too strong, so the product is still energetically favorable over the 

catalyst-substrate complex. 4 The nature of binding can be different, like for example the 
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catalyst can interact with the substrate via hydrogen-bonding, ionic interactions, Van-

Der-Waals forces etc. 20,21 

 

1.2 (THIO)UREA CATALYSIS    
 

Hydrogen-bonding donors like (thio)ureas have become popular and were found as 

efficient organocatalysts.22-29 They belong to the privileged organocatalysts, which 

provide a good catalytic activity and/or enantioselectivity for a wide range of 

reactions.19 Their application possibilities are very diverse, and there are a lot of 

reactions reported, which are supported by (thio)urea catalysts like e.g. Strecker 

reaction, addition, allylation, Michael- and Nitro-Mannich reactions.20 Important 

progress in this field has been made by Schreiner and Co-workers, who introduced a 

very interesting system named ‘Schreiner’s catalyst’, which is totally symmetric but 

enhances the reaction rates and the stereoselectivity – which is determined by the 

structure of the two reactants – of Diels-Alder reactions (Figure 1-1). 22,23 A combination 

of NMR, IR and ESI investigations combined with DFT calculations, found that binding 

interactions between thiourea catalysts and ketones arise from hydrogen-bonding 

interactions. More specifically, these hydrogen bonds arise between the highly polar NH 

proton, as well as the ortho-proton from the catalyst with the Lewis base.30 The 

catalytically active NH-group of the thiourea catalyst interacts with the C=O group of the 

ketone via hydrogen-bonding and forms a catalyst-substrate complex. 30 The ketone, 

which is the substrate, is activated and reacts with the second reactant. In the last step, 

the thiourea catalyst is released, and the product is formed.  

 

Figure 1-1: Diels-Alder cycloaddition, which is catalyzed by a thiourea catalyst. The ketone 
is activated by a hydrogen-bonding interaction with the catalyst.20,23 The famous 
Schreiner’s catalyst exhibits the side group R shown in the figure.  
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However, the exact nature of this hydrogen-bonding interaction is still not fully 

understood and might also depend on the different side groups of the substrate (X and 

Y) and of the catalyst (R). For instance, it was found that substrates, which possess an 

oxygen atom at the alpha position of the C=O group, can form an additional hydrogen-

bond to the ortho-proton of the Schreiner’s catalyst and not only to the two NH-groups 
30. Furthermore, it was found that electron-withdrawing groups, particularly the CF3-

group, at the phenylring have a hugely positive effect on reaction time and yield. 23 Since 

that discovery, the CF3-group has been established as a common structural motif in 

(thio)urea organocatalysis and has attracted considerable attention to researchers, who 

used, for example, spectroscopic methods to determine the acidities of hydrogen-

donating organocatalysts, but large areas of hydrogen-bonding organocatalysis is still 

not fully understood. 31 Further studies involve the determination of pKa values 32 and 

relative rate constants, 23 and it was found that the rate constants increase with the 

acidity of the catalyst.  These are two important key findings, which define catalytic 

properties, but this correlation is only valid for very similar catalytic structures, 33 and 

the rational design of catalysts and the prediction of catalytic activity and 

enantioselectivity still remains challenging. There are certain concepts and strategies to 

develop a catalyst, 34,35 but a clear approach for a rational catalyst design still remains 

elusive. In order to achieve a rational catalyst design in the future, it is necessary to 

fundamentally understand the interaction of the catalyst with the substrate. This 

hydrogen-bonding interaction between catalyst and substrate is also significantly 

influenced by the solvent, which also influences the reaction rate. For instance, it was 

found that counterintuitively organic transformations are significantly accelerated in a 

polar solvent like water, because of enhanced interactions due to ‘hydrophobic 

hydration’.23,36 Yet, it was also found that nonpolar solvents are crucial for the formation 

of hydrogen-bonded complexes.37 Consequently, yield and selectivity are also 

significantly influenced by the solvent.23,38-40 In this thesis, different spectroscopic 

investigations are applied to urea as a model system for (thio)urea catalysts in order to 

get a fundamental understanding on the structure and dynamics of urea-motifs on a 

molecular level. Furthermore, three different thiourea catalysts with two different 

substrates in various solvents are studied, in order to achieve a better understanding on 

these hydrogen-bonded catalyst-substrate complexes. 

 

1.3 HYDROGEN-BONDING    
 

The NH-groups of the (thio)urea motif bind the substrates via the formation of 

hydrogen-bonds, which belong to the intermolecular forces, like also dipole-dipole 

interactions and Van-der Waals forces. Hydrogen-bonds are one of the most 

fundamental molecular interactions, providing water its unique properties like the 

density maximum at 4°C, the large heat capacity, the high surface tension and the high 
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melting and freezing point of water. 41  This is important for our lives, as, for example, 

the DNA’s double helix in our cells is dissolved in water, and solvation in a different 

solvent could lead to an unzipping of the DNA.42 Hydrogen-bonding interactions are 

crucial for the DNA itself, as they are the structural key feature, which is responsible for 

the right pairing of the Watson Crick base pairs, providing the DNA its double-helical 

structure. 43-46 Furthermore, hydrogen-bonds play a key role in the folding of proteins to 

three-dimensional structures.47,48 It is apparent that hydrogen-bonds play a 

fundamental role in nature, but they are also crucial in catalysis, like enzyme function. 

These enzymes operate as a catalyst and activate the molecule for a nucleophilic attack 

by hydrogen-bonding to an electrophile and reducing its electron density.20 This 

mechanism of electrophile activation through hydrogen-bonding is nowadays applied 

frequently to synthetic catalysts and especially chiral hydrogen-bond donor catalysts 

have emerged to an important tool and are broadly applicable for enantioselective 

synthesis. 20,21 

In general, a hydrogen-bond is described as an electrostatic interaction of a hydrogen-

bond donor X-H and a hydrogen-bond acceptor Y, where Y is an electron-rich atom and X 

is an electronegative atom, for instance, O, N, or F. It can occur in the same molecule 

(intramolecular) or between different molecules (intermolecular).49,50 The binding 

energies are smaller than covalent bonds and lie in the range of 1 and 50 kJ mol-1. 51-53 

Therefore, in a liquid at ambient temperature, they undergo structural dynamics and 

fluctuations of hydrogen-bonds leading to the formation and breaking of hydrogen-

bonds, which occur in many cases on a picosecond timescale. The fastest structural 

fluctuations are observed in water and occur on a sub-100fs timescale. 52-54 The length of 

the hydrogen-bond, which is defined as the distance between the atoms X and Y, lies in 

the range of 0.25-0.35nm and depends on the strength of attractive interaction between 

hydrogen-bond donor and acceptor, 52 which correlates with the vibrational frequency 

in the IR-spectrum. 53,55 The strength of the hydrogen-bond can be classified as weak, 

medium-strong or strong hydrogen-bond, giving rise to distinct spectral features in 

linear infrared spectroscopy. 53,56 Consider the example of an OH group. If hydrogen-

bonding is absent, the hydrogen-bond distance will be larger than 3 Å, and the free OH-

stretching vibration can be found at ~3600cm-1. 53,56 In case of weak hydrogen-bonding 

the hydrogen-bond distance is between 2.8 and 3 Å and the vibrational frequency of the 

OH-stretching vibration is broader and located at lower frequencies with respect to the 

free OH (Δν = 100-300cm-1). 53,56 A prominent example is the hydrogen-bonding 

network of water, where weak hydrogen-bonding gives rise to fast structural 

fluctuations. 53,56 Medium-strong hydrogen-bonds (hydrogen-bond distance of ~ 2.6 and 

2.8 Å) reveal an even larger shift to lower frequencies, with the OH-stretching vibration 

being shifted of 300-1000cm-1 with respect to the free OH. These bands are typically 

very broad, asymmetric and featureless and are assigned to overtones and combination 

bands. 53,56  If the hydrogen-bond length is smaller than 2.6 Å, strong hydrogen-bonds 

are present, which exhibit very different spectral features. The OH-stretching vibration 

is shifted to even lower wavenumbers and it gets very broad by extending over a range 
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of 1000-1500cm-1, or it even covers the mid-IR region completely. A further decrease of 

the hydrogen-bond length to less than 2.45 Å, yields again rather small half-widths of ~ 

200cm-1 centered at 1100cm-1. 56 In general, hydrogen-bonds can exhibit a wide variety 

of spectral characteristics in the IR-spectrum, but in this thesis, only weak and medium-

strong hydrogen-bonds are considered. To investigate the characteristics of hydrogen-

bonded species, IR-spectroscopy and NMR spectroscopy have proven to be useful 

techniques.57 With NMR spectroscopy, the signal of the proton can be detected upon 

hydrogen-bonding, which enables to study the strength of attraction by performing a 

concentration-dependent measurement series.58,59  However, the timescale of NMR 

experiments (microseconds) is much shorter than the formation and breaking of 

hydrogen-bonds (picoseconds), which enables to measure only the average of the 

investigated system.57 Therefore, linear IR-spectroscopy is a useful tool to also 

discriminate between free and hydrogen-bonded species as hydrogen-bonding shifts the 

frequency of the vibration to lower frequencies. 52,60,61 It also exhibits a better time 

resolution, as it probes molecular vibrations, which occur on a timescale of 10-13 s. 62 To 

probe molecular motions and interactions, femtosecond IR pump-probe spectroscopy 

has emerged as an important tool, as it enables to excite a molecular vibration with an 

ultrashort IR pump pulse and to follow it in real-time with an IR probe pulse, which is 

variable in time.  62-64 This enables, for instance, to extract the population relaxation and 

the reorientation time. 63 The femtosecond pulses can resolve the molecular motions 

and interactions, as these processes take longer than the duration of the laser pulse. 57 In 

order to also extract properties of different subensembles of hydrogen-bonded 

molecules, 2D-IR-spectroscopy has proven to be a useful technique, 52,57 as it is similar to 

femtosecond IR pump-probe spectroscopy, but it provides an additional resolution along 

the pump frequency axis. 65 By exciting only a small subensemble of hydrogen-bonded 

molecules, their dynamics and reorientation can be studied. The technique provides as 

main information vibrational couplings and lineshapes, from which spectral diffusion, 

the (in)homogeneity of the local environment of the molecule, energy transfer and 

coupling between functional groups can be determined. 52,56,66-68 A combination of these 

techniques is applied to the catalyst-substrate complexes and the model system urea in 

solution in order to study their hydrogen-bonding characteristics like, for instance, the 

binding strength and the inhomogeneity of the local environment.  
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2 THEORY 
 

2.1 OVERVIEW 
 

To provide insight into catalyst-substrate binding of (thio)urea catalysts to ketones at 

catalytically relevant conditions, which is vital to understand and predict catalytic 

efficiencies, I use a combination of Fourier-transform infrared absorption (FT-IR) 

spectroscopy, ultrafast infrared pump-probe (fs-IR) spectroscopy, two-dimensional 

infrared (2D-IR) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. 

The underlying theory of these techniques will be discussed in this chapter. To describe 

the interaction between light and matter, I will use a semiclassical approach, where I 

describe the light classically (by using the Maxwell equations) and where I describe the 

material with a quantum mechanical approach. To provide a basic understanding of 

infrared spectroscopy techniques, I will start with the classical description of a molecule 

and will move on to the quantum mechanical approach for linear infrared spectroscopy. 

This is extended to nonlinear infrared spectroscopy and the techniques fs-IR and 2D-IR 

will be discussed in more detail. Finally, NMR spectroscopy will be introduced, which 

exhibits certain similarities to 2D-IR spectroscopy, but the used radiation lies in a 

different frequency range, and therefore the technique probes the nuclear spin of 

protons instead of molecular vibrations.  

 

2.2 LINEAR INFRARED SPECTROSCOPY 
 

Spectroscopic methods are based on the interaction of light with matter. For example, in 

IR-spectroscopy, the oscillators of molecules interact with an electromagnetic wave in 

the infrared region of the electromagnetic spectrum. In simple terms, the energy of the 

radiation excites the molecules from the vibrational ground state 𝑣 = 0 to the first 

vibrational excited state 𝑣 = 1, and the molecule starts to oscillate. Before describing 

this interaction, light and matter will be explained in an individual picture.  

 

2.2.1 DESCRIPTION OF LIGHT 
 

Linear polarized light is frequently used for spectroscopic methods, like for instance 

infrared spectroscopy. It can be seen as an electromagnetic wave, where the electrical 

and the magnetic field vector are perpendicular to each other (Figure 2-1).  
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Figure 2-1: Electromagnetic and magnetic field vector of a linear polarized 
electromagnetic wave. This figure was published in ‘Experimentalphysik 2, Elektrizität und 
Optik‘, Wolfgang Demtröder, p. 196, Copyright Springer (2013). Reprinted with permission 
of Springer. 69 

 

A monochromatic electromagnetic wave can be described as 

 𝐸⃗ (𝑡) = 𝐸0⃗⃗⃗⃗ cos(𝜔𝑡), 

 

(2-1) 

 

which shows the time-dependence of the electromagnetic field 𝐸⃗ (𝑡). Therefore, the 

energy of the electromagnetic wave depends on the angular frequency 𝜔, the time 𝑡 and 

the amplitude of the electric field 𝐸0⃗⃗⃗⃗ . The relation of the energy 𝐸 and the frequency ʋ of 

an electromagnetic wave is given by: 

 
𝐸 = ℎ ∙ ʋ = ℎ ∙

𝜔

2𝜋
 , (2-2) 

 

where ℎ is the Planck’s constant.  By using the speed of light c, the frequency can also be 

transformed into the wavelength λ: 

 𝑐 = 𝜆 ∙ ʋ 

 

                                            (2-3) 

 

To describe the light in a classical picture, one can use the four Maxwell’s equations, 

which describe the propagation of electromagnetic fields. More specifically, they are 

used to describe the relationship of electric fields 𝐸⃗  and magnetic fields 𝐵⃗  together, as 

well as their relationship to electric charges and electric current: 69-71 

 

 

∇⃗⃗ ∙ 𝐸⃗ =
𝜌

𝜀0
 (2-4) 

 

 ∇⃗⃗ ∙ 𝐵⃗ = 0 
 

(2-5) 
 

 
∇⃗⃗ × 𝐸⃗ = −

𝜕𝐵⃗ 

𝜕𝑡
 

(2-6) 
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∇⃗⃗ × 𝐵⃗ = 𝜇0𝑗 + 𝜇0𝜀0

𝜕𝐸⃗ 

𝜕𝑡
 , 

 

(2-7) 
 

where 𝜌 is the charge density, 𝑗  is the current density, 𝜇0 is the vacuum permeability and 

𝜀0 is the vacuum permittivity. Maxwell’s equations indicate that given charge densities 

and changing magnetic fields create electric fields. Given currents and changing electric 

fields create magnetic fields. 69,71 

By taking the curl of equation (2-6) and assuming that the material is nonmagnetic 

(𝐵⃗ = 𝜇0 ∙ 𝐻⃗⃗ ) and that no free charges (𝜌=0) and no free currents (𝑗 =0) are contained, one 

can derive the wave equation in free space. For the monochromatic electric field, which 

propagates through the medium, it is assumed that an electric displacement field 𝐷⃗⃗  

inside the material is created: 72 

 𝐷⃗⃗ = 𝜀0 ∙ 𝐸⃗ + 𝑃⃗ , (2-8) 

 

where 𝑃⃗  is the macroscopic polarization, which originates from the interaction of the 

material with the electric field. By using these assumptions and inserting equation (2-8) 

into the curl of equation (2-6), the propagation of the electromagnetic wave through a 

material can be described: 72 

 
∇2𝐸⃗ −

1

𝑐2
 
𝜕2𝐸⃗ 

𝜕𝑡2
=

1

𝜀0𝑐2
𝜕2𝑃⃗ 

𝜕𝑡2
 , 

 

(2-9) 

 

where the macroscopic polarization 𝑃⃗  is the only material-dependent property, which is 

relevant for light-matter interactions. The wave equation links the motion of the electric 

field with the polarization of the material. The polarization 𝑃⃗  will be explained in further 

detail in chapter 2.2.3.2.  

 

2.2.2 DESCRIPTION OF MATTER 
 

To describe the material, a quantum mechanical approach is used, but for an intuitively 

accessible picture, the classic description is explained first.  

 

2.2.2.1 MODEL OF THE CLASSICAL HARMONIC OSCILLATOR 
 

By considering a molecule with two atoms, one can imagine two point masses, which are 

connected by a spring (Figure 2-2).  
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The deflection 𝑥 between the atoms corresponds to the change of distance from the 

equilibrium position: 

 𝑥 = 𝑟 − 𝑟0 (2-10) 
 

 

 

Figure 2-2: Simplified model of a vibration, where two atoms are seen as point masses m1 
and m2, which are connected by a spring. The force is proportional to the deflection x.  

The spring force for small deflections around the equilibrium position in the harmonic 

case can be described by using the Hooke’s law: 73  

 
𝐹 = −𝑘 ∙ 𝑥 = −

𝑑𝑉

𝑑𝑥
 , 

 

(2-11) 

 

which shows that the force 𝐹 is proportional to the deflection 𝑥. The derivative of the 

potential energy 𝑉(𝑥) reveals the force applied to the system, whereas the force 

constant 𝑘 is constant and is characteristic of the binding strength, which connects the 

atoms. Via integration, a parabolic potential between the deflection and the potential 

energy can be found: 73 

 
𝑉 =

1

2
𝑘𝑥2. 

 

(2-12) 

 

It means that the potential energy is required to change the deflection between the two 

atoms by a distance x. By equating Newton’s law 

 
𝐹 = 𝑚 ∙

𝑑2𝑥

𝑑𝑡2
 

(2-13) 

 

with Hooke’s law (equation (2-11)), one finds after rearranging and solving the 

differential equation, the vibrational frequency of the harmonic oscillator ʋ0: 73 

 
1

𝑡𝑠
= ʋ0 =

1

2𝜋
√
𝑘

𝑚′
 , 

(2-14) 
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where 𝑚′ represents the oscillation of the reduced mass around the center of mass. The 

time 𝑡𝑠 is the time needed for one oscillation. Therefore, vibrational frequency ʋ0 

depends on the masses of the atoms and their binding strength. This makes an 

absorption at a specific frequency highly characteristic of a certain molecule. This 

simplified model can be used to study the oscillations of chemical bonds within 

molecules. 73  

 

2.2.2.2 THE QUANTUM MECHANICAL HARMONIC OSCILLATOR 
 

With a quantum mechanical consideration of the harmonic oscillator, one needs to take 

the Schrödinger equation (SE) as ansatz: 5 

 Ĥ 𝜳 = 𝑬 𝜳, (2-15) 

 

where the Hamilton Operator Ĥ applied to the wave function 𝛹, will provide the energy 

of the system. The wave function describes in which state a system is. It cannot be 

experimentally observed, but one can determine the probability density function 

ǀ𝛹(𝑥)2ǀ, which is a measure of the probability to find a particle at a certain position. For 

the one-dimensional harmonic oscillator, the Hamilton operator Ĥ consists of two parts: 

the first summand describes the kinetic energy, and the second summand describes the 

potential energy: 5 

 
Ĥ = −

ħ2

2µ

𝑑2

𝑑𝑥2
+
1

2
𝑘𝑥2 

 

(2-16) 

 

After inserting the Hamilton operator into the SE, one receives  

 𝑑2𝛹

𝑑𝑥2
+
2µ

ħ2
(𝐸 −

1

2
𝑘𝑥2)𝛹 = 0. 

 

(2-17) 

 

The solution of this differential equation leads to the occurrence of the quantum number 

𝑣. With considering equation (2-14), one finds discrete energy levels for oscillations, 

which leads to quantized energies: 73 

 
𝐸𝑣 = ℎ ∙ ʋ (𝑣 +

1

2
), 

 

(2-18) 

 

where the energy 𝐸𝑣 of the harmonic oscillator is dependent on the Planck constant ℎ, 

the quantum number 𝑣 and the oscillation frequency ʋ. Interpretation of this equation 

yields that only certain energies of the oscillator of a molecular vibration are allowed. 

Furthermore, the energy difference between two allowed states 𝑣 and 𝑣 + 1 is always 

exactly ℎ ∙ ʋ, the energy levels occur in equidistant steps. From the transition dipoles 
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(see chapter 2.2.3.1), one finds that transitions between energy levels are only allowed if 

the quantum number changes by 1. This results in the selection rule: 73 

 𝛥𝑣 = ±1 (2-19) 

 

 

2.2.2.3 THE QUANTUM MECHANICAL ANHARMONIC OSCILLATOR 
 

The model of the harmonic oscillator does not reflect the reality because at small 

distances between the atoms, one expects a repulsion due to the Coulomb force between 

the atomic nuclei. The harmonic oscillator cannot accurately describe this, as the left 

side of the potential, which describes small internuclear distances, will adopt negative 

distances for large values of the potential energy V. Therefore, the left side of the 

potential needs to increase steeper than for the harmonic oscillator. Additionally, one 

would expect a decrease in the binding strength with large deflections pending the 

complete dissociation. Therefore, the potential energy cannot be described with a 

parabolic potential, which would be infinitely high at infinitely large distances. A more 

realistic way to describe this behavior is to use an anharmonic potential. A good 

approximation for many anharmonic potentials is the Morse potential, which reveals a 

finite energy at which the bond breaks. The difference can be seen in Figure 2-3, which 

compares the potential of the harmonic oscillator and the Morse potential. It shows the 

potential energy as a function of internuclear distance.  At distances, where both nuclei 

are close, the harmonic potential adopts negative deflections for large potential energies. 

  

Figure 2-3: Schematic picture of a harmonic and an anharmonic oscillator of a vibration 
with the internuclear equilibrium position re. The potential energy is shown as a function of 
the internuclear distance r. In case of the harmonic oscillator, the spacings between the 
energy levels are equal, whereas the anharmonic oscillator shows a decrease in the 
transition energies with increasing potential energy.   
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Hence, the steepness of the potential at the left side must be larger than it is for the 

harmonic oscillator. For larger distances between the nuclei, the potential increases less 

steeply and approximates the dissociation energy De. Above this dissociation limit, the 

energy is not quantized anymore, there is an energy continuum, which means that the 

particle is free. The energy difference between the horizontal line (dashed line in Figure 

2-3) and the minimum of the potential curve corresponds to the dissociation energy 𝐷𝑒 . 

As result, the energy levels occur not in equidistant steps, as it was the case for the 

harmonic oscillator. In contrast, the distance between the energy levels of the 

anharmonic oscillator decrease with increasing potential energy. 73  

The potential energy  𝑉(𝑟)  of the anharmonic oscillator can be described in good 

approximation with the empirical Ansatz from Morse: 73 

 𝑉(𝑟) =  𝐷𝑒 [1 − 𝑒−𝛽(𝑟−𝑟𝑒)]
2
, 

 

(2-20) 

 

where 𝐷𝑒 is the dissociation energy, 𝑟𝑒 is the equilibrium position, 𝑟 is the displacement 

from that equilibrium position and 𝛽 is a constant and describes the steepness of the 

potential. For the energy levels and the vibrational energies of the Schrödinger equation 

with the Morse function follows: 73 

 
𝐸𝑣 =  ℎ ∙ ʋ (𝑣 +

1

2
) − ℎ ∙ ʋ ∙ 𝛽 (𝑣 +

1

2
)
2

 

 

(2-21) 

 

In contrast to the harmonic oscillator, also transitions to higher energy levels are 

allowed. This means for the selection rules of the anharmonic oscillator: 

 𝛥𝑣 = ±1,±2,±3,… 

 

(2-22) 

 

The dissociation energy can be approximated by a sum over the finite distances between 

the energy levels, which was invented by Birge and Sponer (1926): 73 

 
𝐷𝑒 =

ℎ ∙ Ʋ

4 ∙ 𝛽
 

 

(2-23) 

 

To study the vibrational transition between these energy levels, one can use infrared 

(IR) radiation, because the energy that is needed to excite a molecular vibration 

corresponds to light in the IR region of the electromagnetic spectrum (see equation 

(2-18). By using weak IR light and assuming that all molecules are in the vibrational 

ground state, the transition from the vibrational ground state to the first vibrational 

excited state can be investigated by linear infrared spectroscopy. However, to also 

examine transitions from higher energy levels, e.g. the transition from the first to the 

second vibrational excited state, and determine the anharmonicity of the potential, one 

can choose nonlinear infrared spectroscopy, which will be discussed in section 2.3. 

Additionally, one needs to consider the selection rules, as not every vibration is IR-
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active. Which vibrations are IR-active and how the electric field interacts with the 

material will be discussed in the following section.  

 

2.2.3 INTERACTION OF LIGHT WITH MATTER 
 

To do infrared spectroscopic investigations, one needs to consider the interaction of the 

electric field with the material, whereas the electric field interacts with the transition 

dipole moment of the material and creates a macroscopic polarization inside the 

material. Therefore, the existence of a transition dipole moment is a prerequisite for 

infrared spectroscopic investigations and the requirement needs to be fulfilled that the 

dipole moment during the vibration is changing (
𝑑𝜇0

𝑑𝑥
 ≠ 0). The dipole moment, the 

polarization, and the interaction between light and matter are discussed in this section.  

  

2.2.3.1  TRANSITION DIPOLE MOMENT 
 

In a classical picture, the static dipole moment 𝜇0 of a molecule arises from the 

separation of partial charges within the molecule and is defined by the product of their 

charge 𝑞 and their distance 𝑥 and is given for a heteronuclear diatomic molecule by 5  

 𝜇0 = 𝑞 ∙ 𝑥. (2-24) 

 

If a weak electric field propagates through the medium, it exerts a force on the valence 

electrons and creates a separation of the bound charges, which induces a dipole moment 

𝜇𝑖𝑛𝑑. Thus, the resulting induced electric dipole 𝜇 is given by the sum of the static dipole 

moment 𝜇0 and the induced dipole moment 𝜇𝑖𝑛𝑑: 

 𝜇 = 𝜇0 + 𝜇𝑖𝑛𝑑 = 𝜇0 + 𝛼 𝐸⃗ (𝑡), 

 

(2-25) 

 

The induced dipole moment can be calculated by multiplying the electric field with the 

polarizability 𝛼, which is a measure of the tendency to acquire a dipole moment. It 

indicates the easiness of shifting charges within a molecule in an electric field 𝐸⃗ (𝑡). 73,74 

Quantum mechanically, one needs to consider for a transition between two states the 

transition dipole moment, which can be imagined as a charge redistribution during the 

vibrational transition. The transition is allowed, if the transition dipole moment 𝑅𝑣⃗⃗ ⃗⃗  is 

non-zero. It is calculated by: 5,75   

 
𝑅𝑣⃗⃗ ⃗⃗ = ∫𝛹𝑣

′∗ µ̂ 𝛹𝑣
′′ 𝑑𝑥, 

(2-26) 
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where 𝛹𝑣
′∗ and  𝛹𝑣

′′ are the wavefunctions of the two states, 𝑥 is the deflection from the 

internuclear equilibrium distance during the vibration and µ̂ is the operator of the 

electric dipole moment. In the classical picture, one can imagine a temporary dipole 

moment, oscillating with a frequency ʋ at least for a short time, so it can interact with a 

photon of the same frequency ʋ 5. By doing a Taylor expansion and considering only the 

first non-zero term of the approximation, on receives: 75 

 
𝑅𝑣⃗⃗ ⃗⃗ =

𝑑µ

𝑑𝑥
∫𝛹𝑣

′∗ 𝑥 𝛹𝑣
′′ 𝑑𝑥 

 

(2-27) 

 

In the bra-ket notation, the transition dipole moment can be written as: 

 
𝑅𝑣⃗⃗ ⃗⃗ = ⟨𝑛|𝜇̂|𝑚⟩ =

𝑑𝜇0
𝑑𝑥

 ⟨𝑛|𝑥̂|𝑚⟩, 

 

(2-28) 

 

where 𝑥 is the coordinate of the vibrating bond and 𝑛,𝑚 are the quantum numbers of 

the respective states. The change of the static dipole moment 
𝑑𝜇

𝑑𝑥
 when the bond is 

stretched or compressed, is also called the transition dipole strength and is a decisive 

factor for the peak intensity in the IR spectrum, whereas ⟨𝑛|𝑥̂|𝑚⟩ gives rise to the 

vibrational selections rules of 𝛥ʋ = ±1. 67 This equation reveals that the transition 

dipole moment will be nonzero, if  
𝑑𝜇

𝑑𝑥
  and ⟨𝑛|𝑥̂|𝑚⟩  are nonzero. It shows the 

requirements that the dipole moment needs to change during the vibration (
𝑑𝜇

𝑑𝑥
≠ 0) and 

that transitions are only allowed between even functions, because only then  

⟨𝑛|𝑥̂|𝑚⟩ ≠ 0. 

 

2.2.3.2 MACROSCOPIC POLARIZATION 
 

To describe the interaction of light with matter, one can imagine an electromagnetic 

wave 𝐸(𝑡), which exerts a force on the nuclei and the electron clouds of atoms or 

molecules. This induces a displacement of the nuclei and the electrons, creating induced 

dipole moments 𝜇𝑖𝑛𝑑. On a macroscopic average, the static dipole moment 𝜇0 is zero for 

most materials due to cancelling of static dipoles pointing in opposite directions. In 

contrast, the induced dipole moments do not necessarily cancel out but lead to the 

macroscopic polarization 𝑃⃗ . Macroscopically this can be seen as the density of induced 

dipole moments: 5,70,74 

 
𝑃⃗ = 〈𝜇𝑖𝑛𝑑〉 𝑁 =∑𝜇𝑖𝑛𝑑, 

 

(2-29) 

 

where the polarization is the product of the number density 𝑁 and the mean induced 

microscopic dipoles 〈𝜇𝑖𝑛𝑑〉, which can also be seen as the ensemble-averaged induced 
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dipole moments. This product is equal to the sum of all induced dipole moments 𝜇𝑖𝑛𝑑. 

The polarization, therefore, describes the average dipole moment per unit volume. 74 

For weak electric fields, one can find a linear relationship between the applied electric 

field strength 𝐸⃗  and the induced polarization 𝑃⃗ : 74,76 

 𝑃⃗ (𝑡) = 𝜀0 𝜒
(1) 𝐸⃗ (𝑡), 

 

(2-30) 

 

where 𝜀0 is the permittivity of the free space and 𝜒(1) is the linear susceptibility, which is 

material-specific and is a macroscopic average of the polarizability (𝜇𝑖𝑛𝑑 = 𝛼 𝐸⃗ (𝑡), see 

equation (2-25)). This first-order susceptibility is a material-dependent constant, which 

is used to describe interactions between light and matter in linear spectroscopy. The 

macroscopic polarization can be seen as a nonequilibrium charge distribution created by 

the electric field and can be measured by detecting the emission field that was created 

by the oscillating time-dependent vibrational dipole (according to Maxwell’s equations, 

compare to section 2.2.1).  

To apply this to our system, which interacts with the electric field, we will consider the 

polarization quantum mechanically: 77 

 𝑃(𝑡) = 〈𝜇 𝜌(𝑡)〉 

 

(2-31) 

 

With the dipole moment operator 𝜇 and the density matrix 𝜌(𝑡) (see chapter 2.3), which 

describes the system at the time 𝑡. By assuming that the radiation fields are weak 

compared to the electric fields in the molecules, we can use the perturbative expansion 

of the density matrix and get: 77 

 

𝑃(𝑛)(𝑡) = ∫ 𝑑𝑡𝑛

∞

0

∫ 𝑑𝑡𝑛−1

∞

0

… ∫ 𝑑𝑡1

∞

0

𝑅(𝑛)(𝑡𝑛, 𝑡𝑛−1, … , 𝑡1)  × 
 

                                   𝐸(𝑡 − 𝑡𝑛)𝐸(𝑡 − 𝑡𝑛 − 𝑡𝑛−1)…  𝐸(𝑡 − 𝑡𝑛 − 𝑡𝑛−1…− 𝑡1), (2-32) 

 

where 𝑅(𝑛) is the response function 

 𝑅(𝑛)(𝑡𝑛, 𝑡𝑛−1, … , 𝑡1) =  

 

 
(
𝑖

ħ
)
𝑛

〈𝜇(𝑡𝑛 +⋯+ 𝑡1) [𝜇(𝑡𝑛−1 +⋯+ 𝑡1),… [𝜇(0), 𝜌(−∞)(𝑡)]… ]〉. 

 

(2-33) 

 

In linear IR spectroscopy, the response is described by setting n=1. For Pump-Probe IR 

and 2D-IR spectroscopy, we need to choose n=3 as we need to consider a three times 

interaction with the electric field (see chapter 2.3). The measured quantity is the 

macroscopic polarization 𝑃(𝑛) in order to extract the molecular response 𝑅(𝑛). 67 
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2.3 NONLINEAR INFRARED SPECTROSCOPY 
 

If a strong electric field, like for instance laser light, is interacting with matter, nonlinear 

effects can occur. It means that the response of a material to an applied optical field 

depends nonlinearly on the strength of the optical field. Therefore, the macroscopic 

polarization (equation (2-30)) needs to be extended, and also higher-order terms need 

to be taken into account: 76 

   𝑃⃗ (𝑡) = 𝜀0 ( 𝜒
(1)𝐸⃗ (𝑡) + 𝜒(2) 𝐸⃗ (2)(𝑡) + 𝜒(3)𝐸⃗ (3)(𝑡) + ⋯)

= 𝑃⃗ (1)(𝑡) + 𝑃⃗ (2)(𝑡) + 𝑃⃗ (3)(𝑡) + ⋯ , 

 

(2-34) 

 

where the second-order susceptibility 𝜒(2) and the third-order susceptibility 𝜒(3) are the 

higher-order terms, and the electric field 𝐸⃗ (𝑛)(𝑡) implies a n-times interaction with the 

electric field. It can also be summarized as a sum of the first-order polarization 𝑃⃗ (1), the 

second-order nonlinear polarization 𝑃⃗ (2) and the third-order nonlinear polarization 𝑃⃗ (3). 

For Pump-Probe IR and 2D-IR spectroscopy, which will be discussed in chapter 2.4 and 

chapter 2.5, the third-order nonlinear polarization 𝑃⃗ (3) is the relevant term. 76  

To describe the interaction of an isolated molecule with a laser pulse, we will use a semi-

classical approach, where we will describe the light-molecule interaction by considering 

the time-dependent electric field classically and the vibrational states of the molecule 

quantum mechanically. It is assumed that the molecule has two vibrational states, more 

specifically, the vibrational ground state |0⟩ and the first vibrational excited state |1⟩. 

The time evolution of the wavefunction |𝛹⟩ of the molecule is described by the time-

dependent Schrödinger equation: 67 

 
𝑖ħ

𝜕

𝜕𝑡
|𝛹⟩ = 𝐻̂ |𝛹⟩, 

 

(2-35) 

 

where ħ is the reduced Planck constant, 𝑡 the time and 𝐻̂ is the total Hamiltonian. It can 

be expressed as a sum of the time-independent Hamiltonian 𝐻̂0 of the isolated molecule 

and the operator 𝑊̂(𝑡), which describes the interaction between the laser pulse and the 

molecule and can be considered as perturbation: 67 

 𝐻̂ = 𝐻̂0 + 𝑊̂(𝑡) 

 

(2-36) 

 

In the case of light-matter interaction, the interaction Hamiltonian is the product of the 

dipole moment operator 𝜇̂  and an external electrostatic field 𝐸⃗ : 67 

 𝑊̂(𝑡) = −𝜇̂ 𝐸⃗ (𝑡) (2-37) 
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Before the arrival of the pump pulse, the probability is very high that the molecule is in 

its vibrational ground state |0⟩. In the absence of a laser pulse, there is no external 

electric field, so the interaction term will be zero (𝑊̂(𝑡) = 0). Upon the arrival of the 

laser pulse, the system will be in a linear combination of eigenstates, more specifically, 

the vibrational ground state |0⟩ and the first vibrational excited state |1⟩. For the wave-

function of the two-state system results: 67 

 
|𝛹⟩ = 𝑐0𝑒

−
𝑖𝐸0𝑡
ħ |0⟩ + 𝑖𝑐1𝑒

−
𝑖𝐸1𝑡
ħ |1⟩ 

(2-38) 

 

One can imagine that the laser pulse is pushing and pulling the charges, which leads to a 

vibration of the molecule. The molecules will be vibrating in phase and also 

synchronized to the phase of the laser pulse. During the laser pulse interaction with the 

molecule, the laser field will couple the molecular eigenstates, and the wavefunction is 

altered. The coefficients 𝑐0 and 𝑐1 are time-dependent in this case: 67 

 𝜕

𝜕𝑡
 𝑐1(𝑡) = +

𝑖

ħ
𝑐0(𝑡) 𝑒

−𝑖𝜔01𝑡 ⟨1|𝜇̂|0⟩ 𝐸(𝑡) 

 

(2-39) 

 

   𝜕

𝜕𝑡
 𝑐0(𝑡) = +

𝑖

ħ
𝑐1(𝑡) 𝑒

+𝑖𝜔01𝑡 ⟨0|𝜇̂|1⟩ 𝐸(𝑡), 
(2-40) 

 

where 
𝜕

𝜕𝑡
 𝑐1(𝑡) and 

𝜕

𝜕𝑡
 𝑐0(𝑡) are the time-dependent coefficients of the states |0⟩ and |1⟩, 

which become time-dependent as a result of the interaction of the laser pulse with the 

molecule. They can be seen as a weight of the wavefunction in which state the system is 

present, indicating how many molecules are in the ground state and in the first 

vibrational excited state, respectively. Here, the energy difference between the two 

states is defined as  𝜔01 =
𝐸1−𝐸0

ħ
 . 67 The change of the coefficients over time 

𝜕

𝜕𝑡
 𝑐1(𝑡) and 

𝜕

𝜕𝑡
 𝑐0(𝑡) depends on the transition dipole moment ⟨1|𝜇̂|0⟩ and ⟨0|𝜇̂|1⟩, which are shown 

here in the bra-ket notation (see chapter 2.2.3.1). The term ⟨0|𝜇̂|1⟩ is oscillating at the 

frequency difference of the two eigenstates and will emit an electric field at the 

fundamental frequency of the vibrator. In a classical picture, the charges oscillating at 

the vibrational frequency create the emitted field, which is consistent with Maxwell’s 

equations. In a quantum mechanical picture, the coherent superposition of eigenstates 

creates the macroscopic polarization (see chapter 2.2.3.2). The coefficients can be used 

to arrange the density matrix, which is defined as: 

 

 

 

𝜌 = (
𝜌00 𝜌01
𝜌10 𝜌11

) = (
〈𝑐0

′ (𝑡)𝑐0
′∗(𝑡)〉 〈𝑐0

′ (𝑡)𝑐1
′∗(𝑡)〉

〈𝑐1
′(𝑡)𝑐0

′∗(𝑡)〉 〈𝑐1
′(𝑡)𝑐1

′∗(𝑡)〉
), 

(2-41) 

 

with 𝑐0
′ (𝑡) = 𝑐0(𝑡), 𝑐1

′(𝑡) = 𝑖𝑐1(𝑡) and 𝑐0
′∗(𝑡) and 𝑐1

′∗(𝑡) are the complex conjugates. The 

off-diagonal density matrix elements 𝜌01 and 𝜌10 are called coherences and the diagonal 

density matrix elements 𝜌00 and 𝜌11 are called populations. One can see that both 

coefficients need to be changed to create a population in the first vibrational excited 

state. Therefore, two interactions with the electromagnetic field of the pump pulse are 
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required, where the first one creates a polarization and the second one creates a 

population in the first vibrational excited state.   

The off-diagonal density matrix elements 𝜌01  and 𝜌10  can be seen as a linear 

superposition of eigenstates created by the laser pulse. They are the relevant terms, 

which are responsible for the time-dependent vibrational dipole. In fact, the coherences 

are the origin of the signal which can be detected, as they oscillate with the frequency 

𝜔01 around the z-axis, which leads to the emission of an electric field 𝐸𝑠𝑖𝑔(𝑡). With 

increasing time after the interaction with the laser pulse, the matrix elements 𝜌01 and 

𝜌10 will decay due to homogenous dephasing, because the molecules will have different 

oscillatory frequencies, which leads to destructive interference. By using the 

homogeneous dephasing time 𝑇2, we obtain for the density matrix elements 𝜌01 and 𝜌10 

 
𝜌01(𝑡) = −𝑐0𝑐1𝑒

+𝑖𝜔01𝑡𝑒
−
𝑡
𝑇2 

 

(2-42) 

 

 
𝜌10(𝑡) = 𝑖𝑐0𝑐1𝑒

−𝑖𝜔01𝑡𝑒
−
𝑡
𝑇2 . 

 

(2-43) 

 

The diagonal density matrix elements 𝜌00 and 𝜌11 correspond to the population of the 

ground state |0⟩ and to the population of the first vibrational excited state |1⟩, 

respectively. With progressing time after the excitation of the laser pulse, population 

relaxation will occur. This means that due to energy transfer, the diagonal element 𝜌11 

will decay back to the vibrational ground state with the population relaxation time 

constant 𝑇1, whereas the ground state 𝜌00 is refilled from the excited state: 

 
𝜌11(𝑡) = 𝜌11(0) 𝑒

−
𝑡
𝑇1   

 

(2-44) 

 

 𝜌00 = 1 − 𝜌11(𝑡).    

 

(2-45) 

 

The homogeneous dephasing time 𝑇2 and the population relaxation 𝑇1 time are linked by  

 1

𝑇2
=

1

2𝑇1
+

1

𝑇2
∗ , 

 

(2-46) 

 

where 𝑇2
∗ is the pure dephasing time caused by fluctuations of the environment.  

In a Bloch vectorial picture, one can visualize the quantum mechanical coherences, 

populations, and the macroscopic polarization by using a vector diagram. Therefore, we 

look at the vector of a dipole of a single molecule, which is in a coherent superposition of 

two states (see eq. (2-38)) and plot it in a coordinate system (Figure 2-4). 
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Figure 2-4: Bloch vectorial picture for an ensemble of molecules with the same coefficients 
𝒄𝟎 and 𝒄𝟏, but different frequencies. (a) At 𝒕 = 𝟎 the vectors lie in the (y,z)-plane, giving 
rise to constructive interference. (b) With increasing time, the projections onto the 𝑩𝒙 axis 
start to differ, which leads to destructive interference. (c) At some point, the vectors are 
completely randomized and the projections onto the 𝑩𝒙 axis will sum to zero. Reproduced 
from ‘Concepts and Methods of 2D Infrared Spectroscopy’ by Peter Hamm and Martin 
Zanni. Copyright P. Hamm and M. Zanni 2011. Reproduced with permission of the Licensor 
through PLSclear. 67  

The three components of the so-called Bloch vector are defined as: 67 

 𝐵𝑧(𝑡) = 𝑐0(𝑡)𝑐0
∗(𝑡) − 𝑐1(𝑡)𝑐1

∗(𝑡) 

 

(2-47) 

 

 𝐵𝑥(𝑡) = 𝑖(𝑐0(𝑡)𝑐1
∗(𝑡) − 𝑐0

∗(𝑡)𝑐1(𝑡)) = 𝑐0𝑐1sin (𝜔01𝑡) 

 

(2-48) 

 

 𝐵𝑦(𝑡) = 𝑐0(𝑡)𝑐1
∗(𝑡) + 𝑐0

∗(𝑡)𝑐1(𝑡) = 𝑐0𝑐1 cos(𝜔01𝑡), 

 

(2-49) 

 

with the coefficients 𝑐0(𝑡) and 𝑐1(t) being time-dependent, which gives rise to the 

vectors shown in Figure 2-4a. When the laser pulse arrives, it pushes the vector towards 

the x,y-plane and with progressing time, it will precess around the z-axis (compare to 

equations (2-48) and (2-49)). This rotation is responsible for the emission of the signal 

field and the macroscopic polarization can be calculated from equation (2-48), as 

𝑃(𝑡) ∝ 𝐵𝑥(𝑡). The vectors Bx and By correspond to the coherence of a state, as the 

superposition of two states corresponds to a vector, which is rotating in the (x,y)-plane, 

whereas the deviation of Bz from 1 corresponds to the population of a state. In reality, 

the sample consists of an ensemble of molecules, which slightly differ in their vibrational 

frequencies, giving rise to an individual Bloch vector, respectively. Therefore, the 

macroscopic polarization is the ensemble average of the projections onto the 𝐵𝑥 axis: 67 

 𝑃⃗ (𝑡) = ⟨𝜇⟩ = ⟨𝐵𝑥⟩ = 𝑖(⟨𝑐0(𝑡)𝑐1
∗(𝑡)⟩ − ⟨𝑐0

∗(𝑡)𝑐1(𝑡)⟩), (2-50) 

where ⟨… ⟩ indicates the ensemble average. At 𝑡 = 0 the electric fields generated by the  

individual molecules will constructively interfere. 
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Figure 2-5: Bloch vectorial picture for an ensemble of molecules, where the averaged 
vector is shown. (a) By only including dephasing, the vector will spiral towards the 𝐵𝑧 axis. 
(b) By additional including population relaxation, the vector will also converge to 𝐵𝑥 = 1. 
Reproduced from ‘Concepts and Methods of 2D Infrared Spectroscopy’ by Peter Hamm and 
Martin Zanni. Copyright P. Hamm and M. Zanni 2011. Reproduced with permission of the 
Licensor through PLSclear. 67   

However, as time progresses, their projections onto the 𝐵𝑥 axis will differ, leading to 

destructive interference. The averaged vector of the individual molecules that is 

responsible for the macroscopic polarization is shown in Figure 2-5. The destructive 

interference leads to a loss of the macroscopic polarization with progressing time. The 

macroscopic polarization will decay with time due to homogenous and inhomogeneous 

dynamics. By only considering dephasing, the vector will spiral towards the z-axis as the 

projection on the x- and y-axis decays (Figure 2-5a), due to destructive interference and 

the decrease of the macroscopic polarization.  

 

Figure 2-6: Schematic picture of the free induction decay (FID) for the response of a sample 
at one probe frequency as a function of the dephasing time. 
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By also including population relaxation, the z-component will increase additionally until 

it reaches Bz=1 (Figure 2-5b). Due to this precessional motion of the vector of the 

macroscopic polarization, the emitted signal field (FID), which is detected, will oscillate 

with time, and it will also decay with time due to the population relaxation and the 

dephasing (Figure 2-6). The coherences and population relaxations can be investigated 

by non-linear spectroscopy, e.g. Pump-Probe IR spectroscopy and 2D-IR spectroscopy, 

which will be explained in more detail in the next chapter.  

 

2.4 PUMP-PROBE  IR SPECTROSCOPY  
 

Ultrafast infrared pump-probe (Pump-Probe IR) spectroscopy enables to monitor the 

coherences of the ground state and the first vibrational excited state and of the first and 

the second vibrational excited state. It enables to investigate the population relaxation 

(=vibrational energy relaxation) from the first vibrational excited state to the ground 

state. This can be done by using an ultrashort IR pump pulse, which excites a molecular 

vibration from the ground state to the first vibrational excited state (Figure 2-7a). The 

resonant interaction of one oscillator with the laser pulse (two interactions with the 

electric field) creates a population in the first vibrational excited state. With a variable 

time delay τ, a second laser pulse (probe pulse) arrives at the sample to probe the 

population of the first vibrational excited state. This can either lead to an excited state 

absorption (|1⟩  |2⟩) or to a stimulated emission (|1⟩  |0⟩). The moment at which 

both pulses appear simultaneously at the sample is called time zero. The excited state 

population will decay to the ground state with increasing time due to the energy 

relaxation. This process can be monitored with the probe pulse. Typically, every second 

spectrum is measured without a pump pulse, which enables to plot the transmission 

difference of the pumped and the unpumped spectrum. The transient signal 𝛥𝛼 can be 

determined with: 

 
𝛥𝛼 = − ln (

𝑇(𝜔)

𝑇0(𝜔)
), 

 

(2-51) 

 

where 𝑇(𝜔) is the signal of the pumped spectrum and  𝑇0(𝜔) is the signal of the 

unpumped spectrum. The negative transient signal appears in the spectrum due to the 

stimulated emission (|1⟩ to |0⟩) and that there are fewer molecules in the vibrational 

ground state, as before the excitation of the pump pulse (ground state bleach) (Figure 

2-7b). The excited-state absorption (ESA) has a positive sign because the transition from 

the first to the second vibrational excited state can only occur in the case of the pumped 

spectrum, when the first vibrational excited state is populated. Assuming that we 

consider an anharmonic potential, the signal of the ESA is red-shifted compared to the 
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signal of the bleach, because the transition energy of |1⟩ to |2⟩ is lower than the 

transition energy of  |0⟩ to |1⟩. 57  

 

Figure 2-7: Basic principle of pump-probe spectroscopy. (a) The anharmonic potential of 
the vibration is shown, where most molecules are in the vibrational ground state. 
Interaction with the pump pulse creates a population in the first vibrational excited state 
(blue arrow).  The probe pulse can lead to an excited state absorption (ESA, |1⟩ to |2⟩) or to 
stimulated emission (|1⟩ to |0⟩)(red arrows). (b) In the resulting transient spectrum, a 
negative peak can be observed at the spectral position of the vibrational band due to the 
bleach and the stimulated emission. The red-shifted positive peak results from the ESA.  

 

The time delay between pump and probe pulse can be changed with a delay stage in the 

pump path, by changing the path length of the laser beam. With increasing delay time 

between pump and probe pulse, the excited state will relax to the ground state and the 

modulated signal in the transient spectrum will decrease. From this decay, the 

population energy relaxation can be determined. The time and the probe frequency 

resolution of this method are quite good; hence it only allows to measure the response 

with a broadband excitation. To receive also a resolution along the pump frequency axis, 

one needs to use a pump excitation pulse, which is narrow in frequency. This can, for 

instance, be achieved with 2D-IR spectroscopy and will be explained in more detail in 

the following chapter.  

 

2.5 2D-IR SPECTROSCOPY  
 

Two-dimensional infrared (2D-IR) spectroscopy is similar to pump-probe spectroscopy, 

but one will obtain an additional resolution along the pump frequency axis, which 

enables one to gain more structural information, not accessible with pump-probe 

spectroscopy: for instance, vibrational couplings and line shapes. The response of the 
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system is studied by selectively exciting the vibrational modes and plotting them as a 

function of the pump and the probe frequencies. Therefore, the probe frequency is 

measured in the frequency-domain, by spectrally dispersing it in a spectrograph, but the 

pump frequency can be resolved by measuring it in the frequency-domain or in the time-

domain. Measuring in the frequency-domain requires a pump pulse, which is narrow in 

frequency, to selectively excite the different frequencies. One can envision that for each 

of the narrow pump frequencies, the whole probe frequency range is measured, so it is 

like a pump-probe measurement, where the whole probe frequency range is monitored 

for each of the narrow pump pulses. The center frequency of the pump pulse is then 

scanned through the frequency range of interest. When the narrow pump frequency is 

equal to the resonance frequency of an oscillator, it is excited, and a signal can be 

detected. The requirement that the pump pulse needs to be narrow in frequency, leads 

to the fact that it will be stretched in time (a picosecond pulse instead of a femtosecond 

pulse). That involves the problem that one loses temporal resolution as the pump pulse 

will be in the picosecond range. To overcome this problem, one can resolve the pump 

pulse by measuring it in the time-domain and replacing the picosecond (but narrow in 

frequency) pump pulse by two pump pulses which are short in time but broad in 

frequency, so that all resonance frequencies of the sample are contained in each of the 

two pump pulses.  Conceptually, this means that we choose two narrow pump pulses in 

the time-domain, and vary their time delay. By changing the temporal spacing between 

the two narrow pump pulses (in the time domain), the corresponding period of the 

sinusoidal wave in the frequency domain will change. The period of the sinusoidal wave 

is inversely proportional to the time delay between the two femtosecond pump pulses in 

the time domain. By scanning different time delays of the femtosecond pulses, one 

always brings different sets of frequencies in resonance. Finally, a Fourier 

transformation will convert our time-domain response to the frequency-domain, which 

gives us the second dimension for the 2D-IR spectrum – the pump frequency axis – and 

where we will observe a signal from the excited oscillators. 67  

Along the diagonal in a 2D-IR spectrum, the pump frequency is equal to the probe 

frequency (Figure 2-8). Oscillators, which are excited at their resonance frequency, will 

appear on this diagonal with a negative peak (blue) due to the ground state bleach and 

stimulated emission. Red-shifted to the ground state bleach (along the probe frequency 

axis), one will observe (similar to pump-probe IR spectroscopy) a positive peak (red) 

due to the excited state absorption, which is present at the same pump frequency as the 

bleach, but at lower probe frequencies, due to the anharmonicity of the potential. 

Changing the delay time between pump and probe pulse, typically referred to as waiting 

time, enables measurement of the 2D-IR spectra time-dependent. Hence, it is possible to 

collect the response of the system as a function of the pump and the probe frequency for 

each desired waiting time.  

By taking a look at the diagonal peaks in a 2D-IR spectrum, one will notice the 

advantages over Pump-Probe IR spectroscopy, which is getting information about 

spectral diffusion and about the broadening of a peak, for instance, if the vibration is 
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inhomogeneously broadened. If there is a diagonally elongated peak along the diagonal 

present at early waiting times, the vibrational band is inhomogeneously broadened 

(Figure 2-8b).  

 

 

Figure 2-8: (a), (d) FT-IR spectra of an inhomogeneously and a homogeneously broadened 
band look quite similar. 2D-IR spectrum of an inhomogeneously broadened band at an 
early waiting time (b) reveals an elongation along the diagonal and gets more roundish at 
later waiting times (c). 2D-IR spectrum of a homogeneously broadened band reveals a 
round shape already at early waiting times (e) and will stay roundish also at later waiting 
times (f).  

It means that one kind of oscillator is present in different local environments, whereby 

the frequency of each oscillator is slightly altered. More specifically, the band consists of 

many small bands, which represent the oscillator in different environments. A 

prominent example is water: water will reveal a rather broad distribution of different 

hydrogen-bonded geometries, which leads to a distribution of different vibrational 

frequencies. 78,79 By exciting with a narrow pump pulse, only a small subensemble of 

molecules, the excited molecules, will own similar hydrogen-bond lengths and angles 

and therefore similar vibrational frequencies. But different subensembles might have 

different vibrational frequencies. With increasing waiting time, the oscillators will have 

time to rearrange, which means that they move into different environments, e.g. they 
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will exhibit different hydrogen-bond lengths and angles, which results in a shift in their 

resonance frequency. This phenomenon is called „spectral diffusion“, which causes the 

peak to get more spherical with increasing waiting time (Figure 2-8c). If there is only one 

kind of oscillator and all of them are located in the same local environment, a round peak 

on the diagonal is already observed for early waiting times (Figure 2-8e) and will stay 

spherical also at later waiting times (Figure 2-8f). This is called homogenous broadening 

and can be imagined as the intrinsic lifetime, which cannot be smaller than determined 

by the vibrational relaxation. At early waiting times, the homogenous and the 

inhomogenous linewidths can be determined, as there the difference between 

homogeneous and inhomogeneous broadening is most prominent, because the 

oscillators did not have the time to reorient: for the inhomogeneous linewidths, one 

takes the diagonal cut along the diagonal of the 2D-IR spectrum and for the homogenous 

linewidths, one takes the cut perpendicular to the diagonal and through the minimum of 

the bleach of the 2D-IR. 80  

 

 

Figure 2-9: (a), (d) FT-IR spectra of two oscillators, which are homogeneously broadened. 
(b) At early waiting times, the 2D-IR spectrum reveals two bleaches (blue) on the diagonal 
at the spectral position of the vibration and two red-shifted excited state absorptions (red). 
(c) At later waiting times two cross-peaks appear due to chemical exchange. (e), (f) In case 
the two oscillators are coupled, the cross-peaks will already be present at early waiting 
times and will also stay at later waiting times.     
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Additional information, which can be extracted from a 2D-IR spectrum are contained in 

cross-peaks (Figure 2-9). If cross-peaks are present, they will always appear between 

two diagonal peaks, but their origin can be different: they can be caused by coupling or 

by population transfer (e.g. chemical exchange). If we look at two coupled oscillators, 

where oscillator A gives rise to a diagonal peak at its resonance frequency 𝜔𝐴 =

𝜔𝑃𝑢𝑚𝑝,𝐴 = 𝜔𝑃𝑟𝑜𝑏𝑒,𝐴 and oscillator B gives rise to a diagonal peak at its resonance 

frequency 𝜔𝐵 = 𝜔𝑃𝑢𝑚𝑝,𝐵 = 𝜔𝑃𝑟𝑜𝑏𝑒,𝐵 , then we will observe two cross-peaks at 

𝜔𝑃𝑢𝑚𝑝,𝐴 = 𝜔𝑃𝑟𝑜𝑏𝑒,𝐵 and 𝜔𝑃𝑢𝑚𝑝,𝐵 = 𝜔𝑃𝑟𝑜𝑏𝑒,𝐴, respectively. Therefore, the excitation at the 

resonance frequency of oscillator A will result in the appearance of an off-diagonal peak 

at the resonance frequency of oscillator B. 

The cross-peak is located at the same pump frequency as oscillator A, but at the probe 

frequency of the resonance of oscillator B.  Hence, the two oscillators are not 

independent of each other. In the following, we describe the principles from which the 

cross-peaks can arise. If the cross-peaks already exist at time zero, their presence is 

caused by coupling (Figure 2-9e,f). It means that an excited molecule interacts with a 

similar molecule in close proximity (not a solvent molecule), which is typically called an 

exciton state. It can be imagined that the charges of the electrons and the nuclei create 

an electrostatic potential, which surrounds the molecule. If two molecules are close 

enough, their potentials will influence each other and will alter their molecular orbitals 

and their vibrational frequencies will shift. Therefore, the transition frequency of one 

oscillator depends on the excitation level of the other oscillator. This so-called 

transition-dipole coupling is frequently observed within a molecule, e.g., between the 

symmetric and the antisymmetric N-D2 stretching vibration. The coupling between the 

two modes is determined by the potential energy surface 𝑉(𝑟𝑖, 𝑟𝑗), which is a sum of the 

potentials 𝑉𝑖(𝑟𝑖) and 𝑉𝑗(𝑟𝑗) and the coupling constant ß𝑖𝑗  and is given in the weak 

coupling limit as: 67,81,82 

 𝑉(𝑟𝑖, 𝑟𝑗) = 𝑉𝑖(𝑟𝑖) + 𝑉𝑗(𝑟𝑗) + ß𝑖𝑗𝑟𝑖𝑟𝑗 . (2-52) 

 

The simplest model that relates the coupling constant ß𝑖𝑗 to the structure is the model of 

the transition-dipole coupling, which can be used to calculate the coupling between the 

two modes: 67,81,82  

 
ß𝑖𝑗 =

1

4𝜋𝜀0
(
𝜇𝑖⃗⃗  ⃗ ∙ 𝜇𝑗⃗⃗  ⃗

𝑟𝑖𝑗
3 − 3

(𝑟𝑖𝑗⃗⃗ ⃗⃗  ⃗ ∙ 𝜇𝑖⃗⃗  ⃗)(𝑟𝑖𝑗⃗⃗  ⃗ ∙ 𝜇𝑗⃗⃗  ⃗)

𝑟𝑖𝑗
5 ), 

 

(2-53) 

 

where 𝜇𝑖⃗⃗  ⃗ and 𝜇𝑗⃗⃗  ⃗ are the directions of the transition dipoles, 𝑟𝑖𝑗
3  are the vectors, which 

connect the two sites. 67,81,82 

In some cases, the cross-peaks are not there at time zero, but they appear at later 

waiting times (Figure 2-9b,c). That can be caused by energy transfer (or population 

transfer) or by chemical exchange. Energy transfer means, that the excited oscillator 
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loses energy and another oscillator in close proximity, which has a different resonance 

frequency, receives the energy. Mostly this energy transfer occurs downhill. It is 

mediated by a constantly changing local environment, which leads to a pushing and 

pulling of the molecules, resulting in a deformation of the potential energy surface and 

thus a change of the vibrational frequencies. After excitation, resonance energy transfer 

can lead to a movement of the excited state of a molecule to another oscillator, which 

results in a flip of the quantum states. For instance, population transfer reveals an 

excited population state |1⟩𝑎𝑎⟨1|, which flips to another excited population state 

|1⟩𝑏𝑏⟨1|. In this mechanism no photons are emitted; it is a non-radiative process and 

reduces the lifetime of the excited state α. The energy transfer can occur intra- or 

intermolecularly, but is mediated by a quantum-mechanical coupling between the two 

modes. 67,81,82  

In the case of chemical exchange, there are two states, which are separated by a reaction 

barrier (e.g., from bound to unbound or from isomer A to isomer B), the probability of 

finding the molecule in the transition state is very low. Therefore, at time zero, the two 

oscillators will be either in state A or in state B, giving rise to two signals on the 

diagonal. At later waiting times, some of the oscillators will be converted to the other 

state, for instance, a molecule that was pumped with a hydrogen-bond might be probed 

without a hydrogen-bond, giving rise to two cross-peaks at later waiting times. The 

change of the environment of the excited oscillator will result in a change in its 

resonance frequency. In the limit that there is no reaction barrier, but rather a broad 

distribution of hydrogen-bond environments, the single oscillators cannot be resolved in 

the 2D-IR spectrum, as they lie quite close in frequency. That results in the appearance 

of an elongated peak along the diagonal. With increasing waiting time, the oscillators 

move to different hydrogen-bonded environments causing the peak to get more 

roundish. This is called spectral diffusion and the emerging round peak can be seen as a 

superposition of many emerging cross-peaks. 67,81,82    

 

2.6 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 
 

In Nuclear Magnetic Resonance (NMR) spectroscopy, the split spin states of a nucleus 

are probed with a radiofrequency pulse in an external magnetic field. The technique can 

be used to obtain information about the electronic environment of a nucleus, as nuclei in 

different electronic environments will be shielded differently, which results in different 

resonance frequencies. It enables to determine the chemical structure, by taking into 

account the different electron densities of different chemical bonds. The theoretical 

principle of NMR spectroscopy is explained in the following. 5 Nuclei of certain isotopes 

possess an intrinsic spin, which can be associated with the angular momentum 𝐿⃗ . It can 

only adopt certain values, which means that it is quantized and it depends directly on 

the magnetic quantum number 𝑚: 83 
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|𝐿⃗ | =

ℎ

2𝜋
𝑚 , 

 

(2-54) 
 

with the Planck constant ℎ. The magnetic quantum number is related to the nuclear spin 

quantum number 𝐼, which is determined by the respective nucleus (only nuclei with a 

spin-quantum number of 𝐼 > 0 will be NMR-active): 83  

 𝑚 = 2𝐼 + 1 (2-55) 

 

More specifically, the spin quantum number 𝐼 indicates the number of energy states of a 

nucleus in an external magnetic field. For instance, for a proton with nuclear spin 

quantum number  
1

2
, the magnetic quantum number will be 𝑚 = 2. It means that the 

proton has two different magnetic quantum numbers, spanning the range from – 𝐼 to +𝐼 

with 𝛥𝑚 = 1 (including zero for integer quantum numbers). Consequently, we obtain 

for the proton 𝑚1 = +
1

2
 and 𝑚2 = −

1

2
 . One can imagine that the spin has two different 

alignments in a static magnetic field, corresponding to 𝑚1 and 𝑚2. Nuclei with an 

angular momentum will also have a magnetic (dipole) moment  𝜇 𝑀: 83 

 𝜇 𝑀 = 𝛾 𝐿⃗ , (2-56) 

with the gyromagnetic ratio 𝛾, which is a constant specific to the respective nucleus. 83 

By placing the nucleus in an external static magnetic field 𝐻⃗⃗ 0, some spins will align 

parallel and some other spins will align antiparallel to the external field. Consequently, 

the two degenerate spin states split into a high-energy spin state and a low-energy spin 

state. This splitting of energy states under the influence of a magnetic field (caused by 

the interaction of the external magnetic field and the magnetic moment of the nucleus) is 

called the Zeeman-effect. 5 The potential energy 𝐸 of the nucleus in the magnetic field is 

given by: 

 𝐸 = 𝜇 𝑀𝐻⃗⃗ 0, (2-57) 

 

with the static magnetic field 𝐻⃗⃗ 0 and the magnetic dipole moment of the nuclei  𝜇 𝑀. By 

taking into account equations (2-54) and (2-56), the equation can be rearranged to: 83 

 
𝐸 =

𝛾ℎ𝐻⃗⃗ 0
2𝜋

𝑚. 
(2-58) 

 

 

As the gyromagnetic ratio 𝛾 is nuclei specific, the Planck constant ℎ is a constant and – in 

this approach – the strength of the magnetic field 𝐻⃗⃗ 0 is not varied, the energy of a 

magnetic dipole in a static magnetic field only depends on the magnetic quantum 

number 𝑚. The proton exhibits magnetic quantum numbers of  𝑚1 = +
1

2
  and 𝑚2 = −

1

2
, 

which enables to calculate the potential energies 𝐸1 and 𝐸2 (by inserting the magnetic 
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quantum number 𝑚 into equation ((2-58) and their energy difference 𝛥𝐸 between the 

high energy state and the low energy state: 83 

 
𝛥𝐸 =

𝛾ℎ𝐻⃗⃗ 0
2𝜋

. 
(2-59) 

 

 

In NMR spectroscopy, the nuclei are irradiated with electromagnetic radiation (a 

radiofrequency pulse), leading to energy absorption, and the lower energy state will flip 

to the higher energy state. The nuclei are in resonance with the electromagnetic 

radiation. Therefore, it is important to know the exact energy difference between the 

two states. For a given nucleus with the gyromagnetic ratio 𝛾, the energy difference 

between the states only depends on the magnetic field 𝐻⃗⃗ 0: an increased strength of the 

magnetic field will lead to an increase in the energy difference between the states. By 

equating equation ((2-2), which describes the propagation of light (here the 

radiofrequency), with equation ((2-59), we find the fundamental NMR equation. It is 

valid for an isolated nucleus and represents the radiofrequency ʋ (that can also be 

expressed as the angular velocity 𝜔0), which is needed for the energy transition between 

the two states for a given nucleus with the gyromagnetic ratio 𝛾 and the magnetic field 

𝐻⃗⃗ 0: 83,84 

 
ʋ =

𝜔0

2𝜋
= −

𝛾𝐻⃗⃗ 0
2𝜋

 
(2-60) 

 

 

Hence, the radiofrequency  ʋ is the resonance frequency, which is required to excite the 

nucleus from the lower spin state to the higher spin state and depends (for a given 

nucleus) on the magnetic field 𝐻⃗⃗ 0. For a given nucleus, equation (2-60) reveals, that 

there are two parameters, which can be varied: the radiofrequency ʋ and the magnetic 

field  𝐻⃗⃗ 0. Therefore, two methods for measuring are possible. The first method is the 

frequency sweep method, where the magnetic field strength is kept constant, and the 

radiofrequency is varied until resonance is achieved. In the second method, the field-

sweep method, the frequency is kept constant, while the magnetic field strength is 

varied. Both methods are called continuous-wave (CW) spectrometry, as one parameter 

is varied, while the other parameter is kept constant. Nowadays, mostly pulsed Fourier-

transform (FT) instruments are used, due to higher sensitivity and faster collection 

time.5 This can be achieved by simultaneously exciting all of the nuclei. Therefore, a 

short pulse is needed, which contains various frequencies, in order to excite the different 

types of nuclei simultaneously.     

To achieve a resonant transition from the lower to the higher energy state, the 

population of the energy levels needs to be different. According to the Boltzmann 

distribution, this is possible, as, in thermal equilibrium within the magnetic field, the 

number of nuclei, which populate the lower energy level, will be larger than the number 
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of nuclei, which populate the higher energy level. The Boltzmann distribution indicates 

the ratio of the number of nuclei in the excited spin state 𝛼 (𝑁𝛼) to the number of the 

nuclei in the ground spin state ß (𝑁ß): 83 

 𝑁𝛼
𝑁ß

= 𝑒
−
𝛥𝐸
𝑘𝐵𝑇, 

(2-61) 

 

with the Boltzmann constant 𝑘𝐵, the temperature 𝑇 and the energy difference between 

the two states 𝛥𝐸. By inserting equation ((2-59), we find: 5,83 

 𝑁𝛼
𝑁ß

= 𝑒
−
𝛾ℎ𝐻⃗⃗ 0
2𝜋𝑘𝐵𝑇 

(2-62) 

 

 
𝑁𝛼 − 𝑁ß ≈ 𝑒

−
𝑁𝛾ℎ𝐻⃗⃗⃗ 0
𝑘𝐵𝑇 . 

 

(2-63) 

 

The energy difference between the two states is small, which results also in a very small 

population difference (𝑁𝛼 − 𝑁ß). As the transition probability increases with a larger 

population excess of the lower energy level, a way to increase the signal strength is by 

increasing the magnetic field 𝐻⃗⃗ 0. This leads to an increased energy difference between 

the two states. Consequently, the population of the lower energy state will also increase, 

as well as the transition probability 83. However, an increased magnetic field strength 𝐻⃗⃗ 0 

will also lead to a larger transition frequency ʋ. As NMR spectrometers with different 

magnetic field strengths are available, it is necessary to introduce the chemical shift 𝛿 as 

an independent scale for the shielding. For 1H-NMR spectroscopy, it is quite common to 

use Tetramethylsilane (TMS) as specified standard, which will exhibit for a given 

magnetic field strength a peak at a certain position that is defined as  𝛿 = 0 𝑝𝑝𝑚 (parts 

per million). The chemical shift is defined as the frequency difference between the 

sample ʋ𝑠𝑎𝑚𝑝𝑙𝑒 and the TMS  ʋ𝑇𝑀𝑆, divided through the frequency of the spectrometer  

ʋ𝑆𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟: 84,85 

 
𝛿 =

ʋ𝑠𝑎𝑚𝑝𝑙𝑒 − ʋ𝑇𝑀𝑆

ʋ𝑆𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟
∙ 106 (2-64) 

 

 

The division through the frequency of the spectrometer results in a scale, that is also 

independent of the magnetic field strength and therefore enables to compare measured 

samples independent of the used NMR spectrometer and the used magnetic field 

strength. As the chemical shift difference is small compared to the frequency of the 

spectrometer, the factor 106 is multiplied to obtain simpler numerical values. The 

chemical shift 𝛿 is then expressed in parts per million (ppm). 5,85 

In practice, not all protons have the same resonance frequency and chemical shift. 

According to equation (2-59), the resonance frequency only depends on the magnetic 

field 𝐻⃗⃗ 0  and the gyromagnetic constant 𝛾. However, the magnetic field 𝐻⃗⃗ 0  is kept 

constant and the gyromagnetic constant 𝛾 is nuclei specific. Hence, the reason for 
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different resonance frequencies of a given nucleus is that they are located in different 

chemical environments, where they are exposed to different magnetic fields. It means 

that the external magnetic field 𝐻⃗⃗ 0 is not equal to the local magnetic field. The different 

magnetic fields are a consequence of the electrons, which are surrounding the nucleus. 

The electrons are charges, whereby the applied magnetic field induces currents in the 

electron cloud and according to Lenz’s law an opposed induced magnetic field is created. 

Consequently, the induced magnetic field reduces the field strength of the external 

magnetic field around the nucleus. This is called shielding. Therefore, the nucleus will be 

exposed to an effective magnetic field  𝐻𝑒𝑓𝑓, which is the opposed induced magnetic field 

(𝐻𝑖𝑛𝑑 = 𝜎𝐻0) subtracted from the external magnetic field 𝐻0: 85 

 𝐻𝑒𝑓𝑓 = 𝐻0 − 𝜎𝐻0, (2-65) 

 

where 𝜎 is the shielding constant and its value depends on the electron density around 

the nucleus. Hence, the resonance frequency is determined by the shielding constant, 

which is the result of the protons residing in different chemical environments. Vice 

versa, the resonance frequency, observed in NMR spectroscopy contains information 

about the chemical environment of the nucleus. 85 Therefore, the resonance condition 

for nuclei of the same type, which are located in different chemical environments, are 

different. This means that resonance occurs at different frequencies, and for nuclei 

located in a shielded external magnetic field, equation ((2-60) needs to be modified to: 5 

 ʋ𝐿 =
𝛾𝐻𝑒𝑓𝑓

2𝜋
= (1 − 𝜎)

𝛾𝐻0

2𝜋
, (2-66) 

 

where ʋ𝐿 is the Larmor frequency. It is the frequency at which nuclei rotate around the 

axis of the applied magnetic field and at which resonance occurs. This precessional 

motion is caused by the interaction of the external magnetic field with the magnetic 

moment of the nucleus because the magnetic moment is forced to align with the 

direction of the magnetic field and experiences a torsional movement. Together with the 

angular momentum of the nucleus, this causes the precessional motion around the axis 

of the magnetic field. As not all nuclei rotate in phase, the nuclear magnetic moments are 

randomly distributed over a conical area, and a net magnetization vector 𝑀0 can be 

introduced, which describes the net magnetization in the z-direction. Parallel and 

antiparallel aligned nuclei experience both this precessional motion, but in opposite 

directions and along the +z axis and along the –z axis, respectively. From the Boltzmann 

distribution, it is known, that there is a slight excess of parallel aligned nuclei. Therefore, 

parallel and antiparallel aligned nuclei do not cancel out, instead a net magnetic moment 

𝑀0 remains along the z-axis in the parallel aligned direction (see Figure 2-10). By using a 

radiofrequency pulse, a resonant interaction can be observed, if the frequency of the 

rotating magnetic field of the rf field is equal to the Larmor frequency of the nucleus. 

This causes a tipping of the magnetization vector 𝑀0 towards the xy-plane, where it will 

rotate in that plane along the external magnetic field. The magnetic component in the xy-

plane (which is an electrical current) is the NMR signal, which can be detected by a 



Theory 

 

 
- 33 - 

  

receiver. 83,85,86 This principle is similar to the Bloch vectorial picture, which is explained 

for nonlinear IR-spectroscopy (see chapter 2.3). 

 

Figure 2-10: (a) The magnetic moments of the nuclei, which precess around the z-axis 
create a net magnetization vector 𝑀0, which interacts with a radiofrequency field. (b) After 
the resonant interaction with the radiofrequency field, the magnetization vector 𝑀0 is 
tipped towards the xy-axis. This figure was published in ‘1H-NMR and 13C-NMR 
spectroscopy’, Metin Balci, p. 246, Copyright Elsevier (2005). Reprinted with permission of 
Elsevier. 86  

The resulting signal in NMR spectroscopy will also reveal a free induction decay (FID), as 

the magnetization vector M0 precesses around the z-axis. The detected signal is the 

induced magnetization My in the y-direction, which is the projection of the 

magnetization vector onto the y-axis. It induces an electric current, which can be 

detected as NMR signal by a receiver coil.  Consequently, the detected signal will be a 

sinusoidal signal that also decays with increasing time due to an exponential decrease of 

the magnetization, which is a result of the relaxation of the nuclei back to equilibrium.  

Here, we use 1H-NMR spectroscopy to probe the electronic environment of protons, 

more specifically the protons of the NH-group of urea- and thiourea motifs. As a model 

system for catalyst-substrate binding, we explore the binding of (thio)urea derivatives 

to the substrate. Upon binding of the (thio)urea group to the substrate, the formation of 

a hydrogen-bond leads to a decreased electron density around the NH-proton, which 

results in a downfield-shift of the chemical shift of the NH-proton. One needs to consider 

that the NH-proton will change between two environments, free and hydrogen-bonded. 

If a nucleus exchanges rapidly (compared to the timescale of a NMR measurement, 

which is in the range of milliseconds 84,87) between two environments, the observed 

chemical shift will be a mole fraction weighted average between the chemical shift of 

environment A and the chemical shift of environment B: 58,84 

 𝛿𝑜𝑏𝑠 = 𝑝𝐴𝛿𝐴 + 𝑝𝐵𝛿𝐵, 
 

(2-67) 
 

where 𝑝𝐴 and 𝑝𝐵 are the fractions of the nuclei in environment A and B.  
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3 METHODS 
 

In this chapter, the equipment and the experimental setups of the techniques are 

described, which are used in this thesis: the infrared setups FT-IR, Pump-Probe IR and 

2D-IR spectroscopy and NMR spectroscopy.   

 

3.1 INFRARED SETUPS 
 

3.1.1 LINEAR FT-IR SPECTROSCOPY 
 

To measure linear IR absorption spectra, I used Fourier-transform infrared 

spectroscopy (FT-IR), by using a Bruker Vertex 70 spectrometer and a Nicolet Magna 

850 spectrometer. The measurements were performed in transmission geometry and 

the resolution of the obtained spectra was 4 cm-1. The samples were solutions and were 

kept between two CaF2 windows within a demountable sample cell from Merck. The 

thickness was adjusted to achieve an absorbance of ~0.2-0.8 in the FT-IR spectrum, by 

choosing a suitable spacer (ranging from 0.05 mm to 0.5 mm thickness). The same 

sample preparation and sample cell were also used for Pump-Probe IR spectroscopy and 

for 2D-IR spectroscopy.   

 

3.1.2 PUMP-PROBE IR SPECTROSCOPY 
 

To measure time-resolved and to study the vibrational dynamics of the systems, I used 

broadband femtosecond infrared pump-probe spectroscopy (Pump-Probe IR), which is 

schematically shown in Figure 3-1. A Ti:sapphire regenerative amplifier (Spitfire Ace, 

Spectra Physics or Coherent Astrella) was used to generate 800nm pulses (~50 fs pulse 

duration, 1.5 mJ or 3 mJ pulse energy, 1 kHz repetition rate). The beam was guided to an 

optical parametric amplifier (OPA), generating signal and idler radiation. These were 

guided to a non-collinear difference frequency generation stage (NDFG) to generate 

infrared pulses (Topas Prime with NDFG stage, Light Conversion, Spectra Physics or 

Coherent). The mid-IR pulses (~ 20 μJ pulse energy, ~ 200 fs long and a FWHM of 

~ 400 cm-1) were centered at the frequency range of interest (3000nm, 4000nm and 

6000nm, respectively), in order to excite molecular vibrations in this frequency range. 

Residuals of signal and idler radiation were removed with an iris. A wedged ZnSe 

window splits the beam in a pump and a probe path, whereby the pump beam contains 
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most of the energy and is transmitted through the ZnSe window. The probe and 

reference beams are divided by a 50:50 ZnSe beamsplitter, whereas the reference beam 

is transmitted and the probe beam is reflected and guided to the sample.  

 

Figure 3-1: Schematic picture of a Pump Probe setup. A Ti:sapphire regenerative amplifier 
(Astrella) creates and amplifies 800nm radiation. The OPA and NDFG stage (Topas, Light 
Conversion) generates the IR pulses. A wedged window splits the beam path in pump and 
probe path. Every second IR pulse in the pump path is blocked by the chopper. The delay 
stage is used to control the time delay between pump and probe pulse. The sample is placed 
between two parabolic mirrors, where pump and probe pulse are spatially and temporally 

overlapped. The polarization is controlled with the  
𝝀

𝟐
 plate and the rotating polarizer. To 

detect the probe and reference pulse, a spectrograph and a MCT detector are used. 

The pump beam is guided to a delay stage to control the time delay between pump and 

probe pulse, which is a prerequisite to measure time-resolved. It further passes a  
λ

2
 plate 

to control the polarization (tuned to 45° with respect to the probe pulse) and a chopper, 

which blocks every second IR pulse. This is necessary to obtain the pump induced 

modulation of the infrared absorption Δα, to measure a difference spectrum by 

measuring a probe spectrum alternately with and without pump pulse, by collecting the 

transmitted intensities 𝐼 on the detector: 63 

 
Δα = − ln(

𝐼𝑝𝑟𝑜𝑏𝑒 𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒⁄

𝐼𝑝𝑟𝑜𝑏𝑒,0 𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,0⁄
), 

 

(3-1) 

 

where 𝐼𝑝𝑟𝑜𝑏𝑒 and 𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 refer to the IR intensities with a pump excitation pulse and 

𝐼𝑝𝑟𝑜𝑏𝑒,0 and 𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,0 refer to IR intensities without pump pulse. The advantage of the 

reference beam is that it cancels out pulse-to-pulse fluctuations. After the chopper, the 

pump beam is focused with a parabolic mirror into the sample, where it overlaps with 
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the probe beam. The beams are re-collimated after the sample with a second parabolic 

mirror. To find temporal and spatial overlap of pump and probe pulse, we used a thin 

germanium plate. The pump beam is blocked after the sample and the probe beam is 

guided to a polarizer, which can be automatically rotated by 90°. This enables to 

measure the modulation of the probe pulse with parallel Δαǁ and perpendicular Δα⊥ 

orientation with respect to the pump pulse. The probe beam is focused into the 

spectrograph, spectrally dispersed and detected with a liquid-nitrogen-cooled mercury 

cadmium telluride (MCT) array detector. The reference beam is directly guided to the 

spectrograph, where it is also detected with the MCT detector. Similar experimental 

setups are described in the literature. 63,64,88,89 The isotropic modulation can be 

constructed with: 63 

 
Δα𝑖𝑠𝑜 = 

(Δαǁ − 2Δα⊥)

3
 

 

(3-2) 

 

The signal is rotation-free and reveals vibrational population dynamics. To also obtain 

information on rotations and energy transfer, one needs to construct the anisotropy 𝑅:63 

 

 
𝑅 =

Δαǁ − Δα⊥
Δαǁ + 2Δα⊥

 

 

(3-3) 

 

As preferentially molecules are excited, whose transition dipole is parallel aligned to the 

polarization of the pump pulse, the distribution of excited molecules is anisotropic at 

early delay times. With increasing delay time, the anisotropy will decay to zero, due to 

reorientation of the molecules and energy transfer; the distribution becomes isotropic.  

 

3.1.3 2D-IR SPECTROSCOPY 
 

To also resolve the pump frequency axis, I used two-dimensional infrared (2D-IR) 

spectroscopy, which is shown schematically in Figure 3-2. Therefore, a regenerative 

amplifier (Coherent, Astrella) was used to generate 800nm pulses (~ 3mJ, ~ 35 fs pulse 

duration, 1kHz repetition rate). The pulses were used to pump an optical parametric 

amplifier (OPA, Topas Prime, Coherent) to generate signal and idler radiation. Then the 

signal and idler radiation were guided to a non-collinear difference frequency 

generation (NDFG) stage (Coherent) to generate IR pulses centered at 4000 nm or 

6000nm (~ 23 μJ pulse energy, ~ 200fs duration, ~ 400cm-1 FWHM), respectively. The 

IR radiation was then guided to a commercial 2D-IR (2D-Quick IR, Phasetech Inc.) 

spectrometer, in which a wedged ZnSe window was used to divide the beam in a pump 

and probe path (most energy is contained in the pump pulse). The probe beam was 

further separated with a beamsplitter in a probe and a reference path. They propagate 
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on top of each other and are guided to the sample. The pump beam was guided to a pulse 

shaper based on spectrally dispersed diffraction from a Germanium acousto-optic 

modulator (AOM), 68,90-93 which modulates the pump beam and is explained in more 

detail in chapter 3.3. It creates a pair of two pump pulses (~ 2 μJ) for 2D-IR 

measurements, but it can also be used in the chopping mode for Pump-Probe IR 

measurements, which blocks every second pump pulse. The pump beam was then 

guided to a motorized delay stage, which controls the time delay Tw between probe and 

pump pulses. The polarization of the pump pulse was adjusted with a half-wave plate to 

a 45° orientation with respect to the orientation of the probe pulse. The pump and probe 

beams were spatially overlapped and focused in the sample. A thin germanium plate was 

used to find temporal and spatial overlap and to optimize group velocity dispersion 

(GVD) correction of the pulse shaper. The reference beam and the third-order non-linear 

signal from the sample heterodyned with the probe pulse were collected in the 

frequency domain by spectrally dispersing them in a spectrograph (SP2156 

spectrograph, Princeton Instruments, 75 l/mm grating) and detecting with a 128 × 128-

pixel liquid-nitrogen-cooled mercury cadmium telluride (MCT) array detector. 

 

Figure 3-2: Schematic picture of a 2D-IR setup. A Ti:sapphire regenerative amplifier 
(Astrella) creates and amplifies 800nm radiation. The Topas (with OPA and NDFG stage) 
generates the IR pulses. In the 2D-Quick IR setup, a beam splitter splits the pump path from 
the probe and reference path. The AOM shapes the pump pulse as desired and can be used 
e.g. in the pump-probe mode similar to a chopper or to create a pump pulse pair for 2D-IR 
measurements to resolve the pump frequency axis. The delay stage within the pump path 
controls the time delay between pump and probe pulses. Between two parabolic mirrors, 

pump and probe pulse are spatially and temporally overlapped in the sample. A  
𝝀

𝟐
 plate 

and a polarizer are used to control the polarization. Probe and reference pulses are 
detected with a spectrograph and an MCT detector. 
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To split the third-order non-linear signal from the sample in its parallel and 

perpendicular contributions (with respect to the pump pulse), a wire-grid polarizer 

after the sample was used, which reflects one polarization and transmits the other 

polarization. The excitation frequencies were resolved in the time domain. Therefore we 

used two temporally separated pump pulses with controlled coherence times and 

phases. Subsequently, a Fourier-Transformation of the transient signals at different 

probe frequencies is performed, enabling the frequency resolution along the pump 

axis.67,68,93-95 The 2D-IR spectra were then recorded for multiple waiting times. The data 

collection was performed in the rapid scan mode using four-frame phase cycling, in 

order to suppress background scattering and transient absorption contributions. A 

rotating frame was used to reduce the number of scanned coherence times and phases. 

For the measurements at 4000nm, the raw data contained 68 coherence times at 

increments of 30 fs step size. It was apodized with a Hamming window and zero-padded 

to 128 data points in the time-domain. After Fourier- Transformation to the frequency-

domain, we obtain a pump frequency resolution of ~ 4 cm-1. For the measurements at 

6000nm, the data contained 134 coherence times at increments of 60fs step size and 

they were apodized with a Hamming window and zero-padded to 256 data points in the 

time domain. The spectra were also smoothened along the probe axis, by using a 

Gaussian window function. The data collection and analysis is described in more detail 

in chapter 3.3. 

 

3.2 NUCLEAR MAGNETIC RESONANCE SPECTROMETER 
 

To study the strength of interaction between catalyst and substrate, I used NMR 

spectroscopy, in order to obtain information on the chemical environment of the 

functional group of the catalyst. 1H-NMR spectroscopy was performed on a Bruker 300 

MHz AVANCE III spectrometer. The 1H-NMR spectra were measured in deuterated 

solvents (dichloromethane (DCM), toluene and acetonitrile) and were referenced to the 

residual toluene peak at 2.09 ppm, the residual DCM peak at 5.32 ppm or the residual 

acetonitrile peak at 1.94 ppm. The chemical shift was determined by using the chemical 

shift value at the peak maximum.  

 

3.3  ANALYSIS 
 

To analyze the time-dependent 2D-IR data and plot the transient signal as a function of 

the pump frequency and the probe frequency, one has to apply a Fourier-transformation 

on the free-induction decay (FID) of the third-order response, which is measured in the 

time-domain (compare to chapter 2.3). The data, which is collected along the probe 
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frequency axis is measured in the frequency domain, whereas the data along the pump 

axis is collected in the time domain and needs to be Fourier-transformed to the 

frequency domain. The definition of the Fourier-transformation of a time-domain 

function to the frequency domain is: 67 

 
𝑓(𝜔) = 𝐹𝑇(𝑓(𝑡)) ≡

1

√2𝜋
∫ 𝑓(𝑡)𝑒𝑖𝜔𝑡𝑑𝑡
∞

−∞

 

 

(3-4) 

 

To enhance the frequency resolution of the spectrum, zero-padding in the time-domain 

with the FFT-algorithm can be applied, before Fourier-transforming to the frequency 

domain. Zero-padding implies, that zeros are added to the time-domain data, in order to 

increase the number of time points. Therefore, also the integration window 𝑡𝑚𝑎𝑥 is 

increased, which results in a higher frequency resolution after the Fourier-

transformation. 67 However, if the emitted signal in the time domain is not decayed to 

zero at the end of the scan, truncation artefacts will appear due to the limited measuring 

window. To eliminate truncation effects, window functions can be applied. Usually, the 

time-domain data is multiplied with a square function. The Fourier-transformation is 

the sinc function, which can give rise to a lineshape with side-bands in the frequency 

domain. These side-bands can easily be misinterpreted as cross-peaks. Hence, 

truncation artefacts should be minimized. A solution is to apply a window function, 

which smoothens the transition of the emitted signal to zero. In this work, I use a 

Hamming window function for the time-domain data along the pump axis before the 

Fourier-transformation to the frequency domain in order to remove truncation effects:67 

 
𝑠(𝑡) = 0.54 + 0.46 cos (𝜋

𝑡

𝑡𝑚𝑎𝑥
), 

(3-5) 

 

with 𝑡 being the time delay between the two pump pulses and 𝑡𝑚𝑎𝑥 is the maximum 

scanned time delay. In order to smooth the data, a Gaussian window function along the 

probe axis was used. 

To resolve the pump frequency axis, a Germanium acousto-optic modulator (AOM) is 

used, in order to shape the mid-IR pulses (see Figure 3-2). It enables to choose the 

amplitude and phase for each wavelength as desired. This works as follows: The IR 

beam is guided to the first grating, where it is spectrally dispersed at Littrow angle. The 

parabolic mirror then collimates the beam in the Fourier plane into the AOM with a 

Bragg angle of ~2°, where each frequency is located at a different position at the AOM. 

Along the germanium crystal inside the AOM propagates an acousto-optic wave (almost 

perpendicular with respect to the incoming IR beam), which is generated by an arbitrary 

waveform generator (AWG) with piezo transducer and amplifier. The acoustic wave 

appears static to the IR pulse, because of the notable lower velocity of the acoustic wave. 

Therefore, it acts to the pulse like a static Bragg diffraction grating and can be applied as 

a mask. It diffracts the respective mid-IR frequencies and enables to individually tune 

the amplitude and phase of each frequency. After the AOM, the diffracted beam is guided 

to a second parabolic mirror, which focuses the beam onto a second grating. The grating 
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collimates the beam again. In this thesis, the AOM is used to generate two pump pulses 

with variable time delay 𝜏 out of the original pulse. The time delay 𝜏 between the two 

pump pulses can be shifted by changing the phase of the mask. Here, the later pump 

pulse is kept constant in time with respect to the probe pulse. Therefore, changing the 

time delay between the two pump pulses 𝜏 does not affect the time delay between pump 

and probe pulse  𝑇𝑊, which is known as waiting time and follows the response of the 

sample at different times. It is the interference of both pump pulses at the sample, which 

creates the desired spectrum. 67,90,94,96 Consequently, the AOM can apply a different 

modulated grating for each pump pulse pair (at a repetition rate of 1 kHz). This enables 

to measure each individual probe pulse at different excitation frequencies.  

The AOM offers various advantages, such as the control of the phase of the two pump 

pulses and faster data collection. To control the phase of the two pump pulses enables 

phase cycling, which offers several benefits: it can be used to remove scatter and 

transient absorption background, to measure in the chopping mode (which enables to 

measure one-dimensional pump-probe spectra), to select certain Feynman pathways 

and the use of applying a rotating frame. In the following, phase cycling and rotating 

frame will be explained in more detail. Phase cycling can be applied, because the phase 

of the transient third-order signals depend on the phase shift between the pump pulses 

𝛷, whereas the transient absorption background is independent of the phase of the 

pump pulses. Hence, the signal is collected with two different phase shifts of the pump 

pulses (∆𝛷 = 0 and ∆𝛷 = 𝜋) for each time delay and then they are subtracted 

(𝐼(∆𝛷 = 0) − (∆𝛷 = 𝜋)). The two signals have different phase shifts and will remain, 

but the background stays the same and is removed due to the subtraction. Therefore, 

only the desired signal remains and the signal size is enhanced by a factor of two, 

because of the opposite sign of ∆𝛷 = 0 and ∆𝛷 = 𝜋. The following phase cycling 

sequence can be used to remove additionally pump scattering: 

 𝑆𝑃𝐶 = 𝑆(𝛷1 = 0,𝛷2 = 0) − 𝑆(𝛷1 = 0,𝛷2 = 𝜋) 

+ 𝑆(𝛷1 = 𝜋,𝛷2 = 𝜋) − 𝑆(𝛷1 = 𝜋,𝛷2 = 0) 

 

(3-6) 

 

Hence, transient absorption background and pump scattering are subtracted, whereas 

the desired signal 𝑆𝑃𝐶  is enhanced through the summation of the four 

measurements.67,68 

Phase control also offers the advantage of collecting data in the rotating frame mode. 

This enables to reduce the number of data points, which need to be measured, in order 

to resolve the FID. The FID contains the fundamental frequency of the oscillation of the 

molecule 𝜔0, but the desired information like for instance the lineshape or the 

broadening are contained in the envelope of the oscillation. Measuring in a full rotating 

frame enables to only measure the envelope, while removing the oscillation (Figure 3-3). 

For this purpose, the delay between the pump pulses 𝜏 and also their phase difference 

∆𝛷 needs to be changed simultaneously. As the measured signal depends on the time 

delay 𝜏 and the phase difference ∆𝛷, one can choose their combination in such a way, 
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that the signal will still decay, but it will stop to oscillate. This enables to measure the 

envelope of the emitted signal, but not the fundamental frequency. In practice, a partially 

rotating frame is applied in many cases. It means that the rotating frame is set to a 

frequency below the frequency of interest (𝜔𝑖), which shifts the frequency of the emitted 

signal to 𝜔0 − 𝜔𝑖 and one will observe a reduced frequency of the FID. Therefore, less 

data points are needed and the data acquisition will be faster. 67,68  

 

Figure 3-3: The free induction (FID) of a sample is shown schematically, which is the 
response at one probe frequency for different time delays between the pump pulses (blue). 
By applying a rotating frame (red) less data points in the time domain are needed to 
resolve the envelope of the FID.  
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4 HYDROGEN-BONDING ASYMMETRY OF UREA 
 

A. A. Ehrhard, B. Marekha and J. Hunger, “Hydrogen-Bonding Asymmetry in Urea”. This 

Paper manuscript is in preparation. 

 

Author contributions: 

 

4.1 ABSTRACT 
 

Hydrogen-bond donation of urea is frequently used as a structural motif in molecular 

self-assembly, catalysis, or to denature proteins. Although the effect of urea on the 

hydrogen-bonded network of water has been studied in great detail, the structure and 

dynamics of H-bonds formed by urea itself have remained elusive. To investigate the 

hydrogen-bonds donated by urea, we study urea-d4/urea mixtures in dimethylsulfoxide 

(DMSO) using vibrational spectroscopies. We find that the symmetric and antisymmetric 

ND2 stretching modes of ND2 groups and the N-D stretching modes of NHD groups give 

rise to spectrally separated infrared absorption bands, with the linewidth of the N-D 

absorption band being much broader than those of the ND2 modes. 2D-IR spectroscopy 

experiments reveal that homogeneous linewidths and the vibrational lifetimes of all 

three modes are similar. Yet, the inhomogeneous width of the N-D stretching mode is 

~1.5-2 times larger than of the ND2 modes, indicating that the hydrogen-bond 

environments give rise to a broader frequency range for the N-D compared to the ND2 

modes. Density functional theory calculations show that a marked asymmetry in the 

hydrogen-bond strengths of the two N-D groups of an amine can explain the 

experimental observations. This asymmetry may provide a rationale for the high 

directionality of urea hydrogen-bonds, relevant to its applications.  
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4.2 INTRODUCTION 
 

Urea is an efficient protein denaturant. The controversy on whether urea affects 

proteins indirectly via altering the structure of water 97-100 or via direct interactions,101-

105 has led to in-depth studies of aqueous urea solutions.106-114 In recent years urea-

protein interactions,115-117 including hydrogen-bonding of urea to carbonyl groups of 

amides,113 have been suggested to underlie the denaturing activity. This hydrogen-

bonding of urea-motifs has also been utilized in many applications, like e.g. 

catalysis,20,25,118-120 molecular self-assembly,121,122 ion coordination, or crystal 

engineering.123 Remarkably, despite its biological and technological relevance, urea's 

hydrogen-bonding structure and dynamics have remained largely elusive.  

To study the hydrogen-bonding structure and dynamics, vibrational spectroscopies are 

the method of choice.63,64,67,124,125 Yet, in the presence of OH moieties, like e.g. OHs of 

water in aqueous solution, studying hydrogen-bonding of urea’s NH groups is 

experimentally challenging, as urea’s NH and OH stretching vibrations spectrally 

overlap.106 Also, fast isotopic exchange upon isotopic labelling prevents isolating urea’s 

hydrogen-bonds: Both, NH and OH protons, are prone to isotope exchange and N-D 

groups of isotopically substituted urea have both, a lower cross-section and a shorter 

vibrational lifetime 106 as compared to water’s OD groups. Thus, besides some studies of 

neat liquids containing N-H groups,64,126-129 most of our understanding of N-H hydrogen-

bonding dynamics stems from bonding within DNA base pairs or peptides – often 

studied in non-hydrogen-bonding solvents.43,130-135 In general, these studies have 

revealed that vibrational population relaxation is accelerated upon hydrogen-

bonding,132 evidencing enhanced coupling of the N-H groups to lower-frequency modes, 

like e.g. C=O modes,135 yet the two N-H oscillators of NH2 moieties become “decoupled” 

upon hydrogen-bond formation. In turn, the hydrogen-bonded N-H groups show both 

marked inter- and intra-mode coupling, resulting in a rather complex vibrational 

structure that prevents a straightforward interpretation of the vibrational 

observables.133 Despite the obvious differences between DNA base pairs and urea, such 

as rigid bonding within DNA43 as opposed to the dynamic hydrogen-bonds of urea,136 

DNA base pairs and urea share common chemical structural motifs.  

To study hydrogen-bonding of urea we perform linear and ultrafast nonlinear 

vibrational spectroscopy experiments on urea dissolved in dimethylsulfoxide (DMSO), 

which has been shown to be a good proxy for a highly polar environment.137,138 Linear 

absorption spectra – after isotopic exchange – reveal the presence of ND2, (symmetric 

and antisymmetric) and N-D (of NDH groups) stretching modes for urea-d4/urea 

mixtures. Using two-dimensional infrared spectroscopy, we find that the homogeneous 

linewidths and the vibrational population lifetimes for all stretching modes are similar 

and that the antisymmetric and symmetric ND2 modes are coupled. Remarkably, the 

inhomogeneous linewidths are much broader for the N-D stretching mode as compared 
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to the ND2 vibrations. The different homogeneous linewidths can be explained by 

antisymmetric hydrogen-bond strengths of the two hydrogen-bond donor sites of ureas 

ND2 moiety, which is supported by density functional theory calculations. 

 

4.3 EXPERIMENTAL METHODS 
 

Sample preparation 

Urea (ACS reagent) and urea-d4 (98% D) were purchased from Sigma-Aldrich 

(Germany) and used without any further purification. The samples were prepared by 

weight in glass vials using an analytical balance. The total molal concentration (ctotal = 

curea + curea-d4) of urea (curea) and urea-d4 (curea-d4) was kept constant at ctotal = 0.36 

mol/kg. We study three different isotopic compositions of urea-d4:urea: urea-3:7 (curea-

d4 = 0.11 mol/kg and curea = 0.25 mol/kg), urea-7:3 (curea-d4 = 0.25 mol/kg and curea = 0.11 

mol/kg), and urea-1:0 (curea-d4 = 0.36 mol/kg). To minimize water impurities, we used 

dimethylsulfoxide (DMSO, extra dry, Acros Organics, 99.7%, water content: <0.005%) 

and prepared all samples in an Ar-filled glovebox to prevent uptake of moisture. 

Demountable sample cells for infrared spectroscopy were assembled and filled in the 

glovebox.  

 

FT-IR experiments 

FT-IR spectra were recorded in transmission using a Bruker Vertex 70 IR spectrometer 

at a resolution of 4 cm-1. The spectra were collected with a “Specac demountable Omni 

Cell” from Sigma Aldrich with the sample positioned between two CaF2 windows and an 

optical path length of 0.1 mm (urea-d4), 0.2 mm (urea-3:7) and 0.3 mm (urea-7:3) to 

ensure a comparable absorbance of ~0.5 to 0.9 in the 2500 cm-1 spectral region. 

 

2D-IR experiments 

For the fs-IR and the 2D-IR experiments, a Ti-sapphire-based regenerative amplifier 

(Coherent Astrella) was used to generate 800 nm pulses. ~3 mJ of the 800 nm pulses 

were used to pump an optical parametric amplifier (TOPAS Prime, Coherent). The 

resulting signal and idler pulses were used to generate mid-IR pulses (~23μJ pulse 

energy, ~200 fs long, ~400 cm-1 FWHM, centered at 2500 cm-1) in a non-collinear 

difference-frequency generation (NDFG) stage based on a KTA crystal. In the 2D-IR 

spectrometer (2D-Quick, PhaseTech Inc.) a wedged ZnSe window was used to split off a 

small fraction of the IR pulses, which is divided with a beam splitter into a probe and a 

reference beam. The transmitted pulse was guided to a pulse shaper based on a 

Germanium-based acousto-optic modulator (AOM). 67,68 The modulated pump beam 

(~2 μJ) was guided to a motorized delay stage to control the time delay between probe 

and pump pulses (Tw) and the polarization was controlled using a half-wave plate. The 

pump and the probe beams were focused and spatially overlapped in the sample. We 

used the IR-induced absorption in a thin Germanium plate to find temporal overlap and 
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optimize group velocity dispersion (GVD) correction using the pulse shaper. For the 2D-

IR experiments, the third-order non-linear signal from the sample heterodyned with the 

probe pulse was collected in the frequency domain, by dispersing the probe beam using 

a 75 l/mm grating onto a 128x128 pixel liquid-nitrogen-cooled mercury cadmium 

telluride (MCT) array detector. A wire-grid polarizer after the sample was used to split 

the probe beam in its parallel and perpendicular components with respect to the pump 

pulse. Excitation frequencies were resolved in the time-domain, by controlling pump-

pulse pairs with controlled coherence times and phases. 67,68 The spectra were collected 

in the rapid-scan mode using four-frame phase cycling to reduce background scattering 

and transient absorption contributions. To reduce the number of scanned coherence 

times, phases were controlled using a rotating frame.93 Raw data containing 68 

coherence times at increments of 30 fs were apodized using a Hamming window and 

zero-padded to 128 data points in the time domain before Fourier transformation to the 

frequency domain (excitation frequency resolution of ~4 cm-1). Similar to the pump axis, 

spectra were smoothened along the probe axis using a Gaussian windowing function in 

the time domain.  

 

Density functional theory calculations 

All calculations were performed using Orca139 4.1.1 (BLYP 140,141-D3(BJ) 142,143/def2-

TZVPP 144,145 level of theory) applying a polarizable continuum model 146 

(dimethylsulfoxide). Geometries of one urea molecule, donating four hydrogen-bonds to 

four DMSO molecules were optimized, while the two hydrogen-bond distances of one 

amine group were constrained to 1.8-2.2Å at increments of 0.05 Å. Coupled (harmonic) 

ND2 frequencies of one of urea’s amine groups were obtained from calculations of a 

urea-d2t2 molecule with 4 DMSO molecules, with the hydrogen-bonding distances to the 

ND2 groups being varied. Uncoupled N-D frequencies were obtained based on urea-

h1d1t2.  

 

4.4 RESULTS AND DISCUSSION 
 

To study hydrogen-bonding of urea, we use the N-D stretching vibration of isotopically 

substituted urea in DMSO as the N-D (or N-H) stretching vibration sensitively reports on 

intermolecular hydrogen-bonding.147 Given the two NH2 groups of urea, which 

nominally results in four coupled normal modes with N-H stretch character, the N-H and 

N-D stretching bands in the infrared absorption spectra of urea are often reported to be 

rather complex.148 To vary coupling, we use isotopic substitution by mixing urea and 

urea-d4. To this end, we use three different isotopic mixtures urea-1:0, urea-7:3, and 

urea-3:7, for which urea-d4, urea-d3, and urea-d1 are the dominant deuterated species, 

respectively (Figure 4-1, more details on the distribution of species based on a binomial 

distribution are given in the Supporting information, SI, Table 4-1). To ensure complete 

isotopic exchange, samples were prepared 24h prior to the experiments (see SI, Figure 

4-6).   
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Linear FT-IR spectra of Urea 

 

Figure 4-1: Infrared absorption spectra for solutions of urea-1:0 (green), urea-7:3 
(orange), and urea-3:7 (blue) dissolved in DMSO. The absorbance of the solvent has been 
subtracted from all spectra and spectra are normalized to the sample thickness. 

 

In Figure 4-1, we show the solvent subtracted infrared absorption spectra for solutions 

of urea-1:0 (green), urea-7:3 (orange), and urea-3:7 (blue) in DMSO at frequencies 

characteristic to the ND stretching modes (~2300 – 2700 cm-1). The absorption 

spectrum of urea-1:0 exhibits two well-separated vibrational modes at 2420 cm-1 and 

2560 cm-1, due to the symmetric and antisymmetric ND2 stretching vibrations, 

respectively. 149,150 Upon isotopic exchange, the N-D stretching band at 2480 cm-1 

emerges, 149 which signifies itself as a small peak between the two ND2 modes in the 

urea-7:3 sample and becomes the main spectral feature in Figure 4-1 for the urea-3:7 

sample (with the symmetric and antisymmetric ND2 stretching bands still present as 

shoulders). Remarkably, the linewidth of the ND stretching vibration (~2480cm-1) is 

much broader than the linewidths of the ND2 stretching vibrations (~2420cm-1 and 

2560cm-1). These different linewidths point at different line broadening mechanisms for 

the studied vibrations. 

 

Adjacent to the symmetric ND2 stretching vibration, we find for all samples a narrow 

band at ~2360 cm-1, which is also present in the solid state149,151. A similar red-shifted 

band has been observed at NH stretching frequencies and has been assigned to a 

combination band of the symmetric NH2 deformation vibration and the C=O stretching 

vibration. 148 Yet, the combination band (ND2 deformation + C=O stretching) would be 

expected at >2600cm-1 and can thus not explain the band at 2360 cm-1. 149 Given that 

this band is still present in the urea-7:3 sample, for which species with ND2 moieties are 
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minor, ND2 deformation modes seem to not contribute to the band at 2360 cm-1. Rather, 

the scaling of the intensity of the 2360cm-1 band with deuterium concentration (see 

Figure 4-1 and Figure 4-6, SI) points at a Fermi resonance (e.g. with symmetric + 

antisymmetric C-N stretching). As such, the lineshape of the symmetric stretching mode 

at ~2420 cm-1 will be distorted. 

 

2D-IR spectroscopy  

To explore the origins of the markedly different linewidths 131,152 of the ND2 and N-D 

stretching bands, we perform 2D-IR spectroscopy experiments. 67,153,154 Conceptually, 

2D-IR allows one to experimentally disentangle the different contributions to the linear 

IR spectrum by measuring the transient absorption over a broad range of detection 

frequencies (ʋprobe) after excitation with ʋpump. In a typical 2D IR spectrum, excitation of 

a specific mode results in a decrease in absorption corresponding to the negative 

|0⟩↔|1⟩ ground-state bleach at the diagonal (ʋprobe = ʋprobe) and the positive |1⟩→|2⟩ 

excited-state absorption (ESA, at ʋprobe < ʋpump for anharmonic vibrations). Thus, 

homogeneous broadening can be separated from inhomogeneous linewidths as 

excitation of a subensemble of oscillators of an inhomogeneously broadened band will 

change the absorption of the sample only at probing frequency similar to the excitation 

frequency. As such, inhomogeneous broadening results in elongation of the 2D-IR 

signals along the diagonal. Coupling of spectrally separated vibrations additionally leads 

to off-diagonal peaks, and variation of the waiting time between excitation and probing 

can interrogate molecular dynamics. 

 

In Figure 4-2, we show the 2D-IR spectra for the urea-1:0, urea-7:3, and urea-3:7 

samples at a waiting time Tw = 200 fs. The 2D-IR spectrum for urea-1:0, shows two well-

separated bleaching signals (blue) on the diagonal at ~2420 cm-1 and 2560 cm-1 due to 

the symmetric and the antisymmetric ND2 stretching vibration. Adjacent to the 

bleaching signal due to the symmetric ND2 stretching, we detect a ~ 100 cm-1 red-shifted 

induced absorption (red) due to the excited state absorption (ESA). The ~ 100 cm-1 

anharmonic shift is similar to what has been reported for the N-D group in non-

hydrogen-bonded peptides. 134 The symmetric off-diagonal bleaching signals at ʋpump = 

2420 cm-1 / ʋprobe = 2560 cm-1 and ʋpump = 2560 cm-1 / ʋprobe = 2420 cm-1 evidence 

coupling between the symmetric and antisymmetric ND2 modes (see SI, Figure 4-7). The 

absence of any signals due to the lower wavenumber band at 2360 cm-1 in the linear IR 

spectra can partly be explained by reduced pump intensity at lower wavenumbers (see 

SI, Figure 4-8). Upon isoptopic substitution, the lower wavenumber diagonal peak 

becomes elongated along the diagonal for the urea-7:3 sample, which suggests 

overlapping bleaching signals due to the antisymmetric ND2 band at ~2420 cm-1 and the 

N-D stretching band at ~2500 cm-1. Besides the cross peaks of the ND2 bands as already 

observed for the urea-1:0 sample, a cross peak at ʋpump = 2500 cm-1 / ʋprobe = 2560 cm-1 

evidences coupling between the ND2 and the ND stretching vibration, presumably within 

urea-d3 isotopomers. For the urea-3:7 sample, for which singly deuterated urea (urea-
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d1) dominates, we observe a broad main diagonal peak centered at ~2500 cm-1 with a 

red-shifted ESA and only a weak bleaching signal at ~2560 cm-1 due to residual ND2 

groups (see SI, Table 4-1). Remarkably, the N-D signal in the urea-3:7 sample is 

significantly elongated along the diagonal, while the ellipticity of ND2 bleaching signals 

in the urea-1:0 sample is much less pronounced. Conversely, the width perpendicular to 

the diagonal, a measure for the homogeneous linewidth, 155 appears fairly similar for all 

detected vibrations.   

 

Figure 4-2: Isotropic 2D-IR spectra for solutions of 𝒄𝒕𝒐𝒕𝒂𝒍 = 0.36 mol/kg urea-1:0 (a), urea-
7:3 (b) and urea-3:7 (c) in DMSO at Tw=200 fs. The negative (bleaching) signals are shown 
in shades of blue, and the positive signals are shown in shades of red. The data in each 
spectrum are normalized to the maximum bleaching amplitude. The diagonal line is shown 
to guide the eye. (d) Integrated peak volumes (elliptical integration limits are given in 
Figure 4-9 and Table 4-2, SI) for the N-D stretching (light blue), antisymmetric ND2 
stretching (green), and symmetric ND2 stretching (blue) vibrations as a function of waiting 
time. Symbols in (d) show the experimental data, and solid lines show the fits with the 
kinetic model (eq (4-1)). 

One contribution to homogeneous broadening is the population lifetime 80: longer-lived 

vibrations give rise to narrower bands. Additionally, accelerated population relaxations 

for certain modes may indicate contributions from Fermi resonances to the overall line 
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shapes, as Fermi resonances involving lower-frequency modes can provide efficient 

relaxation pathways. 156,157 Thus, we quantify the population relaxation via the temporal 

evolution of the on-diagonal bleaching signals of the different vibrational modes. The 

integrated bleaching volumes 𝑉(𝑇𝑤) (see SI, Table 4-2, Figure 4-9) of the symmetric and 

the antisymmetric ND2 stretching vibration of the urea-1:0 (Figure 4-2a) and the ND 

stretching vibration of the urea-3:7 sample (Figure 4-2c) decay similarly as a function of 

waiting time and level off at Tw > ~2ps. We model the bleaching volumes assuming that 

the contribution of the excited state decays with a relaxation time 𝜏 and that the 

dissipation of the vibrational energy in the course of the relaxation leads to a small and 

persistent modulation of the oscillator (transient signal due to heat): 

 

 
𝑉(𝑇𝑤) = 𝑉𝑒𝑥𝑐 ∙ 𝑒

−𝑇𝑤
𝜏 + 𝑉ℎ𝑒𝑎𝑡 ∙ (1 − 𝑒

−𝑇𝑤
𝜏 )  

 

(4-1) 
 

with 𝑉𝑒𝑥𝑐 and 𝑉ℎ𝑒𝑎𝑡 the magnitude of the contributions of the excitation and the heat, 

respectively. This model describes the experimental data very well (Figure 4-2d) and we 

obtain for the relaxation of the three modes very similar relaxation times (𝜏𝑠𝑦𝑚𝑚 =

0.91 ± 0.17 𝑝, 𝜏𝑎𝑛𝑡𝑖𝑠𝑦𝑚𝑚 = 0.88 ± 0.11 𝑝𝑠, and 𝜏𝑁𝐷 = 0.62 ± 0.04 𝑝𝑠). These relaxation 

times are in fact comparable to the population relaxation time of the N-D group of 

peptides, 134 or of the N-H mode of N-methylacetamide or DNA base pairs,134,158,159 which 

may indicate that the relaxation pathways in these molecules proceed via a common 

lower-frequency mode (e.g., the C=O stretching or C-N stretching mode) to which they 

are strongly coupled. 135 Such a common relaxation pathway could also explain the 

similar lifetimes of the ND2 and N-D stretching modes of the present study. The 

similarity further suggests that the contribution of the population relaxation to the 

homogeneous linewidth is similar for all three bands.  

As opposed to the similar dynamics of the three ND/ND2 stretching modes, their 

lineshape in both the FT-IR and the 2D-IR spectra is remarkably different. To quantify 

homogeneous and inhomogeneous contributions to the modes, we consider the diagonal 

and antidiagonal cuts of the 2D-IR spectra (Figure 4-3): In line with the similar 

population relaxation of all three modes, we find a similar antidiagonal linewidth for all 

three modes. The FWHMs of the antidiagonal cuts of the 2D-IR spectrum, which is a 

measure for the homogeneous linewidth, 80 fall in the range of 22-30 cm-1 (Figure 4-3). 

This similarity suggests that besides the similar population relaxation, also the pure 

dephasing is similar for the three modes. Conversely, the FWHM of the diagonal cuts, 

which also contain broadening due to an inhomogeneity of environments (e.g., 

distribution of hydrogen-bond strengths), is much broader for the N-D stretching modes 

(68 cm-1) than for the antisymmetric (45 cm-1) and symmetric (34 cm-1) ND2 vibrations.  

Note that the width of the symmetric band is likely reduced due to the Fermi resonance 

discussed above. Yet, for both ND2 modes the high-frequency side of the bleaching signal 

coincides with the linear absorption band. Only at lower red-shifted frequencies the 
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absorption spectra and the diagonal slices of the 2D spectra deviate, which is however a 

result of the superposition of the GSB and the ESA. As such, the ND2 bands appear to be 

mostly homogeneously broadened. Further, a Gauss and Lorentz fit to our data confirms 

that the diagonal linewidths of the ND2 modes is very similar to the homogeneous 

linewidths (see SI, Figure 4-10 and Figure 4-11). This observation contrasts the findings 

for the N-D stretching vibration, for which we find significant inhomogeneous 

broadening: The FWHM of the diagonal cut is much broader than of the antidiagonal cut 

and the diagonal and antidiagonal cut do not coincide at higher frequencies.  

 

Figure 4-3: Diagonal (filled black symbols) and antidiagonal cuts across the 2D-IR spectra 
of the (a) urea-1:0 and (b) urea-3:7 sample at Tw= 0 fs (left-hand axis) together with the 
linear infrared absorption spectra (blue solid lines, right-hand axis). The antidiagonal cuts 
were chosen such that they intersect the respective minimum bleaching signal. Red arrows 
indicate the FWHM of the bleaching signals. 

As there is no ESA interference at higher frequencies, we conclude that there is 

significant inhomogeneous broadening, which is also in line with the FWHM determined 

from fits to the experimental data (see SI, Figure 4-11). These differences are also 
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reflected in higher values of the center-line-slopes 67,160-162 for the N-D stretching mode 

as compared to the ND2 modes (see SI, Figure 4-12). As such, the lineshape analysis 

peculiarly suggests that the local N-D stretching vibration is sampling a broader 

distribution of hydrogen-bonding microenvironments, while the distribution of 

hydrogen-bonded microenvironments as detected via the ND2 vibrations is narrower.  

 

 

Figure 4-4: (a) Vibrational frequency map for the symmetric (𝝎𝒔) and antisymmetric (𝝎𝒂𝒔) 
stretching vibrations (colored 3D plots) as a function of hydrogen-bond distances 𝒅𝟏 and 
𝒅𝟐 as obtained from relaxed surface scans using density functional theory (see methods 
section for details). Also shown is the frequency of the local (decoupled) vibration of the N-
D(1) group, 𝝎𝟏, as grey contour plot. (b) Molecular structure of the urea + 4 DMSO complex, 
for which the hydrogen-bond distances 𝒅𝟏 (D(1) - O) and 𝒅𝟐 (D(2) - O) were constrained. (c) 
Diagonal (𝒅𝟏 = 𝒅𝟐) and (d) antidiagonal (𝒅𝟏 + 𝒅𝟐 = 𝟒 Å) cuts through the vibrational 
frequency map. The frequency of the local (decoupled) N-D(2) mode, 𝝎𝟐 is shown as dashed 
line. 

To pinpoint the molecular-level origins of the different spread of hydrogen-bonding 

environments sampled by the N-D and the ND2 vibrations, we performed density 

functional theory calculations. To this end, we perform geometry optimizations of a urea 

molecule donating four hydrogen-bonds to the oxygen atom of four DMSO molecules 

(Figure 4-4). We constrain the hydrogen-bond lengths (D – O distance) of the two 
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deuteriums of a single ND2 group at values ranging from 1.8 to 2.2 Å, which are typical 

hydrogen-bonding distances to DMSO, 163 and map the harmonic frequencies for the 

coupled ND2 and uncoupled N-D(1) and N-D(2) oscillators. These frequency maps are 

shown in Figure 4-4a. 

Based on these frequency maps, we consider two limiting cases in more detail: (i) 

correlated and (ii) anticorrelated hydrogen-bonding distances. For (i) correlated 

hydrogen-bond distances (symmetric elongation of 𝑑1  and 𝑑2 , Figure 4-4c) the 

uncoupled N-D frequencies vary from ~2350 to ~2520 cm-1 for the studied hydrogen-

bond distances. Coupling of both N-D groups in a ND2 group results in splitting into the 

symmetric and antisymmetric stretching vibrations, (red and blue lines in Figure 4-4c) 

and the coupled frequencies parallel the resonance frequency of the uncoupled modes. 

As such, if the distribution of hydrogen-bond distances for both N-D groups would be 

correlated (e.g. spanning 1.8-2.2Å), the spread of vibrational frequencies sampled by the 

ND2 and the N-D vibrations would be the same: As intuitively expected, for correlated 

hydrogen-bond strengths, the inhomogeneous linewidths of the N-D and the ND2 

stretching vibrations would be the same. 

The second limiting case is (ii) anti-correlated hydrogen-bond distances, where a ND2 

group donates preferably one strong and one weak hydrogen-bond. The vibrational 

frequencies of the ND stretching modes for such anti-correlated hydrogen-bond 

distances (𝑑1 + 𝑑2 = 4 Å, Figure 4-4d) indicate that the local mode frequencies 𝜔1 and 

𝜔2 are largely determined by 𝑑1 and 𝑑2, respectively and span the full 2350-2520 cm-1 

range. In turn, for the coupled ND2 vibrations, the range of the corresponding 𝜔s and 𝜔as 

frequencies is significantly smaller: Coupling leads to a splitting of the local modes and 

avoided-crossings164 reduces the full range of stretching frequencies (red and blue 

curves in Figure 4-4d) to ~20 cm-1 (𝜔as) and 70 cm-1 (𝜔as) for 𝑑1 ranging from 1.8 to 

2.2 Å. Thus, for an anti-correlated symmetric distribution of hydrogen-bonds centered at 

2 Å, the inhomogeneous linewidths of the symmetric and antisymmetric stretching 

modes are expected to be ~2 and ~8 times narrower than the width of the uncoupled N-

D vibrations.  

Obviously, the ~1.5-2 times broader inhomogeneous linewidth of the N-D stretching 

mode relative to the ND2 stretching bands as observed in the experiments, lies 

somewhere between the limiting scenarios (i) and (ii). To relate the experimental 

observations for urea to the calculated frequency map, we assume that the distribution 

of vibrational frequencies of 𝜔as, 𝜔1, and  𝜔2 and the distribution of conformations (𝑑1 

and 𝑑2) are uniquely related. Thus, we obtain the hydrogen-bond conformation 

distribution 𝑝(𝑑1, 𝑑2) ∝ 𝑝𝑎𝑠(𝜔as(𝑑1, 𝑑2)) ∙ 𝑝1(𝜔1(𝑑1, 𝑑2)) ∙ 𝑝2(𝜔2(𝑑1, 𝑑2) . For the 

distributions 𝑝𝑎𝑠, 𝑝1, and 𝑝2 we assume Gaussian distributions with the experimental 

FWHMs of 45 cm-1, 68 cm-1, and 68 cm-1, respectively. The values for 𝜔as(𝑑1, 𝑑2), 

𝜔1(𝑑1, 𝑑2), and 𝜔2(𝑑1, 𝑑2) are taken from the calculations shown in Figure 4-4. Note, that 

we do not take the symmetric stretching frequency into account, as the above discussed 

Fermi resonance may distort the lineshape significantly, and we also neglect frequency-
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dependent transition dipole moments. Based on these assumptions, we obtain the 

hydrogen-bond distribution 𝑝(𝑑1, 𝑑2). The thus obtained distribution (Figure 4-5) 

displays a clear negative correlation (the centerline of the distribution has a negative 

slope), i.e. the two hydrogen bonds donated by the two N-D groups of urea’s ND2 are 

anti-correlated. This anti-correlation is in fact further supported by the energy surface 

obtained from the DFT calculations, which is also elongated along 𝑑1 + 𝑑2 = 4 Å.  

1.8 1.9 2.0 2.1
1.8

1.9

2.0

2.1

d2 [Å]

d
1
 [

Å
]

a b

1.8 1.9 2.0 2.1
1.8

1.9

2.0

2.1

d
1
 [

Å
]

d2 [Å]
 

Figure 4-5: (a) Distribution of hydrogen-bond conformations 𝒑(𝒅𝟏, 𝒅𝟐) as obtained from 
the calculated frequencies and the experimental widths of the frequency distributions (see 
text). For comparison in (b) the distribution based on the relative energies of the density 
functional theory calculations (𝒆−∆𝑬/𝒌𝑩𝑻) at 𝑻 = 𝟐𝟗𝟖 K are shown. 

Thus, both the experimental linewidths and the DFT calculations provide evidence for 

urea’s hydrogen-bonds being asymmetric, with each ND2 group donating preferentially 

one strong and one weak hydrogen-bond – in analogy to what has been found for water 

based on molecular dynamics 165-167. In fact, the origin of the hydrogen-bonding 

anticorrelation can be traced to the hydrogen-bonding potential energy landscape for 

the formation of two hydrogen-bonds (Figure 4-5b). Starting from the energetically most 

favorable configuration at 𝑑1 ≈ 2.05  Å and 𝑑2 ≈ 1.9  Å (Note that the asymmetry 

originated predominantly stems from dispersive interactions between DMSO molecules, 

which is presumably less pronounced in the liquid phase where urea is solvated by more 

than four DMSO molecules), the total energy increases only weakly upon elongating only 

one hydrogen-bond (at constant 𝑑1 or 𝑑2). Conversely, the energy increases more 

steeply when weakening both bonds, or shortening one or two bonds. As such, the 

hydrogen-bonding potential energy surface for a molecule that can donate two 

hydrogen-bonds is intrinsically asymmetric. As such, the resulting Boltzmann 

distribution of hydrogen-bonding configurations also displays a slight elongation along 

the antidiagonal (Figure 4-5b). 
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Our 2D-IR experiments also suggest that this asymmetry persists for urea over 

remarkably long timescales: The centerline slopes, a measure for the asymmetry of the 

detected infrared peaks,161 hardly decay within the accessible time window of 1 ps 

(Figure 4-12, SI) and the frequency-frequency correlation seems to persist over much 

longer timescales. Hence, despite the overall dynamics – as judged by the viscosity – of 

DMSO and water differ only by a factor of 2, 168 frequency-frequency correlations persist 

for urea-d4 much longer than for heavy water, where such correlations have already 

decayed at <1 ps. 169 Hence, as opposed to water, the hydrogen-bond asymmetry of urea 

seems to persist over remarkably long timescales.  

 

4.5 CONCLUSION 
 

As the most direct consequence, our findings imply that – similar to water167 – molecular 

forces field models for urea should be re-visited, with potential consequences on 

understanding the biological activity of urea towards e.g. proteins. 170-172 As urea has 

two ND2 groups and each of them can form one strong bond, the herein observed 

asymmetry may be the key to understand the high directionality of urea’s hydrogen-

bond properties, 123 which is the key to the function of urea motifs. Such asymmetry may 

also be used by nature, where the asymmetric bonding is intrinsic to DNA base 

pairing.132 

 

4.6 SUPPORTING INFORMATION 
 

Isotopic composition of urea-d4/urea mixtures  

Table 4-1: Isotopologues in the studied urea-d4/urea mixtures in DMSO based on a 
binomial distribution. For the urea-7:3 sample urea-d3 is the main species. For the urea-
3:7 sample urea-d1 prevails.  
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Time-dependent FT-IR spectra revealing NH/ND exchange 

In Figure 4-6 we show the FT-IR spectrum of urea-d4/urea (50% / 50%) in DMSO 

measured over a time period of 2 weeks after preparation. The solution was stored in a 

glovebox over this time period to avoid uptake of moisture during NH/ND exchange. We 

find a marked change of the IR spectrum during the first day (different shades of grey). 

The measured spectrum after two weeks (blue dashed line) is nearly identical to the 

spectrum after 1 day (red line). We conclude that the NH/ND exchange is in equilibrium 

after 1 day. Therefore, all of the samples measured in this study were prepared at least 

one day prior to the experiment. The peak at ~2360 cm-1 decreases with isotope 

exchange. During exchange the amount of fully deuterated urea decreases, which 

supports the assignment of the 2360 cm-1 peak to a Fermi resonance. 

 

Figure 4-6: Solvent-subtracted FT-IR spectra of an isotopic mixture of urea-d4/urea (50% 
/ 50%) in DMSO as a function of time after mixing. Solutions in DMSO contained a constant 
concentration of c(urea) + c(urea-d4) = 0.36 mol/kg.  
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Comparison of decay dynamics of diagonal and antidiagonal peaks 

In Figure 4-7, we show the peak volume of the diagonal peak (orange) and the peak 

volume of the corresponding cross peak (same pump frequency, green). In the bottom 

panel, we plot the peak volumes as a function of waiting time. This reveals that the cross 

peak is already present at time zero with its highest intensity. As such, the cross peak is 

predominantly due to coupling between the symmetric and the antisymmetric ND2 

stretching vibration for urea-1:0 and to a coupling between the ND2 and the ND 

stretching vibration for urea-7:3. Given the somewhat faster decays of the diagonal 

peaks compared to the decays of the cross peaks, energy transfer may also contribute to 

a minor extent to the cross peak.  

 

 

Figure 4-7: 2D-IR spectra (top) of urea-1:0 (left) and urea-7:3 (right) at a waiting time of 
50fs. The colored circles illustrate the integration ranges, which were used for the 
integrated peak volumes shown in the bottom panels for the diagonal peak (green) and the 
cross peak (orange).  
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Infrared absorption spectra compared to pump pulse  

 

Figure 4-8: Infrared absorption spectra for solutions of 𝒄 = 0.36 mol/kg, urea-1:0 (green), 
urea-7:3 (orange) and urea-3:7 (blue) in DMSO. The absorbance of the solvent has been 
subtracted from all spectra. For comparison, the intensity of the pump pulse is shown. The 
band at 2360cm-1 overlaps with the CO2 absorption where the pump intensity is reduced. 
The reduced pump intensity can explain the absence of the 2360 cm-1 band in the 2D-IR 
spectra.  

 

Integration of the diagonal signals 

 

Figure 4-9: Isotropic 2D-IR spectra for solutions of 𝒄 = 0.36 mol/kg urea-1:0 (a) and urea-
3:7 (b and c) in DMSO at Tw=200 fs. The ellipses show the integration areas used to obtain 
the peak volumes shown in Figure 4-2d of the main manuscript.  
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To determine the peak volumes for each vibration, we use an elliptical integration range 

at all waiting times (Figure 4-9). The ellipses were defined by the center along the pump 

axis X0, center along the probe axis Y0, major diagonal radius R, the ratio between the 

radii of the minor and the major axes E, and the tilt angle Phi. All ellipse parameters are 

summarized in Table 4-2. The intensities within the ellipses were integrated 

numerically.  

Table 4-2: Parameters of the ellipses, which were used to determine the peak volumes 
shown in Figure 4-2d of the main manuscript.  

 

 

Gaussian and Lorentzian modelling of the 2D-IR slices 

In Figure 4-3 of the main manuscript we limit the discussion of the linewidths to the 

FWHMs of raw signals.  For the antidiagonal slice, however, the superposition of the 

positive excited state absorption and the negative ground state bleaching signals may 

bias the thus determined linewidths. To estimate this bias we model the slices. For the 

diagonal slices we use a Gaussian peak: 

 

 
𝑔(𝜔) = 𝐴 ∙ 𝑒

−(
𝜔−𝜔0

√2𝜎
)2

 
 

(4-2) 
 

with the amplitude 𝐴, the center frequency 𝜔0, and the width 𝜎. To model the 

antidiagonal cuts we use a combination of two Lorentzian bands: 

 

 
𝑙(𝜔) = −𝐶 ∙  

1

(𝜔 − 𝜔0)2 + (
𝛤
2)

2   +  𝐷 ∙  
1

(𝜔 − 𝜔1)2 + (
𝛤
2)

2 

 

(4-3) 
 

with 𝐶 and 𝐷 the amplitudes of the ground state bleach and the excited state absorption, 

respectively. 𝜔0 and 𝜔1 are the resonance frequencies of the ground state bleaching 
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signal and of the excited state absorption, respectively. To reduce the parameter space, 

we assume the widths, 𝛤, of both signals to be the same. 

 

 

Figure 4-10: Modelling the 2D-IR slices for the antisymmetric ND2 stretching band as 
shown in Figure 4-3a of the main manuscript: (a) Gaussian (solid blue line) fit to the 
diagonal slice (red symbols). (b) Double Lorentzian fit (solid blue line) to the antidiagonal 
cut (red symbols). The thus determined FWHM of 43 cm-1 (diagonal) and 29 cm-1 
(antidiagonal) are close to those determined from the raw data (Figure 4-3a in the main 
manuscript).  

 

As can be seen from Figure 4-10 & Figure 4-11, the thus determined linewidths are 

nearly identical to the linewidths determined from the raw data (Figure 4-3 of the main 

manuscript). As the limited probing frequency range does not allow for a reliable fitting 

of the linewidth of the symmetric stretching vibration (where the excited state 

absorption is not fully covered by our probe frequency range) we limit the discussion in 

the main manuscript to the FWHMs determined from the raw data. 
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Figure 4-11: Modelling the 2D-IR slices for the ND stretching vibration shown in Figure 
4-3b of the main manuscript: (a) Gaussian (solid blue line) fit to the diagonal slice (red 
symbols). (b) Double Lorentzian fit (solid blue line) to the antidiagonal cut (red symbols). 
The thus determined FWHM of 72 cm-1 (diagonal) and 32 cm-1 (antidiagonal) are close to 
those determined from the raw data (Figure 4-3b in the main manuscript). 

 

 

Center line slopes 

In Figure 4-12a we show the temporal evolution of the center line slopes (CLS) for the 

excited state absorption of the antisymmetric ND2 vibrations of the urea-1:0 sample, for 

the bleaching signal of the symmetric ND2 vibration in the urea-1:0 sample and for the 

N-D stretching vibration in the urea-3:7 sample. At Tw=0 the values of the CLS are all 

significantly lower than 1 and the value at Tw=0 for the different vibrations differ. This 

spread in instantaneous correlations can be explained by different contributions of 

intermolecular coupling between two ND2 groups of urea-d4 molecules, depending on 

the studied frequency range. Notably, the CLS values for the N-D stretching mode in the 

urea-3:7 sample are significantly higher and decay somewhat slower, than for the ND2 

vibrations. This difference can be explained by reduced intermolecular coupling for the 

N-D vibration. Nevertheless, the CLS decay similarly. However, the bleaching signal of 

the antisymmetric ND2 mode of urea-1:0 decays somewhat faster with Tw than the ESA 

(Figure 4-12b), which is perfectly reproducible in the urea-7:3 sample and can be 

explained by a slight distortion of the detected signals due to scattered pump light at 

early times. The CLS decay of the bleaching signal of the antisymmetric ND2 mode for the 

urea-1:0 and the urea-7:3 samples are, within experimental error, the same. Overall, all 
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CLS decay indicate that frequency-frequency correlations decay slowly and persist 

longer than the experimentally accessible time window of ~1 ps. 

 

Figure 4-12: (a) The calculated center lines slopes (CLS) of the bleaching signal of the 
symmetric ND2 stretching vibration for urea-1:0 (empty purple squares), for the bleaching 
signal of the ND stretching vibration for urea-3:7 (filled blue squares) and the ESA of the 
antisymmetric ND2 stretching vibration for urea-1:0 (empty red squares). (b)The CLS 
values of the ESA of the antisymmetric ND2 stretching vibration (empty red squares) for 
urea-1:0 compared to the bleaching signal of the antisymmetric ND2 stretching vibration 
for urea-1:0 (empty blue squares) and the bleaching signal of the antisymmetric ND2 
stretching vibration for urea-7:3 (empty blue triangles). Single exponential fits to the 
experimental data are shown as function of waiting time (solid and dashed lines). The 
pump wavenumber ranges, which were used to fit the minima along the pump axis were: 
2420-2440 cm-1 (bleach of the symmetric ND2 stretching vibration for urea-1:0), 2575-
2600 cm-1 (bleach for the antisymmetric ND2 stretching vibration for urea-1:0), 2560-
2590 cm-1 (ESA of the antisymmetric ND2 stretching vibration for urea-1:0), 2575-2600 cm-

1 (bleach of the antisymmetric ND2 stretching vibration for urea-7:3), and 2475-2500 cm-1 
(bleach of the ND stretching vibration for urea-3:7). 
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5 CF3-GROUPS CRITICALLY ENHANCE THE BINDING OF THIOUREA 

CATALYSTS TO KETONES – A NMR AND FT-IR STUDY  
 

Reproduced with permission and minor changes from “A. A. Ehrhard, S. Jäger, C. Malm, S. 

Basaran and J. Hunger, CF3-groups critically enhance the binding of thiourea catalysts to 

ketones – a NMR and FT-IR study, J. Mol. Liq., 2019, 296, 111829”. Copyright 2019, The 

Authors. 

 

Author contributions: 

 

5.1 ABSTRACT 

Substituted phenylthioureas have been established as efficient organocatalysts and 

substituents containing electron withdrawing CF3 groups have been shown to enhance 

catalytic efficiency. The effect of the CF3 groups on binding of catalysts to substrates in 

solution has however remained elusive. Here, we report on the effect of CF3 substituted 

diphenylthioureas on the association with the substrate 1,3-diphenyl-2-propenone in 

solution by using a combination of nuclear magnetic resonance (NMR) and Fourier-

transform infrared (FT-IR) spectroscopy. We use the ensemble-averaged chemical shift 

of the thiourea proton as function of substrate concentration to determine the 

association constants between catalyst and substrate. To experimentally discriminate 

between free and bound catalyst we use infrared absorption spectra, which show a red-

shift of thiourea’s N-H stretching vibration upon association with the substrate. With 

both methods, we find the association constant K to increase from ~1 L/mol to 

~20 L/mol with increasing number of CF3 substituents. This enhanced binding can 

explain the increased reaction rates observed for CF3 substituted diphenylthiourea 

catalysts. For the efficient catalyst containing four CF3-groups (Schreiner’s catalyst), the 

strongest association is observed in toluene as a solvent, while the binding strength is 

somewhat weaker in dichloromethane, and association to the substrate is not detectable 

in acetonitrile. Our results thus demonstrate that even weak association between the 

thiourea catalysts and the ketone can facilitate efficient catalytic conversion. However, 
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the association with the ketone substrates is very susceptible to competing interactions 

with the solvent.  

 

5.2 INTRODUCTION 

Hydrogen-bonding donors like thioureas have been established as efficient organo-

catalysts.22-29,31,123 In particular, the wide range of catalyzed reactions, including 

addition, allylation, Strecker, Michael- and Nitro-Mannich reactions,20 renders thioureas 

promising catalysts, which are available at relatively low costs. In particular, substituted 

diphenylthioureas, pioneered by Schreiner and co-workers, have been shown to provide 

fast reaction rates and high stereoselectivity for e.g. Diels-Alder reactions (Figure 

5-1).22,23  

 

 

Figure 5-1: Reaction scheme of the thiourea catalyzed Diels-Alder cycloaddition. The 
catalyst hydrogen-bonds to the ketone, which activates the ketone. The catalyst can 
enhance the reaction rate and the stereoselectivity, which is determined by the electron 
density of the reactants and the nature of reaction (thermic or photolytic).  

Electron-withdrawing CF3-groups have been demonstrated to enhance reaction rates 

and yields in diphenylthiourea catalysis.23 The enhanced catalytic activity has been 

related to an increase in hydrogen-bond donor ability, i.e. a reduction of the pKa values 

of thiourea’s N-H groups.32 Indeed, nuclear magnetic resonance (NMR) and infrared (IR) 

spectroscopy experiments together with mass spectrometry and density functional 

theory calculations have shown that hydrogen-bonding between thiourea and ketones 

are the relevant interaction motif for catalysis. Remarkably, not only hydrogen-bond 

donation of the highly polar N-H group, but also of the ortho-proton of the phenyl group 

of phenylthiourea was suggested to contribute to the activation of the substrates.30 

Despite the importance of hydrogen-bonding, other contributions including dual 

activation, secondary interactions, and steric effects have been suggested to affect 

catalytic activity.33 



CF3-groups critically enhance the binding of thiourea catalysts to ketones – a NMR and 

FT-IR study 

 

 
- 65 - 

  

Since catalyst-substrate aggregates are the relevant reactive intermediates, which 

determine amongst others e.g. reaction rates, energetic barriers etc., the binding 

strength between these thiourea catalysts and the substrates is important for catalytic 

activity. In principle, an enhanced catalytic activity may originate from stronger binding 

(substrate activation) or by the formation of more catalyst-substrate complexes. Even 

though these two effects are not completely independent – as a stronger hydrogen-

bonding results in enhanced complex formation – the formation of catalyst-substrate 

bonds depends on the solvation of the catalyst, the substrate, and the complexes. For 

instance, reaction rates have been – rather counterintuitively – shown to be enhanced in 

hydrogen-bonded water, which has been ascribed to ‘hydrophobic hydration’.23,36 Thus, 

to understand catalytic activity and to allow for a rational catalyst design, it is vital to 

understand solvation and study binding strength in solution.  

Here, we report on the association173,174 of diphenylthioureas with 1,3-diphenyl-2-

propenone, relevant to Diels-Alder cycloaddition (Figure 5-1), in solution. To study the 

effect of electron withdrawing CF3-groups, we study the association of 

diphenylthioureas with zero, two, and four CF3 substituents at the phenyl rings. We 

determine the rather weak molecular association using the motionally averaged signals 

of the free and the bound catalyst in the NMR spectra, which shift upon hydrogen-bond 

formation. 59,175,176 The thus obtained association constants are confirmed, using the N-H 

stretching vibration of the catalyst in the infrared absorption spectra, in which the 

bound and free catalyst can be spectrally resolved. Our results show, that CF3-groups 

indeed enhance the binding to 1,3-diphenyl-2-propenone, however, the association 

markedly depends on the solvent with rather weak association in toluene and 

dichloromethane and virtually no interaction between catalyst and substrate in 

acetonitrile.  

 

5.3 EXPERIMENTAL METHODS 

Sample preparation 

Diphenylthiourea (0CF-DPTU, Fluka, >98%), N,N′-bis[4-(trifluoromethyl)phenyl]-

thiourea (2CF-DPTU, TCI, >97%), N,N′−bis[3,5−bis(trifluoromethyl)phenyl]−thiourea 

(4CF-DPTU, TCI, >98%) and 1,3-diphenyl-2-propenone (Sigma-Aldrich, >98%) were 

used without further purification. The deuterated solvents used for the NMR 

experiments dichloromethane (DCM-d2, Deutero, 99.6%), toluene (toluene-d8, Aldrich, 

99.6%), and acetonitrile (ACN-d3, Merck, 99.96%) were dried over 4 Å molecular sieves, 

yielding water contents of ~20 ppm (determined for DCM using Coulometric Karl 

Fischer titration). To remove solid residuals from the molecular sieves the deuterated 

solvents were filtered using a 0.2 μm Omnipore membrane filter prior to sample 

preparation. The non-deuterated solvents dichloromethane (DCM, Fischer Chemical, 

99.98%), toluene (Fischer Chemical, 99.8%), acetonitrile (ACN, Fischer Chemical, 
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99.99%), which were used for infrared experiments, were used without any further 

purification. Solutions were prepared by weight using an analytical balance, assuming 

that the solution density is that of the solvent. For the NMR experiments the 

concentration of the catalyst was kept constant at 𝑐cat
0  = 0.01 mol/L (𝑐cat

0  = 0.015 mol/L 

for 0CF-DPTU) and the concentration of the substrate was varied from 𝑐subs
0  = 

0.005 mol/L to 0.4 mol/L. For the infrared experiments the catalyst concentration was 

kept constant at 𝑐cat
0  = 0.02 mol/L and the concentration of the substrate was increased 

from 𝑐subs
0  = 0.01 mol/L to 0.4 mol/L. 

 

FT-IR experiments 

FT-IR spectra were recorded using a Bruker Vertex 70 and the Nicolet 850 Magna IR 

spectrometer at a resolution of 4 cm-1. The spectra were collected with a “Specac 

demountable Omni Cell” with the sample positioned between two CaF2 windows 

separated by a 0.5 mm thick spacer.  

 

NMR experiments 

To study the strength of interaction between catalyst and substrate, we use NMR-

spectroscopy, which provides information about the chemical environment. 1H-NMR 

spectra were recorded using a Bruker 300 MHz AVANCE III spectrometer. Spectra were 

referenced to the residual DCM peak at 5.32 ppm, the residual toluene peak at 2.09 ppm, 

or the residual acetonitrile peak at 1.94 ppm. To determine the chemical shift we used 

the chemical shift value at the peak maximum. 

 

5.4 RESULTS AND DISCUSSION 

Molecular association using NMR spectroscopy 

To study the origin of the different catalytic activities for CF3 substituted 

diphenylthioureas, we explore the association of 0CF-DPTU, 2CF-CPTU, and 4CF-DPTU 

with 1,3-Diphenyl-2-propenone (association equilibria are shown in Figure 5-2). 

 

 

Figure 5-2: Investigated association equilibria between the thiourea catalysts and the 
substrate, which form a hydrogen-bonded catalyst-substrate complex.  
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To detect molecular association, we record the 1H-NMR spectra of solutions with 

constant thiourea concentration (𝑐cat
0  = 0.01 mol/L) and varying substrate concentration 

(𝑐subs
0  = 0 – 0.4 mol/L). As can be seen from the NMR spectrum (Figure 5-3a) of a 

solution of only 1,3-Diphenyl-2-propenone, the substrate exhibits four narrow peaks – 

within the selected range at 7.7 – 8.2 ppm – due to the aromatic protons of the substrate. 

The spectrum for a solution of 4CF-DPTU contains two narrow peaks (at 7.94 and 

7.80 ppm) due to the substituted phenyl groups and a broadened peak at 7.90 ppm due 

to thiourea’s NH protons (Figure 5-3b). As can be seen in Figure 5-3c,d, also in the 

ternary mixtures the substrate and catalyst signals are observed, yet shifted with 

respect to their position in the binary solutions. The NH proton undergoes a marked 

downfield shift in the presence of the substrate. This de-shielding of the NH proton 

implies a reduction of the average electron density in the vicinity of the NH proton, 

consistent with hydrogen-bond-formation to the C=O group of the substrate. Note, that 

other protons e.g. of the ortho-proton of the phenyl-substituents undergo only a minor 

shift (see Figure 5-9, SI). This marked downfield shift is in line with earlier reports 

showing that the NH proton is very sensitive to changes in the electronic environment.30  

 

 

Figure 5-3: 1H-NMR spectra for 4CF-DPTU (cat) and 1,3-Diphenyl-2-propenone (subs) 
mixtures in DCM at 7.7-9.1 ppm: (a) 𝒄𝒄𝒂𝒕

𝟎 : 𝒄𝒔𝒖𝒃𝒔
𝟎 = 0:1, (b) 𝒄𝒄𝒂𝒕

𝟎 : 𝒄𝒔𝒖𝒃𝒔
𝟎  = 1:0, (c) 𝒄𝒄𝒂𝒕

𝟎 : 𝒄𝒔𝒖𝒃𝒔
𝟎 = 

1:2, and (d) 𝒄𝒄𝒂𝒕
𝟎 : 𝒄𝒔𝒖𝒃𝒔

𝟎 = 1:40. For visual clarity the NH proton peak is marked with blue 
filled circle. 
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To quantitatively compare the variation of the chemical shift for the studied thiourea 

catalysts, we analyse the chemical shift of the NH protons as a function of substrate 

concentration. As can be seen from Figure 5-3, the chemical shift of the NH proton is 

most sensitive to the presence of the substrate. The extracted chemical shifts of the NH 

protons shown in Figure 5-4 exhibit a marked increase with increasing substrate 

concentration for 𝑐subs
0  < 0.2 mol/L, which levels off at higher concentrations of 

substrate for 4CF-DPTU. For 2CF-DPTU and 0CF-DPTU both the magnitude of the 

increase is lower and the curvature of the chemical shift as a function of 𝑐subs
0  is less 

pronounced as compared to 4CF-DPTU, indicative of weaker interaction between the 

thioureas and the substrate. The observed chemical shift is however due to the 

motionally averaged signal of the free and the bonded catalyst. Hence, a change of 

chemical shift can be either caused by a stronger de-shielding upon hydrogen-bond 

formation (larger values of the chemical shift of the hydrogen-bonded complexes), or by 

a higher concentration of hydrogen-bonded complexes. 

 

 

Figure 5-4: Chemical shift of the NH protons as a function of substrate concentration 𝒄𝒔𝒖𝒃𝒔
𝟎  

for 4CF-DPTU (black symbols), 2CF-DPTU (red symbols), and 0CF-DPTU (blue-symbols) in 
DCM. Solid lines show fits with the association model (eqs. (5-1) and (5-2)). The catalyst 
concentration is kept constant at 𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L for 4CF-DPTU and 2CF-DPTU. For 0CF-
DPTU the concentration of the catalyst (𝒄𝒄𝒂𝒕

𝟎  = 0.015 mol/L) was higher to enable a better 
discrimination between the NH signals of the catalyst and the peaks of the substrate. 

To disentangle the effect of de-shielding and complex concentration to the observed 

signals, we fit an association model to the experimental 1H-NMR data in Figure 5-4. To 

this end, we assume a bimolecular association between the catalyst and the substrate 
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molecule to form a hydrogen-bonded catalyst-substrate complex (Figure 5-2). The 

corresponding association equilibrium is given as:
   

 
𝐾NMR = 

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

[𝑐𝑎𝑡][𝑠𝑢𝑏𝑠]
 

(5-1) 
 

 

where [cat] and [subs] are the equilibrium concentrations of the free catalyst and the 

free substrate, respectively. [complex] is the concentration of hydrogen-bonded 

complexes. We assume the observed chemical shift 𝛿 to be the concentration weighted 

average of the chemical shift of the free catalyst, 𝛿𝑐𝑎𝑡, and of the chemical shift of the 

complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥:
  

 

 
𝛿 =  𝛿cat  

[𝑐𝑎𝑡]

𝑐cat
0 + 𝛿complex  

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

𝑐cat
0  

(5-2) 
 

 

Mass conservation further gives: 

 

 𝑐cat
0  = [𝑐𝑎𝑡] + [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] (5-3) 

 

We take the value for 𝛿𝑐𝑎𝑡 from the 𝑐subs
0  = 0 samples (𝛿𝑐𝑎𝑡(4CF-DPTU) = 7.90 ppm, 

𝛿𝑐𝑎𝑡(2CF-DPTU) 7.89 ppm, and 𝛿𝑐𝑎𝑡(0CF-D PTU) = 7.77 ppm). Thus, eqs. ((5-1)-(5-3)) 

excellently describe the experimental data (see solid lines in Figure 5-4) with only two 

adjustable parameters, 𝐾NMR and 𝛿complex. This suggests, that a bimolecular interaction 

dominates, as opposed to what has been found for other substrates in the solid state177 

and for asymmetric thiourea catalysts were different pathways are conceivable for a 

dual activation of the nucleophile and the electrophile.40 

From the fits of eqs. ((5-1)-(5-3)) to the data, we obtain KNMR(4CF-DPTU) = 15.8 ±

0.7 L/mol , KNMR(2CF-DPTU) = 3.3 ± 0.3 L/mol , and KNMR(0CF-DPTU) = 0.86 ±

0.03 L/mol  178 and for the chemical shift of the complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 (4CF-DPTU) = 

9.74 ± 0.02 ppm, 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥(2CF-DPTU) = 9.27 ± 0.06 ppm, and 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥(0CF-DPTU) = 

8.54 ±  0.02 ppm,178 respectively. Hence, the observed differences in de-shielding of the 

NH protons of different catalysts upon substrate addition (Figure 5-4) are indeed a 

result of both, variation of the de-shielding upon complex formation for different 

catalysts (variation of 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 - 𝛿𝑐𝑎𝑡) and varying complex concentrations. Our results 

suggest that 4CF-DPTU forms the strongest hydrogen-bonds to the substrate, giving rise 

to the highest association constant. The thus obtained association constants are also 

consistent with the variation of the chemical shift of other protons of the catalyst and the 

chemical shift of the 13C carbon of the C=O group of the substrate (see Figure 5-10 and 

Figure 5-11, SI).  
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Association equilibria from FT-IR spectroscopy 

Since the  association equilibria as extracted from the NMR chemical shift may be biased 

by a substrate induced variation of the bulk properties of the solvent,179 in particular for 

weak variation of the chemical shift (see 2CF-DPTU and 0CF-DPTU),58 we use IR 

spectroscopy as an independent method to detect association.180 In general, the NH 

stretching vibrations of the thiourea group are very sensitive to molecular associations, 

as the N-H stretching markedly red-shifts upon hydrogen-bond formation.61  

 

 
 

Figure 5-5: Infrared absorption spectra for solutions of 𝒄𝒄𝒂𝒕
𝟎 = 0.02 mol/L (a) 0CF-DPTU, 

(b) 2CF-DPTU, and (c) 4CF-DPTU in DCM for different DPTU:substrate (1,3-diphenyl-2-
propenone) ratios. Grey areas indicate the integration ranges used for the determination of 
the integrated absorbance of the free and the hydrogen-bonded catalyst (see text). The 
absorbance of the solvent and of 1,3-diphenyl-2-propenone has been subtracted from all 
spectra (for details see Figure 5-12, SI).  

In Figure 5-5 we show the infrared absorption spectra for solutions of 0CF-DPTU (Figure 

5-5a), 2CF-DPTU (Figure 5-5b), and 4CF-DPTU (Figure 5-5c) with varying substrate 

concentration in DCM at frequencies characteristic to the NH stretching modes (~3150 – 
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3500 cm-1). The absorption spectrum of 0CF-DPTU in DCM exhibits two vibrational 

modes at 3355 cm-1 and 3385 cm-1. For alkyl substituted thioureas the presence of two 

N-H stretching bands has been explained by the presence of different confomers in 

solution, with distinctively different vibrational frequencies for the NH stretching 

mode.181,182 The two N-H stretching modes of N,N-diphenylthiourea (0CF-DPTU) have 

been suggested to stem from the trans-trans and trans-cis isomers.183 Addition of the 

substrate hardly affects the infrared spectra at NH stretching frequencies, except for a 

minor reduction of the spectral amplitude of the two bands at 3355 cm-1 and 3385 cm-1 

and a slight increase of the absorbance at 3180 – 3350 cm-1.  

 

The spectrum for a solution of 2CF-DPTU in DCM exhibits a single, yet asymmetric, band 

at 3370 cm-1 (Figure 5-5b). The asymmetric band shape, in contrast to the clear double 

peak structure for 0CF-DPTU, suggests different conformational equilibria and/or faster 

conformational dynamics184 for 2CF-DPTU, as compared to 0CF-DPTU. Upon addition of 

substrate to solutions of 2CF-DPTU, the N-H stretching bands at 3370 cm-1 decrease in 

amplitude and a broad absorbance at 3180 – 3350 cm-1 appears. Thus, our results 

indicate that upon addition of substrate, catalyst-substrate complexes are formed. 

Formation of complexes leads  to the reduced concentration of free 2CF-DPTU molecules 

in solution giving rise to the decrease in the absorbance at 3370 cm-1. A red-shifted NH 

stretching band due to hydrogen-bonded catalyst-substrate complexes can explain the 

absorbance at 3180 – 3350 cm-1. 

For solutions of 4CF-DPTU, we observe only a single symmetric absorption band at 

~3375 cm-1, which suggests that only one catalyst conformation can be detected on the 

timescale of the infrared experiments. This is consistent with NMR experiments, which 

have revealed that the trans-trans configuration of 4CF-DPTU prevails at room-

temperature and the cis-trans isomer can only be observed at temperatures below 

190 K.30 The increasing amplitude of the red-shifted catalyst-substrate band at 3180 – 

3350 cm-1 with increasing substrate concentration is most pronounced for 4CF-DPTU.  

Qualitatively, our results are in line with the association constants obtained from NMR: 

an increasing number of CF3 groups results in enhanced association of DPTU with 1,3-

Diphenyl-2-propenone and the associated complexes give rise to the hydrogen-bonded 

N-H stretching band at 3180 – 3350 cm-1. 

 

To quantitatively compare the infrared results to the findings from the NMR chemical 

shifts, we relate the infrared absorbances to molar concentrations. The absorbance of 

the free catalyst (𝐴cat) and of the complexes (𝐴complex) can be directly related to their 

molar concentrations, [𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡] and [𝑐𝑜𝑚𝑝𝑙𝑒𝑥], via the extinction coefficients of free 

(𝜀cat) and bound catalyst (𝜀complex):  

 

 𝐴cat = 𝜀cat  ∙ [𝑐𝑎𝑡]  ∙ 𝑑 (5-4) 
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 𝐴complex = 𝜀complex  ∙ [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] ∙ 𝑑 (5-5) 
 

where 𝑑 is the optical path length of the sample. To obtain the extinction coefficients, we 

rearrange eqs (5-4) & ((5-5) such:

  
 

 𝑐cat,0
𝐴complex

= 
1

𝜀cat ∙ 𝑑
 ∙  

𝐴cat
𝐴complex

+ 
1

𝜀complex  ∙ 𝑑
 

(5-6) 
 

 

that the inverse extinction coefficients can be obtained from the slope and the intercept 

of a linear regression (
𝑐cat,0

𝐴complex
 vs 

𝐴cat

𝐴complex
). For this analysis, we use the integrated 

absorbance at 3375-3400 cm-1 for 𝐴cat and the integrals at 3250 – 3300 cm-1 for 𝐴complex 

(see grey areas in Figure 5-5). Note, that these frequency ranges do not cover the entire 

NH stretching bands shown in Figure 5-5, in order to omit the spectral range where the 

contributions of free and bound catalyst overlap. Thus, also the obtained extinction 

coefficients are characteristic to the selected frequency range. In case of 0CF-DPTU the 

selected frequency range only covers the blue-shifted part of the split band. Given that 

the two bands stem from the presence of different conformers, we assume that the 

selected frequency range is representative of both conformers, which is valid for fast 

conformational exchange.  

 

Figure 5-6: Linear regression according to eq. (5-6) to obtain the extinction coefficient of 
the N-H stretching bands for the bound and the free catalyst.  
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Using these values for 𝐴complex and 𝐴cat, the linear relation of eq (5-6) describes the 

experimental quantities very well (Figure 5-6). We note, that the slopes, which are 

proportional to the inverse extinction coefficients of the free catalysts, are similar for 

2CF-DPTU and 4CF-DPTU. For 0CF-DPTU the slope is ~2 times higher, which can be 

explained by the double peak structure of the NH stretching band as this peak splitting 

results in a reduced apparent extinction coefficient for 0CF-DPTU within the selected 

frequency range. 

With the thus obtained values for 𝜀cat and 𝜀complex, we determine the degree of 

association α (see also Figure 5-13, SI): 

 

 
𝛼 =

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

𝑐cat
0  

(5-7) 
 

 

 

Figure 5-7: Degree of association 𝜶, as obtained from the IR experiments (for details see 
text) for 4CF-DPTU (black symbols), 2CF-DPTU (red symbols) and 0CF-DPTU (blue 
symbols) in DCM (𝒄𝐜𝐚𝐭

𝟎  = 0.02 mol/L). Solid lines show fits using the bimolecular association 
model eq (5-1). 

In line with our NMR results, α increases with increasing 𝑐subs
0  and association is 

stronger with increasing number of CF3 groups (Figure 5-7). For a quantitative 

comparison to our NMR results we fit the bimolecular association model eq (5-1) to the 
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data in Figure 5-7, which describes the variation of α with 𝑐subs
0  well. The somewhat 

larger deviations of the data from the model at higher concentrations may stem from the 

partially overlapping IR bands of the free catalyst and the complex. We thus obtain the 

association constants 𝐾IR , (𝐾IR (4CF-DPTU) = 10.2 ± 5.2 L/mol , 𝐾IR (2CF-DPTU) = 

2.0 ± 0.7 L/mol, and 𝐾IR(0CF-DPTU) = 0.7 ± 0.4 L/mol).178 In contrast to the NMR 

results (see δcomplex values above), we find no evidence for the spectra of the complexes 

to differ significantly for the three DPTUs (see Figure 5-14, SI).  

 

Figure 5-8: Association constants KIR and KNMR vs relative rate constants of a Diels Alder 
reaction as reported in ref 23. Error bars correspond to K values for which the sum of the 
squared deviations increases by 100% when fitting eq (5-1) to the experimental data. 

As can be seen in Figure 5-8, the association constants determined with both techniques 

agree well within the experimental error. More importantly, they correlate well with the 

reaction rates krel (relative increase of the reaction rate as compared to the absence of a 

catalyst)  reported23 for the Diels-Alder reaction of 1,3-diphenyl-2-propenone with 

cyclopentadiene (10-fold excess) in CDCl3 catalyzed by 1 mol% 0CF-DPTU, 2CF-DPTU, or 

4CF-DPTU. Thus, our results suggest that the enhanced catalytic conversion for CF3 

substituted DPTU catalysts originates from enhanced substrate binding. Our NMR 

experiments provide evidence for the enhanced association to originate – at least in part 

–  from stronger N-H···O hydrogen-bonds, as the δcomplex, which is predominantly 

effected by the local chemical environment, is shifted to higher values with increasing 

number of CF3 groups. However, given the weak association of DPTU with 1,3-diphenyl-

2-propenone, the chemical shift values of the complexes rely on extrapolation and are as 

such less certain. In fact, the N-H stretching bands, which are – similar to O-H stretching 
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frequencies185 – also a measure for the hydrogen-bond strength, are little affected by the 

presence of the CF3 groups (see Figure 5-14, SI), indicative of different experimental 

sensitivities of NMR and IR. Nevertheless, the weak variation of the NH stretching band 

within the complexes across the studied DPTUs suggests that the intermolecular 

hydrogen-bond is not the sole cause for enhanced binding of 4CF-DPTU to the substrate. 

Additional, interaction of the ortho-proton of the phenyl group of phenylthiourea30 with 

the substrate can comprise an additional interaction motif (see also Figure 5-9, SI) and 

also reduced solvation of the CF3-substituted DPTU molecules may give rise to enhanced 

complex formation. 

 

Solvent effects 

As differences in the solvation of the substrate, catalyst, and complexes in different 

solvents may give rise to different association, and thus different catalytic conversion, 

we investigate the effect of the solvent on the association.  

Comparing our results for solutions in DCM to the association of DPTUs with 1,3-

diphenyl-2-propenone in toluene, which is a commonly used solvent in catalysis, yet 

with lower polarity. Accordingly, we determine the 𝐾NMR values from the 1H-NMR 

chemical shifts (see Figure 5-15, SI) in toluene.186 As can be seen from the comparison of 

the determined values of the 𝐾NMR (Table 5-1), the association strengths are comparable 

for 0CF-DPTU and 2CF-DPTU in toluene to those found in DCM. For 4CF-DPTU, however, 

association is enhanced in toluene as compared to DCM. The enhanced association of 

4CF-DPTU with 1,3-diphenyl-2-propenone in toluene as compared to DCM points 

towards a less favorable interaction between the catalysts NH groups and the solvent in 

toluene as compared to DCM. 

Conversely, in the highly dipolar solvent acetonitrile, we find the chemical shift of the 

NH protons DPTUs of all DPTUs to hardly vary with increasing concentration of 1,3-

diphenyl-2-propenone (see Figure 5-16, SI). Hence, no appreciable association between 

the DPTUs and the substrate in acetonitrile can be detected, which is further confirmed 

by the insensitivity of the catalysts NH stretching band to the substrate concentration in 

infrared absorption experiments (see Figure 5-17, SI). This suggests that the polarity of 

the solvent, as for instance determined via the ET(30) values,187 is a reasonable estimate 

for the association strength of the DPTUs with ketones in organic (non-hydrogen-

bonding) solvents. In general, binding of catalyst and substrate are markedly affected by 

the solvent, which suggests that solvation of the catalyst and substrate plays an 

important role for the formation of the reactive intermediates in catalysis. This is 

particularly apparent for 4CF-DPTU, for which association is strongly enhanced in 

toluene. 176 
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Table 5-1: Association constants, KNMR, in DCM and toluene, as obtained from 1H-NMR 
spectroscopy for the catalysts 0CF-DPTU, 2CF-DPTU and 4CF-DPTU, respectively. 

KNMR 4CF-DPTU 2CF-DPTU 0CF-DPTU 

CD2Cl2 15.8 ± 0.7 L/mol  3.27 ± 0.3 L/mol 0.86 ± 0.03 L/mol  

Toluene 27.7 ± 1.3 L/mol  3.06 ± 0.1 L/mol 1.65 ± 0.2 L/mol  

 

 

5.5 CONCLUSIONS 

We use two independent techniques, NMR and FT-IR spectroscopy to quantify the 

association strength of diphenylthiourea-based catalysts with 1,3-diphenyl-2-propenone 

as a representative substrate in solution. We find bimolecular association to suffice to 

describe both infrared and NMR experimental findings. Despite the challenges in 

determining weak association equilibria, the interaction strengths determined by both 

methods agree very well. We find that with an increasing number of CF3 substituents 

from 0CF-DPTU to 4CF-DPTU the association constant increases from ~1 L/mol to 

~20 L/mol. This increase in molecular association correlates well with the reported 

increased catalytic activity of the DPTU-based catalysts. Our results suggest that the 

hydrogen-bond strength of the N-H···O=C bonds in the catalyst-substrate complexes is 

not the sole origin of the enhanced binding in solution for CF3 substitued DPTUs but also 

the solvation of the catalyst, substrate and the complexes seem to contribute. The 

relevance of the solvation is supported by the marked dependence of the association 

equilibria on the solvent, with no detectable binding in solutions of acetonitrile and 

moderate interactions in toluene and dichloromethane. 

 

 

 

 

 

 

 

 



CF3-groups critically enhance the binding of thiourea catalysts to ketones – a NMR and 

FT-IR study 

 

 
- 77 - 

  

5.6 SUPPORTING INFORMATION 

 

1H-NMR spectra of 4CF-DPTU + 1,3-Diphenyl-2-propenone mixtures in DCM  

 

 

Figure 5-9: 1H-NMR spectra for 4CF-DPTU (cat) and 1,3-Diphenyl-2-propenone (subs) 
mixtures in DCM.  The chemical shift of the NH-, the ortho- and the para-proton of 4CF-
DPTU are marked with a blue circle (NH), red circle (ortho) and green circle (para), 
respectively. The change of chemical shift of the ortho- and para protons is less pronounced 
than for the NH proton. 
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Association constants from the chemical shift of the ortho- and para protons of 

4CF-DPTU and 13C chemical shifts of 1,3-diphenyl-2-propenones C=O group  

In Figure 5-10 we show the 13C chemical shift of the carbonyl carbon atom of the 

substrate with varying substrate concentration 𝑐subs
0  for a solution of 0.01mol/L 4CF-

DPTU in DCM. We find the variation of the chemical shift to be consistent with the 

association equilibria as extracted from the 1H-NMR results (Figure 5-4 of the main 

manuscript):  Using KNMR(4CF-DPTU,DCM) = 15.8 L/mol the experimental 13C data can 

be excellently described using eq (5-8): 

 
𝛿 =  𝛿subs  

[𝑠𝑢𝑏𝑠]

𝑐subs
0 + 𝛿complex  

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

𝑐subs
0  

 

(5-8) 
 

with 𝛿subs=190.57 ppm and 𝛿complex=196.76 ppm. 

 

 

Figure 5-10: 13C Chemical Shift of the carbon of the carbonyl group of the substrate as a 
function of substrate concentration 𝒄𝒔𝒖𝒃𝒔

𝟎 . Solutions in DCM contained a constant 
concentration of 0.01 mol/L 4CF-DPTU. The symbols represent the experimental data and 
the solid lines show the association model (eq. (5-1) and eq. (5-8) with a fixed value of KNMR 
= 𝟏𝟓. 𝟖 𝑳/𝒎𝒐𝒍.  

Similar to our analysis of the chemical shift of the NH proton in the main manuscript, the 

variation of the ortho- and the para-protons of 4CF-DPTU with substrate concentration 

can be used to extract the association equilibria. In analogy to the analysis shown in 

Figure 5-4 of the main manuscript, we also extract K values from these data. Using the 

ortho-proton we find K = 16.6 𝐿/𝑚𝑜𝑙, in excellent agreement with the value extracted 
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from the NH protons (Figure 5-11). The para-proton, which is most distant from the 

hydrogen-bonding NH group, exhibits the least variation of the chemical shift. From this 

variation we extract (Figure 5-11) K = 25.3 𝐿/𝑚𝑜𝑙, which is somewhat higher than the 

value extracted from the ortho- and the NH protons. Given the low sensitivity of the 

chemical shift of the para-protons to intermolecular binding, this value is still consistent 

with the association constants determined from the chemical shifts of the ortho- and the 

NH-proton.  

 

Figure 5-11: Chemical shift of the NH protons (blue), ortho-protons (red) and para-protons 
(green) as a function of substrate concentration, 𝒄𝒔𝒖𝒃𝒔

𝟎  for 4CF-DPTU at a constant catalyst 
concentration (𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L) in the solvent DCM. Solid lines show fits with the 
association model (eqs. (5-1) and (5-2)). 

 

Background subtraction from FT-IR spectra  

In Figure 5-5 of the main manuscript, we show FT-IR spectra corrected for background 

absorption due to the solvent and due to the substrate. The raw spectra (before 

subtraction) are shown in Figure 5-12. To account for the background, we subtract the 

spectrum of the solvent from all samples. The FT-IR spectra of the pure substrate (blue 

dashed-dotted line in Figure 5-12) reveals a structured absorption at the frequencies 

characteristic to the NH stretching band of thiourea. To remove these contributions, we 

subtract a concentration weighted infrared spectrum at a high substrate concentration 

from the sample spectra. All spectra are additionally corrected for a constant offset due 

to reflection losses.  
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Figure 5-12: Raw FT-IR spectra of the catalysts 0CF-DPTU (a), 2CF-DPTU (b) and 4CF-
DPTU (c) upon association with the substrate in DCM. Solutions of only the substrate in 
DCM (blue dashed-dotted) exhibit a structured absorption overlapping with the frequency 
range, where we observe the hydrogen-bonded NH-stretching vibration.  

 

 

Degree of association from IR spectra 

From the analysis in Figure 5-6 of the main manuscript, we obtain the extinction 

coefficient of both, 𝜀cat and 𝜀complex. Accordingly, the degree of association, α, can be 

determined from both the absorbance of the catalyst-substrate complexes (eq (5-7) of 

the main manuscript) or the absorbance of the free catalyst 𝛼 =
𝑐cat
0  − [𝑐𝑎𝑡]

𝑐cat
0 . As can be seen 

from Figure 5-13, both values agree very well and yield very similar association 

constants.  
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Figure 5-13: Degree of association, 𝛼, as obtained from the IR experiments for 4CF-DPTU 
(black symbols), 2CF-DPTU (red symbols) and 0CF-DPTU (blue symbols) in DCM (𝒄𝒄𝒂𝒕

𝟎  = 
0.02 mol/L). Solid lines show fits using the bimolecular association model (eq (5-1), main 

manuscript) to 𝜶 =
[𝒄𝒐𝒎𝒑𝒍𝒆𝒙]

𝒄𝒄𝒂𝒕
𝟎  values (filled symbols) and dashed lines show fits to 

𝜶 =
𝒄𝒄𝒂𝒕
𝟎  − [𝒄𝒂𝒕]

𝒄𝒄𝒂𝒕
𝟎  values (open symbols). Note, that in case of 4CF-DPTU the two fits overlap. 

 

 

Vibrational spectra of catalyst-substrate complexes  

To isolate the vibrational spectra of the catalyst-substrate complexes, we subtract scaled 

spectra of the neat catalyst in solution from the spectrum with a molar ratio of 

catalyst:substrate (1:10) such that the absorbance at >3400cm-1 remains positive. These 

spectra for 0CF-DPTU (blue), 2CF-DPTU (red) and 4CF-DPTU (black) are shown in 

Figure 5-14 and reveal that the band shape of the catalyst-substrate complexes is quite 

similar for the three catalysts. The similarity suggests that the strength of the hydrogen-

bonds of the catalyst is comparable.  
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Figure 5-14: FT-IR spectra of the catalyst-substrate complex with 4CF-DPTU (black), 2CF-
DPTU (red) and 0CF-DPTU (blue) for a molar ratio of catalyst:substrate (1:10). For details 
see text. 

 

Association equilibria as obtained from NMR in toluene  

The change of the chemical shift of the NH-proton of 4CF-DPTU (black), 2CF-DPTU (red) 

and 0CF-DPTU (blue) as a function of increasing substrate concentration 𝑐subs
0  in the 

solvent toluene is shown in Figure 5-15. The largest variation of the chemical shift is 

observed for 4CF-DPTU and the smallest change for 0CF-DPTU. The association model fit 

(eq. (5-1) and eq. (5-2) of the main manuscript, solid lines in Figure 5-15) yields 

KNMR(4CF-DPTU) = 27.7 ± 1.3 L/mol , KNMR(2CF-DPTU) = 2.98 ± 0.1 L/mol , and 

KNMR(0CF-DPTU) = 1.65 ± 0.2 L/mol and the chemical shift of the complex as 𝛿complex 

(4CF-DPTU)= 9.54 ± 0.04 ppm , 𝛿complex (2CF-DPTU)= 10.46 ± 0.03 ppm  and 

𝛿complex(0CF-DPTU)= 8.89 ± 0.07 ppm, respectively. The measured chemical shifts of 

the free catalyst, which are used for the fit are 𝛿cat(4CF-DPTU) = 6.59 ppm, 𝛿cat(2CF-

DPTU) = 6.98 ppm and 𝛿cat(0CF-DPTU) = 7.77 ppm. Note, that for 2CF-DPTU the signal 

of the NH overlaps with the solvent peak at 6.98 ppm and we thus take this value as δcat.  
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Figure 5-15: Chemical shift of the NH proton as a function of substrate concentration, 𝒄𝒔𝒖𝒃𝒔
𝟎  

for 4CF-DPTU (black symbols), 2CF-DPTU (red symbols), and 0CF-DPTU (blue-symbols) at 
a constant catalyst concentration (𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L) in the solvent toluene. Solid lines 
show fits with the association model (eq. (5-1) and (5-2) of the main manuscript).  

 

NMR and FT-IR spectra of 4CF-DPTU + 1,3-Diphenyl-2-propenone in ACN 

 

Figure 5-16: 1H-NMR spectra for 4CF-DPTU (cat) and 1,3-Diphenyl-2-propenone (subs) 
mixtures in ACN. The chemical shift of the NH protons (blue circle) at ~8.8ppm is found 
independent of substrate concentration, indicating no appreciable association of the 
catalyst with the substrate. 
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Figure 5-17: Infrared absorption spectra for solutions of 𝒄𝒄𝒂𝒕
𝟎 = 0.02 mol/L 4CF-DPTU (cat) 

in ACN for different DPTU:substrate (1,3-Diphenyl-2-propenone) ratios.  
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6 VIBRATIONAL DYNAMICS OF THIOUREA CATALYSTS IN 

SOLUTION: INFLUENCE OF CONFORMATION AND H-BONDING 

TO SUBSTRATES 
 

A. A. Ehrhard, S. Jäger, A. Sell and J. Hunger, “Vibrational Dynamics of Thiourea Catalysts 

in Solution: Influence of Conformation and H-bonding to Substrates”. This Paper 

manuscript is in preparation. 

Author contributions: 

 

6.1 ABSTRACT 
 

Substituted diphenylthioureas are a prominent class of efficient organocatalysts and 

have been shown to exist in different conformations. Yet, the relation between the 

conformational state and catalytic activity has remained elusive. Here, we investigate 

the different states of catalytically active thioureas in solution and study the effect of the 

substrates diphenylpropenone and acetophenone as representative catalytic substrates 

using a combination of 1H-NMR, FT-IR and femtosecond infrared spectroscopy (fs-IR). 

For all catalysts in solution, we find two distinct N-H stretching modes, which can be 

distinguished based on their different vibrational lifetimes and assigned to two different 

conformers. Using the NMR chemical shift of the N-H proton, we determine the average 

association strength of the studied catalysts to the ketone substrates. Hydrogen-bonding 

association of thiourea to these ketones, which are suggested to be the reactive 

intermediates, gives rise to a spectrally separated, red-shifted N-H stretching band and 

weakens the C=O band of the ketone. We show that in mixtures of catalyst and substrate, 

the three molecular states – trans-trans, trans-cis, and thiourea-ketone complexes – can 

be resolved owing to their different vibrational lifetime. Yet, the thus obtained spectra of 

only one conformer and the hydrogen-bonded complexes ‘spectrally mix’, which points 

at chemical exchange and/or coupling between these two species. As such, our data 
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suggest that only one conformer forms hydrogen bonds to the ketone substrate on the 

~10 ps timescale of our experiment. The observation of conformation-specific 

hydrogen-bonding dynamics implies that the design of conformationally stable catalysts 

may help to improve the performance of thiourea catalysts.  

 

6.2 INTRODUCTION 
 

A popular class of organic hydrogen-bonding catalysts, which are used in a wide variety 

of organic transformations, are (thio)urea catalysts, 17,18,20,21,35,38,188,189 for which the NH 

group is utilized as hydrogen-bonding donor for the activation of electrophiles. 20,34 The 

relative rate constants of these catalytic reactions are critically influenced by thiourea’s 

substituents, rather than by the change of the reactant or the solvent:23 Trifluoromethyl 

substitution of bisphenylthiourea greatly enhances reaction rates and yields. The 3,5-

bis(trifluoromethyl)phenyl group, which has been introduced as a structural key motif 

in 2002, 22 is nowadays used in a wide range of applications as it has certain advantages 

for organocatalysis, including enhanced reaction rates and yields. 23,190 Amongst others, 

the increased acidity of the catalyst, 32 pi-pi interactions 21,191 and the involvement of the 

highly polar ortho-proton have been suggested to improve catalytic performance.30  

 

Figure 6-1: Trans-trans and trans-cis conformation of the studied diphenylthiourea 
(DPTU) based catalysts, containing zero (0CF-DPTU), two (2CF-DPTU) and four (4CF-
DPTU) CF3-groups.  

 

It was found that for substituted thioureas different conformations are possible, 

whereas the thioamide hydrogen and the thiocarbonyl sulfur are in a cis or a trans 

configuration with respect to each other (Figure 6-1).181 For the here studied 

diphenylthiourea (DPTU) based catalysts with different side groups (4CF-DPTU, 2CF-

DPTU and 0CF-DPTU) the trans-trans and the trans-cis configuration are conceivable. 

Yet, trifluoromethyl substitution has been suggested to affect conformational equilibria: 

A combined study using low-temperature nuclear magnetic resonance (NMR) and 
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infrared (IR) techniques together with density functional theory (DFT) calculations has 

suggested that the 3,5-bis(trifluoromethyl)phenyl substituted diphenylthiourea (4CF-

DPTU) prefers a trans-trans conformation of the NH protons in the solvent THF at room 

temperature, but that the trans-cis conformation is more stable below 190K. 30 For urea 

and thiourea dissolved in dimethysulfoxide or dimethylformamide, NMR studies have 

suggested that both conformers are present at room temperature and that the rotation 

around the C-N bond proceeds fast, resulting in a single, time-averaged peak in the NMR 

spectra. Only at lower temperatures, the NMR signal splits into separate resonances for 

the trans-cis and the trans-trans conformer due to a slower rotation, 59 indicative of a 

rotation barrier of ~10 kcal/mol. 59 In line with these findings, IR experiments have 

shown that diphenylthiourea (0CF-DPTU) in carbon tetrachloride exhibits two disparate 

N-H stretching bands. The two bands have been ascribed to both conformers with a ratio 

of approximately 50:50, where the blue-shifted N-H band has been assigned to the trans-

trans configuration.183 Also for thioureas with bulky side groups (e.g. N,N-di-t-

butylthiourea) the presence of both conformers has been deduced from Fourier-

Transform infrared (FT-IR) spectra, while thioureas with less bulky substituents  (e.g., 

N,N-dimethylthiourea and N,N-diethylthiourea) seem to favor the trans-trans 

conformation. 181 

Besides the conformational degree of freedom, also self-association of thioureas may 

affect their state in solution. Yet, despite N,N-diethylthiourea is significantly self-

association in solution, thioureas with more bulky substituents, like N,N-di-t-

butylthiourea,181 or with electron-withdrawing groups123 appear to be dissolved as 

rather isolated molecular entities, and the self-association seems to be intimately related 

to the prevailing conformation. 123 In general, electron-withdrawing CF3-substituents 

enhance the formation of reactive intermediates between thioureas and reactants in 

catalysis, 192 yet the effect of conformational flexibility on the catalytic performance has 

been poorly understood. 

The lack of information on the effect of conformational distributions on catalysis is 

related to the challenges in determining the conformations at relevant reaction 

conditions: Powerful techniques, such as NMR spectroscopy or quantum chemical 

calculations provide insight only at low temperatures (at which conformational 

dynamics are sufficiently slowed-down) or for isolated molecules (e.g. gas-phase), 

respectively.30 In turn, infrared absorption spectroscopy can, in principle, probe 

conformations on much shorter timescales (i.e. the time scale of molecular vibrations), 

but it relies on distinct vibrational bands for different conformers. For differently CF3 

substituted diphenylthioureas, the bare diphenylthiourea (0CF-DPTU) indeed displays 

two disparate N-H stretching bands. 183,192 Yet, in the presence of two CF3-groups (2CF-

DPTU) the two bands overlap and become nearly indistinguishable for DPTU with four 

CF3-substituents (4CF-DPTU), 192 which might be explained by different conformational 

populations or coincidence of the resonance frequencies. 192 
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In the presence of hydrogen-bond accepting substrates, the N-H groups of thiourea form 

hydrogen-bonds, and an additional red-shifted N-H stretching band is evident in the 

FTIR spectra.52,60,61 Analysis of the hydrogen-bonded band has, in fact, allowed 

quantifying the overall binding strengths of the catalysts with the substrates and the 

obtained overall binding strengths were in line with NMR results. 192 Yet, the presence of 

various infrared absorption bands makes isolation of the contributions of the individual 

molecular species (conformations and reactive intermediates) on the basis of the FTIR 

absorption spectra challenging. The different molecular level conformations, however, 

make not only the infrared absorption line shapes to differ but also result in different 

interaction with and coupling to the environment. As such, the different molecular 

oscillators can have different vibrational dynamics, which allows better discrimination 

of the contributing molecular species. 108 Thus, resolving different molecular species can 

be readily achieved using femtosecond infrared spectroscopy (fs-IR). 89,108,193-196 

Here, we study the vibrational dynamics of diphenylthiourea with zero (0CF-DPTU), two 

(2CF-DPTU), and four CF3 substituents (4CF-DPTU) in solution, whose catalytic activity 

has been studied in detail before. 192 As model systems for hydrogen-bond accepting 

species we use 1,3-diphenyl-2-propenone and acetophenone, since ketones are the 

relevant substrates, which are applied in Diels-Alder cycloadditions. 23 To disentangle 

different molecular species contributing at N-H stretching frequencies, we perform fs-IR 

experiments. We find that for all substituted thioureas two disparate vibrational modes, 

with distinctively different vibrational relaxation times, give rise to the measured 

infrared absorption spectra at N-H stretching frequencies, which we ascribe to different 

conformers. Using the motionally averaged signals of the free and the bound catalyst in 

the NMR spectra, 59,175,176 we show that with increasing CF3 substitution more hydrogen-

bonded species with the hydrogen-bond accepting ketones are formed. Fs-IR 

experiments evidence that the vibrational dynamics of the hydrogen-bonded N-H groups 

are very similar for all studied thiourea-ketone mixtures. Yet, our results indicate that in 

the presence of the ketone the vibrational response of only one conformer is altered, 

which suggests the binding of the ketone occurs predominantly for a specific catalyst 

conformation.  

 

6.3 EXPERIMENTAL METHODS 
 

Sample preparation 

The preparation and the implementation of the experiments were done analogous to 

previous experiments192, which are used as comparison to the here described data. The 

catalysts diphenylthiourea (0CF-DPTU, Fluka, >98%), N,N′-bis[4-

(trifluoromethyl)phenyl]-thiourea (2CF-DPTU, TCI, >97%), 

N,N′−bis[3,5−bis(trifluoromethyl)phenyl]−thiourea (4CF-DPTU, TCI, >98%) and the 
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substrate 1,3-diphenyl-2-propenone (Sigma-Aldrich, >98%) were used without further 

purification. The substrate acetophenone (Merck-Schuchardt, 98%) was dried over 4 Å 

molecular sieve. For the NMR experiments, the deuterated solvents dichloromethane 

(DCM-d2, Deutero, 99.6%) and toluene (toluene-d8, Aldrich, 99.6%) were used. All 

deuterated solvents were dried over a 4 Å molecular sieves and filtered with a 0.2 μm 

Omnipore membrane filter prior to sample preparation. For the infrared experiments, 

the non-deuterated solvents dichloromethane (DCM, Fischer Chemical, 99.98%) and 

toluene (Fischer Chemical, 99.8%) were used without any further purification. The 

solutions were prepared with an analytical balance by weight, assuming the solution 

density to be the density of the solvent.  

 

FT-IR experiments 

A Bruker Vertex 70 and a Nicolet 850 Magna IR spectrometer were used to record the 

FT-IR spectra with a spectral resolution of 4 cm-1. The sample was positioned between 

two CaF2 windows, separated by a 0.2mm or 0.5mm thick spacer in a “Specac 

demountable Omni Cell”. 

 

NMR experiments 

NMR-spectroscopy was used to obtain information about the chemical environment of 

the catalysts NH-proton. A Bruker 300 MHz AVANCE III spectrometer was used to 

record the 1H-NMR spectra. As a reference, the residual DCM peak at 5.32ppm and the 

residual toluene peak at 2.09ppm were used. In case of acetophenone, there was an 

overlap at ~2.09ppm of acetophenones proton resulting from the CH3-group with the 

toluene peak. In this case we referenced to the toluene peak at 6.98ppm. The chemical 

shift was determined by using the peak picking tool in MestReNova.  

 

Femtosecond IR experiments 

A similar sample cell as for the FT-IR experiments is used: the sample is positioned 

between two CaF2 windows within a demountable sample cell with variable thickness. 

Femtosecond IR pump-probe experiments were based on a Ti:Sa regenerative amplifier 

to generate 800nm pulses at a repetition rate of 1kHz (Spectra Physics, Spitfire Ace). The 

femtosecond laser pulses are used to pump an optical parametric amplifiers (TOPAS 

Prime with non-collinear difference frequency generation, Light Conversion), which 

generates IR pulses centered at a frequency of 3000 nm, a pulse duration of ~200fs, a 

pulse energy of 5-8 μJ and a FWHM of ~400cm-1. The pulses are split into a pump pulse 

(~92%), probe pulse (~4%), and a reference pulse (~4%). The reference pulse is used 

to correct for pulse-to-pulse fluctuations of the probe beam. The pump beam is guided to 

a delay stage to control the time delay between pump and probe pulses. Using a λ/2-

plate we rotate the polarization of the pump beam to 45° with respect to the probe 

pulse. The pump beam passes a chopper, which blocks every second pulse, to measure 

the pump-induced difference of the probe pulse on a shot-to-shot basis. With a parabolic 

mirror all three beams are focused into the sample and pump and probe beam are 
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overlapped at this position. The pump beam is blocked after the sample and the probe 

and the reference beam are recollimated and guided through a rotating wire-grid 

polarizer, which enables to split the parallel and perpendicular polarization 

contributions of the probe beam. Probe and reference beams are then guided to a 

spectrograph, which spectrally disperses them on a nitrogen-cooled MCT array detector 

(Horiba, 300 Grooves/mm and 150 Grooves/mm). The pump pulse is used to excite the 

vibration to the first vibrational excited state and induces a transient absorption change 

𝛥𝛼. This absorption change is probed by a second weak infrared probe pulse, which is 

variable in time and can detect the absorption change as a function of time. The 

transient absorption change 𝛥𝛼 of the sample can be calculated with the transmitted 

intensities: 

 

 

𝛥𝛼 = − ln

𝐼probe
𝐼reference
𝐼probe,0
𝐼reference,0

 

 

(6-1) 
 

 

, where 𝐼probe and 𝐼reference are the intensities of the probe and the reference beam with 

pump excitation and 𝐼probe,0 and 𝐼reference,0 are the intensities of the probe and the 

reference beam without pump excitation. The parallel 𝛥𝛼𝑝𝑎𝑟 and perpendicular 𝛥𝛼𝑝𝑒𝑟𝑝 

polarization contributions are needed to construct the isotropic signal 𝛥𝛼𝑖𝑠𝑜: 

 

 
𝛥𝛼𝑖𝑠𝑜 =

𝛥𝛼𝑝𝑎𝑟 + 2𝛥𝛼𝑝𝑒𝑟𝑝

3
 

 

(6-2) 
 

 

The isotropic signal is independent of orientational dynamics, but contains information 

about population dynamics and the vibrational lifetime.  

 

 

6.4 RESULTS AND DISCUSSION 
 

N-H vibrational structure and dynamics of thiourea catalysts in solution 

 

Before studying the influence of substrates on the molecular association of different CF3 

substituted diphenylthiourea catalysts, we first explore the state of the bare catalysts in 

solution and its associated vibrational dynamics. In Figure 6-2a and b we show the FT-IR 

spectra of the catalysts 4CF-DPTU and 0CF-DPTU in the solvent DCM at N-H stretching 

frequencies. 192 The linear absorption spectrum of 0CF-DPTU shows a clear double-peak 
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structure with two modes at 3355 cm-1 and 3385 cm-1. The presence of two bands has 

been rationalized to be due to the NH-stretching vibration of two different conformers in 

solution192, that are the trans-trans and the trans-cis isomer. 183 

 

 
Figure 6-2: Comparison of the NH stretching vibration of pure 4CF-DPTU and 0CF-DPTU in 
DCM. (a),(b) Shown are the FT-IR spectra, (c),(d) the transient fs-IR spectra, (e),(f) and the 
time traces of the bleach of the fs-IR data.   

 

Conversely, the linear absorption spectrum of 4CF-DPTU only reveals a single rather 

symmetric N-H stretching band at ~3375 cm-1. The observation of a single band is in line 

with the trans-trans configuration prevailing at room temperature as suggested by a 

combined NMR and DFT study.30 Yet, for both 0CF-DPTU and 4CF-DPTU both 

conformers are similar in energy and thus the single band for 4CF-DPTU may also stem 

from different conformational equilibria and/or faster conformational dynamics184 

and/or from resonance frequencies of the two conformers coinciding, which would be in 
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line with other studies suggesting that both conformers are present at room-

temperature. 16, 18, 19 

 

To better resolve different contributions to the absorption spectra, we perform ultrafast 

infrared pump-probe spectroscopy experiments. In this experiment, oscillators are 

excited with a pump pulse and the time-dependent changes of the absorption spectrum, 

which were induced by the pump pulse, are detected with a variably delayed probe 

pulse. The isotropic transient absorption spectra, which are independent of 

reorientation processes and represent the vibrational dynamics as a function of the 

wavenumber. 88,106 are shown in Figure 6-2c and d. In case of 0CF-DPTU, we observe a 

ground state bleach at the spectral position of the NH vibration at all delay times. This 

ground state bleaching (GSB) signal can be explained by the depopulation of the ground 

state, after the arrival of the pump pulse and the stimulated emission from the excited 

state. Red-shifted to the ground state bleach is a positive peak due to the excited state 

absorption (ESA). It can be explained by the transition of the oscillator from the first to 

the second vibrational excited state. The bleaching signal is rather broad (~45cm-1, 

broader than ~35cm-1 for 4CF-DPTU, see below), which can be explained by the 

spectrally unresolved contributions of both peaks in the linear absorption spectrum. We 

note that using our experimental setup, the double-peak structure can be resolved at the 

cost of detecting the excited state absorption (see SI, Figure 6-10). Nevertheless, the two 

bands that have been assigned to the two different conformers of 0CF-DPTU are 

reflected in the vibrational dynamics. As can be seen in Figure 6-2f, the transient signals 

decay faster at red-shifted frequencies as compared to blue-shifted frequencies for 0CF-

DPTU.  

 

For 4CF-DPTU, we also observe a negative, but somewhat narrower peak compared to 

0CF-DPTU centered at the spectral position of the NH-vibration in the linear IR spectrum 

(~3375 cm-1) at all delay times and a red-shifted positive peak due to the excited state 

absorption (ESA). The red-shift of the ESA relative to the GSB is a measure for the 

anharmonicity. In both cases we find a ~135cm-1 red-shift of the ESA relative to the GSB 

- the ground state bleach and ESA are well separated - which corresponds to a rather 

large anharmonicity. Remarkably, also for 4CF-DPTU (Figure 6-2e) the blue-wing of the 

bleach reveals a slower vibrational relaxation as compared to the red-shifted 

frequencies, indicative of a frequency-dependent vibrational relaxation, which points at 

different molecular-level oscillators. We note that such frequency-dependent vibrational 

relaxation can only be detected if spectral diffusion (fluctuation of the instantaneous 

resonance frequency of the excited oscillators) is slower than the vibrational relaxation.  

To quantify the frequency-dependent vibrational relaxation, we model the experimental 

data. One limiting case exhibiting slow spectral diffusion occurs when two subensembles 

of molecular oscillators exchange slower than their relaxation to the ground state. 197 

Therefore we assume two distinct modes contributing to the transient signals. Based on 

the reported presence of two conformers, we assign the two subensembles to the two 
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conformers. Given that, at reduced temperatures, the two conformers interchange 

sufficiently slowly that they can be resolved on the slow NMR timescale,30,58 we assume 

both conformers to not exchange on the timescale of a few picoseconds probed in the fs-

IR experiments. In the model, we assume that both subensembles have their own 

transient spectrum and different vibrational lifetime with which they relax to a common 

(hot) ground state. In the hot ground state, the vibrational energy is fully dissipated to 

thermal energy. 88,108 As can be seen in Figure 6-2c-f, this model describes the 

experimental data very well. As such, the N-H stretching vibrational structure and 

dynamics of both catalysts in solutions can be excellently modeled by assuming two 

disparate N-H oscillators (for details, see SI).  For 4CF-DPTU these modes have a 

vibrational relaxation time of 6.6ps and 1.4ps, while the relaxation times are roughly 

two times slower in the case of 0CF-DPTU in solution: 11.4ps and 3.4ps. 

 

 
Figure 6-3: Comparison of the associated spectra of pure 4CF-DPTU (solid lines) and pure 
0CF-DPTU (dashed-dotted lines) in DCM extracted from a parallel model fit with 2 times 
constants. The trans-trans conformer (blue) spectrum is centered at higher frequencies 
and has a longer vibrational relaxation compared to that of the trans-cis conformer (red) 
and has a shorter vibrational relaxation.  

From the fits, we can also extract the associated spectra, corresponding to the different 

vibrational lifetimes (see SI). In Figure 6-3 we show the associated spectra for the two 

components for solutions of 4CF-DPTU and 0CF-DPTU. The longer vibrational lifetime is 

associated with the blue-shifted spectrum (blue), which we assign to the trans-trans 

conformer, and the shorter vibrational lifetime corresponds to the red-shifted spectrum 

(red), which we assign to the trans-cis conformer according to previous assignments in 
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literature. 181,183,198,199 All four extracted associated spectra reveal a bleach and a red-

shifted ESA (Figure 6-3). Our experiments of the thiourea catalysts in solution thus show 

the presence of the distinctively different N-H stretching modes in solution.  

 

 

N-H hydrogen-bonding in the presence of ketones 

 

Thiourea-ketone association from NMR chemical shifts 

 

In catalysis, thiourea catalysts are shown to hydrogen-bond to ketones to form reactive 

hydrogen-bonded complexes. To investigate such complexes, we study the interaction of 

0CF-DPTU, 2CF-DPTU and 4CF-DPTU in solution with acetophenone and 

diphenylpropenone192 as representative substrates.   

 

In a first step, we determine the overall interaction of the different thiourea catalysts 

with the ketones using 1H-NMR-spectroscopy and compare it to our previous results on 

the association with diphenylpropenone192 (Figure 6-4). The details of these 

experiments are described in ref 192. Briefly, we detect the chemical shift of thiourea’s 

NH proton  at ~7.75-7.9ppm at a constant thiourea concentration (𝑐cat
0  = 0.01 mol/L) as 

a function of substrate (𝑐subs
0  = 0 – 0.4 mol/L) concentration30. Upon addition of 

substrate, the NH proton experiences a marked downfield shift due to de-shielding of 

the NH proton upon hydrogen bonding to the ketones. These experimentally observed 

chemical shifts can be modeled by assuming the N-H chemical shift to be the motionally 

averaged signal of free (𝛿𝑐𝑎𝑡, see Table 6-1) and hydrogen-bonded 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 thioureas, 

with the relative amount of hydrogen-bonded catalysts determined by the 

thermodynamic association equilibrium. From this model the chemical shift of the 

hydrogen-bonded complex, 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥, and the association constant, KNMR, can be obtained 

(see fits in Figure 6-4). The thus obtain association parameters are summarized in Table 

6-1.  

 

The NMR results confirm our earlier findings192 for diphenylpropenone also for 

acetophenone: the association constants KNMR in the solvent DCM increase with 

increasing CF3 substitution: KNMR(4CF-DPTU) > KNMR(2CF-DPTU) > KNMR(0CF-DPTU). 

Despite the association constants KNMR(4CF-DPTU) and KNMR(2CF-DPTU) are somewhat 

higher for diphenylpropenone as compared to acetophenone, taking the experimental 

uncertainty into account 178, the association strengths are very similar. We note that the 

same trend is observed in toluene as a solvent, except for the combination 4CF-DPTU 

with diphenylpropenone (see SI, Table 6-2 and Figure 6-12).  
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Figure 6-4: Chemical shift of the NH protons as a function of substrate concentration 𝒄𝒔𝒖𝒃𝒔
𝟎  

for 4CF-DPTU (black), 2CF-DPTU (red), and 0CF-DPTU (blue) in DCM with the substrate 
acetophenone (round symbols, dashed lines) and diphenylpropenone (rectangular symbols, 
solid lines). The catalyst concentration is kept constant at  𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L (for 0CF-
DPTU:diphenylpropenone:  𝒄𝒄𝒂𝒕

𝟎  = 0.015 mol/L, see192). The data of the substrate 
diphenylpropenone is taken from192. Solid and dashed lines show fits with the association 
model analogously to ref 192. 

 

In addition to the association constants, the value of the chemical shift of the complex 

𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 provides insight into hydrogen-bonding within the formed complexes: In 

general, stronger de-shielding of hydrogen-bonding protons is indicative of stronger 

hydrogen-bonds. 200 For increasing CF3 substitution from 0CF-DPTU to 4CF-DPTU we 

find higher values of 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 , indicative of stronger intermolecular interaction. 

Interestingly, the chemical shift of the complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 is lower for all studied thioureas 

when substituting the substrate diphenylpropenone with acetophenone. These 

differences are also somewhat reflected in the trend of the KNMR values. The difference 

between the two substrates could originate from weaker hydrogen-bonding of the N-H 

groups to acetophenone as compared to diphenylpropenone or, alternatively, result 

from enhanced shielding of the N-H proton due to the conjugated pi-electrons of 

diphenylpropenone as compared to acetophenone.  
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Table 6-1: Association constants, KNMR, and the chemical shift of the complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥  in 

DCM for the substrates acetophenone, and diphenylpropenone (taken from reference192), 
as obtained from the fits of the 1H-NMR chemical shifts for the catalysts 0CF-DPTU, 2CF-
DPTU and 4CF-DPTU, respectively. The shift of the free catalyst 𝛿𝑐𝑎𝑡, was fixed to the value 
found for solutions of only the catalyst. 

 

 

Linear infrared spectra of catalyst-substrate mixtures  

 

To explore potential differences of the hydrogen-bonded structure and dynamics within 

the complexes, we perform linear infrared (FT-IR) spectroscopy. Given that the largest 

fraction of catalysts is bound in complexes for an excess of ketone, we focus here on the 

catalyst:substrate mixture 1:20. To explore (i) the effect of substrate on hydrogen 

bonding, we choose the catalyst 4CF-DPTU and compare the substrates 

diphenylpropenone and acetophenone upon binding. To explore (ii) the effect of the 

catalyst, we compare 0CF-DPTU and 4CF-DPTU upon binding to the substrate 

diphenylpropenone. 

 

In Figure 6-5a, we show the absorption spectra for solutions of 4CF-DPTU and a mixture 

of 4CF-DPTU:diphenylpropenone=1:20 in DCM, which are taken from reference192, and 

compare it to a mixture of 4CF-DPTU:acetophenone=1:20. To isolate contributions of the 

thiourea catalyst at N-H stretching frequencies (~3150-3500cm-1), contributions of the 

solvent and the substrate have been subtracted. Upon addition of both ketone 

substrates, the detected band becomes asymmetric and markedly red-shifts for both 

substrates. For both catalyst-substrate mixtures, the absorption band broadens 

KNMR 4CF-DPTU 2CF-DPTU 0CF-DPTU

Diphenylpropenone 15.8 ± 0.7 L/mol 3.27 ± 0.3 L/mol 0.86 ± 0.03 L/mol

Acetophenone 14.6 ± 1.8 L/mol 2.3 ± 0.05 L/mol 1.2 ± 0.05 L/mol

 𝒄𝒐𝒎𝒑𝒍𝒆𝒙 4CF-DPTU 2CF-DPTU 0CF-DPTU

Diphenylpropenone 9.74 ± 0.02 ppm 9.27 ± 0.06 ppm 8.54 ±  0.02 ppm

Acetophenone 9.39 ± 0.07 ppm 9.10 ± 0.01 ppm 8.15 ± 0.01 ppm

 𝒄𝑎𝑡 4CF-DPTU 2CF-DPTU 0CF-DPTU

Diphenylpropenone 7.90 ppm 7.89 ppm 7.77 ppm

Acetophenone 7.87 ppm 7.90 ppm 7.75 ppm
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(spanning a frequency range of ~3150cm-1 – 3400cm-1) relative to the pure 4CF-DPTU 

(FWHM ~30cm-1) with almost identical line shapes. However, the red-shift is around 

15 cm-1 larger for the mixture of 4CF-DPTU:diphenylpropenone (1:20) compared to 

4CF-DPTU:acetophenone (1:20). This may suggest a different electronic structure or a 

different binding motif for the different substrates, yet we caution the reader that this 

red-shift is somewhat sensitive to the subtraction of the solvent absorption. 

 

 
Figure 6-5: (a) Infrared absorption spectra for solutions of 4CF-DPTU in DCM (𝒄𝒄𝒂𝒕

𝟎 =
 0.02 mol/L, black line) and with the substrate acetophenone (𝒄𝒔𝒖𝒃𝒔

𝟎 = 0.4 mol/L, green 

line) and the substrate diphenylpropenone (𝒄𝒔𝒖𝒃𝒔
𝟎 = 0.4 mol/L, purple line) as reported in 

ref. 192. (b) Infrared absorption spectra for solutions of 0CF-DPTU in DCM (𝒄𝒄𝒂𝒕
𝟎 =

 0.02 mol/L, black line) and with the substrate diphenylpropenone (𝒄𝒔𝒖𝒃𝒔
𝟎 = 0.4 mol/L, 

purple line) as reported in192. The absorbance of the solvent and the absorbance of the 
substrate were subtracted from all spectra and additionally corrected for a constant offset 
due to reflection losses (for details, see reference192). 

 

Comparison of the 0CF-DPTU in DCM to 0CF-DPTU:diphenylpropenone (1:20) mixtures 

in DCM (Figure 6-5b) reveals only a minor reduction of the amplitude of the free NH 

stretching vibrations, relative to solutions without ketone - in line with the weaker 

association constants determined from the NMR chemical shift (Table 6-1). In the 

presence of the substrate a weak absorption at 3200cm-1 – 3340cm-1 emerges. This red-

shifted absorbance can again be attributed to the hydrogen-bonded NH stretching 

vibration within hydrogen-bonded complexes, which is less intense due to the weaker 

association strength. Thus, the FTIR spectra point at slightly different bonding strengths 

depending on the substrate and shifted conformational equilibria in the presence of the 

ketones. Yet, the exact lineshapes in the FT-IR spectra are prone to the correction of the 

background (solvent and ketone), which might bias spectral shapes. To better 

discriminate the different N-H oscillators that give rise to the absorption bands, we 

again use ultrafast vibrational pump-probe IR spectroscopy. 
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Fs-IR spectroscopy for catalyst-substrate mixtures  

 

 
Figure 6-6: Fs-IR spectra of 4CF-DPTU:acetophenone=1:20 (a), 4CF-
DPTU:diphenylpropenone=1:20 (b) and 0CF-DPTU:diphenylpropenone=1:20 (c). Time 
traces for three different wavenumbers for 4CF-DPTU:acetophenone=1:20 (d), 4CF-
DPTU:diphenylpropenone=1:20 (e) and 0CF-DPTU:diphenylpropenone=1:20 (f). Symbols 
show experimental data. The lines show fits of a parallel model fit to the experimental data 
with 3 relaxation times (for details see text).  

 

In Figure 6-6 we show the transient pump-probe IR spectra as a function of wavenumber 

at different delay times for 4CF-DPTU with two different substrates, 4CF-

DPTU:acetophenone=1:20 (Figure 6-6c) and 4CF-DPTU:diphenylpropenone=1:20 

(Figure 6-6b). In both cases, we observe a rather broad bleaching signal at ~3250-

3400cm-1, due to the ground state bleach of the different NH modes. Due to the 

3200 3250 3300 3350 3400
-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0.000

0.001

0.002

0.003

0.004



/
 O

D

wavenumber / cm-1

 0.5ps

 1ps

 2.7ps

 5ps

 10ps

3200 3250 3300 3350 3400
-0.003

-0.002

-0.001

0.000

0.001

0.002




 /
 O

D

wavenumber / cm-1

 0.5ps

 1ps

 2.7ps

 5ps

 10ps

3250 3300 3350 3400
-0.006

-0.004

-0.002

0.000

0.002




O

D

wavenumber / cm-1

 0.5ps

 1ps

 2.7ps

 5ps

 10ps

4CF-DPTU:Diphenylpropenone

0CF-DPTU:
Diphenylpropenone

4CF-DPTU:Acetophenone

(a)

(b)

(c)

(d)

(e)

(f)

0 5 10

1E-6

1E-5

1E-4

0.001

0.01





O

D

delay / ps

 3277cm-1

 3353cm-1

 3372cm-1

0 5 10
1E-6

1E-5

1E-4

0.001

0.01





O

D

delay / ps

 3294cm-1

 3369cm-1

 3385cm-1

0 5 10

1E-5

1E-4

0.001

0.01





 /
 O

D

delay / ps

 3308cm-1

 3369cm-1

 3400cm-1



Vibrational dynamics of Thiourea Catalysts in Solution: Influence of Conformation and H-

Bonding to Substrates 

 

 
- 99 - 

  

simultaneous presence of free catalysts (with 2 conformations) and hydrogen-bonded 

complexes with the ketone the bleaching signal is much broader than for solutions of 

only the catalysts, in line with the FTIR spectra (Figure 6-5). However, the maximum 

amplitude of the bleaches is slightly blue-shifted compared to the FT-IR spectra, which 

can be explained by the ESA of the free catalyst that is still present in solution and partly 

overlaps with the bleach of the H-bonded complexes prevailing in solution. Based on our 

NMR results, we estimate the relative populations of the hydrogen-bonded species to 

>70 % while < 30% of catalysts are present as free (solvated) molecules (see SI, Figure 

6-13). For 4CF-DPTU:diphenylpropenone=1:20, we also observe a red-shifted positive 

signal due to the ESA. The amplitude of the transient signal is less pronounced than in 

case of the free catalyst 4CF-DPTU (compare to Figure 6-2), because the bleach and ESA 

partly overlap due to the markedly broadened NH absorption band and partially cancel 

out. 4CF-DPTU:acetophenone does not reveal a significant amount of ESA, which might 

be due to a stronger extent of the overlap with the bleaching signal.  

 

Similarly, also for 0CF-DPTU:diphenylpropenone (Figure 6-6a) the transient spectrum 

exhibits a rather broad bleaching signal from ~3280-3420cm-1. The FWHM of the 

bleaching signal is similar to 4CF-DPTU:acetophenone=1:20 and 4CF-

DPTU:diphenylpropenone=1:20, indicative of hydrogen-bonded complexes also 

contributing to the spectra in Figure 6-6a. However, the bleaching signal is present at 

higher wavenumbers, because 0CF-DPTU:diphenylpropenone=1:20 exhibits a broader 

free NH band with a higher concentration of free catalyst (~80%) being present (see SI, 

Figure 6-14). The red-shifted ESA for 0CF-DPTU:diphenylpropenone=1:20 is more 

intense as for 4CF-DPTU:acetophenone=1:20 and 4CF-DPTU:diphenylpropenone=1:20, 

which can also be explained by the higher fraction of free catalysts (and the more 

intense ESA of free catalysts).  

 

For all mixtures, the red-shifted bleaching signals decay faster with time than blue-

shifted bleaching signals: at a delay time of ~4 ps the signals at ~3300 cm-1 have nearly 

fully vanished. At 3360 cm-1, where the GSB of the free catalysts is observed (Figure 6-2), 

a somewhat narrow bleaching signal is still detectable. Overall this results in a blue-shift 

of the bleach with increasing delay time. Hence, already from the time-dependent 

spectra, largely different vibrational relaxation times are apparent, which is a 

prerequisite for a better decomposition of the individual N-H modes. The frequency-

dependent relaxation is even more apparent from the transient signals shown at three 

different wavenumbers as a function of the delay time in Figure 6-6d-f. Similar to the 

pure catalysts (Figure 6-2), we observe at higher frequencies two distinctively different 

decay times (green and blues symbols in Figure 6-6d-f) for all catalyst-substrate 

mixtures. Additionally, at red-shifted frequencies, we observe in all cases that the 

transient signals (red symbols in Figure 6-6d-f) decay much faster (at least 3x faster than 

for the pure catalyst). Thus, as commonly observed for hydrogen-bonded systems, 88 the 
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excited states of the N-H stretching modes for the hydrogen-bonded complexes relax 

much faster to the ground state as compared to the free catalyst.  

 

To better resolve the contributions of different molecular species to the transient 

signals, we model data using three different excited-state molecular species, which each 

relax with a given – frequency-independent – relaxation time to a common heated 

ground state (see Figure 6-7). Two of the three molecular species correspond to the two 

species (conformers) that are already present for solutions of only the catalysts. The 

third species is used to model the contributions of the hydrogen-bonded complexes with 

the substrate. Note that here we consider vibrational dynamics of all three species to be 

independent of each other, which appears reasonable as (i) conformational dynamics 

are slow (see above), and (ii) the large spatial separation of the individual thiourea 

molecules due to the low concentration, which hampers coupling and energy transfer 

between different thiourea molecules in solution. Yet, chemical exchange due to the 

breaking and formation of hydrogen-bonded complexes, which may occur within our 

experimental time window, is neglected (see discussion below). To reduce parameter 

space when modeling the data, we assume the vibrational relaxation times of the two 

species assigned to the free catalyst to be the same as in the absence of the substrate 

(6.6ps and 1.4ps for 4CF-DPTU and 11.4ps and 3.4ps for 0CF-DPTU). Using this model, 

we thus obtain the vibrational relaxation time and the associated spectra of the 

hydrogen-bonded complexes from the data in Figure 6-6 (for details of the model, see 

SI). We find that the vibrational relaxation time of the hydrogen-bonded complexes are 

very similar – irrespective of the catalyst or the substrate: 4CF-

DPTU:acetophenone=1:20 (0.52ps), 4CF-DPTU:diphenylpropenone=1:20 (0.65ps) and 

0CF-DPTU:diphenylpropenone=1:20 (0.58ps), yet significantly faster than that of the 

free catalyst contributions.  

 

 
Figure 6-7: Schematic representation of the parallel kinetic model fit. The excitations of the 
trans-trans conformer (1), the trans-cis conformer (2) and the H-bonded species decay 
with characteristic rate constants kj to the final end state (for details see SI). Each state has 
its corresponding spectral signature σj. 
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Figure 6-8: Normalized associated spectra for (a) 0CF-DPTU (dashed lines) and 0CF-
DPTU:diphenylpropenone=1:20 (solid lines), (b) 4CF-DPTU (dashed lines) and 4CF-
DPTU:acetophenone=1:20 (solid lines) and (c) 4CF-DPTU (dashed lines) and 4CF-DPTU: 
diphenylpropenone=1:20 (solid lines). Note that the associated spectra of the mixtures with 
the substrate (catalyst:substrate=1:20, solid lines) were extracted from a parallel model fit 
with 3 time constants. The associated spectra belong to the free species of the trans-trans 
conformer, the free species of the trans-cis conformer, and the hydrogen-bonded catalyst-
substrate complexes. 
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In general, we find for all samples that the associated spectra of the trans-trans 

conformer of the free catalysts to be broadly consistent with those obtained from 

solutions of only the catalysts (cf blue dashed in Figure 6-8). Conversely, the associated 

spectra of the trans-cis conformer deviate from the associated spectrum of the trans-cis 

conformer for the pure catalyst (dashed green lines in Figure 6-8). One notable 

observation from this comparison is the variation of the associated spectra of the trans-

cis conformer: For all three catalyst-substrate mixtures, the associated spectra of the 

trans-cis conformer are much broader in the presence of the ketone, as compared to the 

solutions of only the catalyst. In the presence of the substrate, these spectra extend to 

much lower frequencies, in contrast to the rather narrow line shape in the absence of 

the ketone. In fact, the asymmetric broadening towards lower frequencies appears like 

in the presence of ketone, as the spectra of the trans-cis conformer also contain spectral 

amplitude from the hydrogen-bonded species. Such spectral contributions of complexes 

to the spectral signatures of the trans-cis conformer may have two distinct origins: (i) 

Chemical exchange: If a long-lived vibrational excitation of a free N-H oscillator forms a 

hydrogen-bond to a H-bonding acceptor, its vibrational frequency will red-shift. Yet, the 

persistence of these signals in the transient signals is determined by the much longer 

vibrational lifetime of the free catalyst and will persist much longer than the quickly 

decaying contributions of the excited H-bonded complexes. As such, the variation of the 

spectra associated with the trans-cis conformer is indicative of chemical exchange 

between H-bonded N-H modes and the peaks due to the trans-cis conformer. We note 

that it is unlikely that this exchange is due to the formation of a catalyst-substrate 

complex from entirely free (solvated) molecules, as diffusion of the involved large 

molecular entities is too slow to occur to a significant extent. Yet, hydrogen-bond 

switching between a free and a bonded N-H group of a single catalyst may occur on this 

timescale. (ii) Alternatively, vibrational energy transfer or coupling between a free N-H 

group and an H-bonded N-H group with one thiourea molecule may explain the 

observed ‘spectral’ mixing. Irrespective of the exact mechanism of the spectral mixing, 

our observations suggest that only the trans-cis conformer exhibits exchange and/or 

energy transfer, while the free trans-trans conformer is rather unaffected by the 

substrate. This could mean that the trans-trans conformer does not form hydrogen 

bonds to the substrate, or – more likely – the hydrogen-bonded complexes of the trans-

trans conformer to the ketone are longer-lived and do not exchange on the timescale of 

our experiment to a significant extent. 

 

 

Effect of complex formation on acetophenone’s C=O bond  

 

We record the linear IR absorption spectra in the range of ~1640-1720cm-1, 

characteristic of the C=O stretching vibration (Figure 6-9). In the absence of the catalyst, 

we find an absorption at ~1680cm-1, due to the free C=O stretching vibration. The 

addition of the catalyst 4CF-DPTU, leads to a side-band at lower wavenumbers, centered 



Vibrational dynamics of Thiourea Catalysts in Solution: Influence of Conformation and H-

Bonding to Substrates 

 

 
- 103 - 

  

at 1660cm-1. Increasing the amount of catalyst causes an increase of this side-band. 

Hence, we assign this band to the hydrogen-bonded C=O stretching vibration of 

acetophenone, as the band strength of the free C=O is weakened (red-shifted) upon the 

binding of the catalyst, similar to what we observe in the linear IR spectra for the NH 

group of the catalysts. In order to separate the different contributions, we collected 

ultrafast vibrational pump-probe IR spectra of the pure acetophenone and a mixture 

with the catalyst at a 1:1 ratio of 4CF-DPTU:substrate (see SI, Figure 6-14). We find that 

even two time constants are not sufficient to accurately describe the experimental data 

and conclude that it is challenging to extract the different species from fs-IR 

spectroscopy, as the vibrational dynamics of the substrate seem to be more complex. 

Yet, it might be possible to resolve the different contributions with 2D-IR spectroscopy, 

which is part of future studies. 

 

 
Figure 6-9: FT-IR of pure acetophenone of the CO stretching vibration (dashed black line) 
with increasing ratio of catalyst (colored lines). The spectra are normalized to the 
maximum absorbance of the free C=O stretching vibration.  
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6.5 CONCLUSIONS 
 

We use 1H-NMR, FT-IR and ultrafast vibrational pump probe IR spectroscopy to detect 

and compare the molecular association of diphenylthiourea-based catalysts with the 

substrates diphenylpropenone and acetophenone in the solvent DCM in order to 

investigate the effect of the substrates and the different conformational states of the 

thiourea catalysts. By examining the N-H stretching modes of the catalysts 4CF-DPTU 

and 0CF-DPTU with fs-IR spectroscopy, we find two different vibrational dynamics 

indicative of the presence of two different conformers. Our data suggest the 

simultaneous presence of the trans-trans and the trans-cis conformers with relaxation 

times of 6-12ps and 1.5-3.5ps, respectively, for all samples. The trans-trans conformer is 

concluded to exhibit blue-shifted spectral features compared to the trans-cis conformer. 

In the presence of model substrates, we determine the association strength with 1H-

NMR spectroscopy. The data reveal a reduced chemical shift of the complex 𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥 for 

acetophenone compared to diphenylpropenone, indicative of a somewhat stronger 

intermolecular interaction with diphenylpropenone. The molecular association can also 

be observed in the FT-IR spectra of the NH-stretching vibration of the catalyst as well as 

in the FT-IR spectra of the C=O stretching vibration of the substrate: Hydrogen-bonding 

gives rise to red-shifted absorption bands next to the free N-H stretch and free C=O 

stretch band. Fs-IR spectroscopy of different catalyst substrate mixtures reveal 

significantly broadened transient spectra. The hydrogen-bonded N-H groups have 

shorter vibrational relaxation (~0.6ps), irrespective of the nature of the catalyst or 

substrate. Based on the different vibrational relaxation times, we can discriminate 

contributions of the two conformers and the hydrogen-bonded complexes also in 

solution. Remarkably, the extracted associated spectra reveal “spectral mixing” of the 

spectra of the trans-cis conformer and of the hydrogen-bonded complexes. This 

observation can be explained by hydrogen-bond formation with the substrate for only 

the trans-cis conformer on the ~10ps timescale of the experiment, while the trans-trans 

conformer seems not to display significant exchange. As such, our results provide 

evidence that the conformation of the catalyst critically affects the binding dynamics to 

the catalytic substrates.  
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6.6 SUPPORTING INFORMATION 
 

Fs-IR spectrum of 0CF-DPTU:diphenylpropenone=1:1 with a higher resolution  

 

Figure 6-10: Transient fs-IR spectrum of the bleaching signal of the NH stretching 
vibration of 0CF-DPTU with 1,3-diphenylpropenone in DCM for different delay times. The 
double peak structure observed in the linear IR spectra, corresponding to conformer 1 and 
conformer 2, respectively, can also be resolved with ultrafast pump probe IR spectroscopy 
using a higher spectral resolution for the probe pulse detection.  

 

Parallel Model fit  

To fit the transient absorption changes Δαiso, we use a model fit that is represented 

schematically in Figure 6-11. To account for the two different conformers of the pure 

DPTU catalysts, we use two excited states, of conformer 1 and conformer 2, which decay 

to a common final ground state. The further formation of hydrogen-bonded catalyst-

substrate complexes for the mixtures of catalyst with substrate (DPTU:substrate=1:20) 

is modeled by introducing a third excited state, which decays to the same final ground 

state. For j=2 or 3 excited states, each excited state is assumed to be equally populated at 

t=0 (N1..j(t=0) = 1/j). The temporal evolution of these population is assumed to follow 

first order kinetics (dNi(t)/dt = -ki Ni(t)). The measured isotropic spectra are then 
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assumed to be the linear combination of the time dependent population of the four 

states multiplied by their corresponding spectra 𝜎𝑖(𝜔): 

 

∆𝛼iso(𝜔, 𝑡) =∑𝑁𝑖(𝑡)𝜎𝑖(𝜔)

4

𝑖=1

 

 

(6-3) 
 

By fitting the isotropic data Δαiso over the measured frequency range and delay time 

range, we obtain the rate constants 𝑘𝑖  and the spectra, which are associated to each 

state. This model is based on the assumption that the rate constants 𝑘𝑖  and therefore the 

vibrational lifetimes (𝜏 =
1

𝑘𝑖
) are constant over the investigated frequency range. A more 

detailed explanation of the fitting procedure can be found elsewhere64,88,108.  

 

Figure 6-11: Schematic graphical representation of the kinetic model, which is used to 
describe the experimental isotropic data Δαiso of the vibrational relaxation dynamics of the 
NH vibrations of DPTU based catalysts in DCM. (a) The excitation of conformer 1 and 
conformer 2 (with the corresponding spectra 𝝈𝟏 and 𝝈𝟐), in case of the pure DPTU 
catalysts, decay to the final end state (with the corresponding spectrum 𝝈𝒆𝒏𝒅) with 
characteristic rate constants 𝒌𝟏  and 𝒌𝟐 . (b) For the catalyst-substrate mixtures 
(DPTU:substrate=1:20), the rate constants 𝒌𝟏 and 𝒌𝟐 are fixed to the rate constants of the 
pure DPTU catalyst and a third excited state is introduced, the hydrogen-bonded NH (with 
the corresponding spectrum 𝝈𝒉−𝒃𝒐𝒏𝒅𝒆𝒅), which also decays with a characteristic rate 
constant 𝒌𝒉−𝒃𝒐𝒏𝒅𝒆𝒅 to the final end state. The associated transient spectral signatures are 
shown in the main manuscript. 

 

Association equilibria in toluene  

Similar to the solvent DCM, we performed an association model fit in toluene for the 

catalysts 4CF-DPTU, 2CF-DPTU and 0CF-DPTU with the substrates diphenylpropenone 

and acetophenone (Figure 6-12) and find a similar trend: the change of the chemical shift 

is largest for 4CF-DPTU and decreases with decreasing amount of CF3-groups. 

Additionally, the substrate acetophenone reveals a smaller change of the chemical shift 

than the substrate diphenylpropenone for all studied DPTU based catalysts. 
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Figure 6-12: Chemical shift of the NH proton as a function of substrate concentration, 𝒄𝒔𝒖𝒃𝒔
𝟎  

for 4CF-DPTU (black), 2CF-DPTU (red), and 0CF-DPTU (blue) at a constant catalyst 
concentration (𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L) with the substrates diphenylpropenone (solid lines, 
squared symbols) and acetophenone (dashed dotted lines, circles) in the solvent toluene. 
Lines show fits with the association model (see main manuscript and reference192). 

Table 6-2: Association constants and chemical shift in toluene 

 

Table 6-2 summarizes the obtained association constants KNMR and the chemical shift of 

the complex δcomplex extracted from the fit. The association constants in toluene 

obtained for bimolecular association of DPTU based catalysts with the substrates 

diphenylpropenone and acetophenone reveal also the largest association constant for 

4CF-DPTU, which decreases with decreasing amount of CF3-substitutents at the 
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catalyst’s phenylring, independent of the substrate. Yet, the catalysts 2CF-DPTU and 

0CF-DPTU show similar association constants for the two substrates, while 4CF-DPTU 

reveals a significantly larger association constant upon binding to the substrate 

diphenylpropenone, compared to acetophenone, suggesting a larger concentration of 

formed catalyst-substrate complexes. Comparison of the chemical shift of the complex 

yields for DPTU catalysts a smaller value for acetophenone compared to 

diphenylpropenone, indicative of a larger binding strength for the substrate 

diphenylpropenone. Additionally, the chemical shift of the complex decreases with 

decreasing number of CF3-groups, except for 2CF-DPTU:diphenylpropenone. This 

difference can be explained by an higher uncertainty in these experiments, as the 

chemical shift of the free catalyst 2CF-DPTU coincides with a toluene solvent peak at 

6.98ppm, which makes the determination of this signal less robust. 192   

 

Percentages of bound catalyst and bound substrate in DCM as extracted from NMR  

 

Figure 6-13: Percentage of bound catalyst (solid lines) and bound substrate (dashed lines) 
extracted from the 1H-NMR association model fits for 4CF-DPTU:acetophenone (green), 
4CF-DPTU:diphenylpropenone (purple) and 0CF-DPTU:diphenylpropenone (light blue) in 
DCM. The catalyst concentration is kept constant at 𝒄𝒄𝒂𝒕

𝟎  = 0.01 mol/L for 4CF-
DPTU:acetophenone and 4CF-DPTU:diphenylpropenone and 𝒄𝒄𝒂𝒕

𝟎  = 0.015 mol/L for 0CF-
DPTU:diphenylpropenone, while the concentration of the substrate is varied from 𝒄𝒔𝒖𝒃𝒔

𝟎  = 0 
– 0.4 mol/L. 
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With the extracted association constants KNMR and the chemical shift of the complex 

δcomplex, the concentration of the formed complex 𝑐𝑐𝑜𝑚𝑝𝑙𝑒𝑥 for each concentration of 

added substrate 𝑐𝑠𝑢𝑏𝑠
0  can be calculated Figure 6-13. From this, we can determine the 

percentage of bound catalyst (solid lines) and the percentage of bound substrate 

(dashed lines) for the studied systems 4CF-DPTU:acetophenone (green), 4CF-

DPTU:diphenylproepnone (purple) and 0CF-DPTU:diphenylpropenone (light blue). 

While the percentage of bound catalyst increases for all studied systems, the percentage 

of bound substrate decreases, because the total concentration of substrate 𝑐𝑠𝑢𝑏𝑠
0  also 

increases (which leads to a larger concentration of bound substrate, but also to a larger 

concentration of free substrate), while the concentration of the catalyst 𝑐𝑐𝑎𝑡
0  remains 

constant.  The ratio DPTU:substrate=1:20 was investigated with ultrafast vibrational 

pump probe IR spectroscopy, which corresponds to a substrate concentration in the 

NMR measurements of 𝑐𝑠𝑢𝑏𝑠
0  = 0.2 mol/L for  4CF-DPTU:acetophenone and 4CF-

DPTU:diphenylpropenone and 𝑐𝑠𝑢𝑏𝑠
0  = 0.3 mol/L for 0CF-DPTU:diphenylpropenone. This 

ratio corresponds to >70% bound catalyst for 4CF-DPTU (<5% bound substrate), 

independent of the substrate. In contrast, 0CF-DPTU:diphenylpropenone, reveals only 

~20% bound catalyst (<<5% bound substrate). Consequently, the percentage of bound 

catalyst depends mainly on the catalyst and only to a minor extend on the substrate.  

 

Effect of complex formation on acetophenone’s C=O bond  

 

 
Figure 6-14: (a) Transient fs-IR spectrum of the CO of pure acetophenone (black) and with 
the catalyst 4CF-DPTU (green) with a ratio of 4CF-DPTU:substrate = 1:1.(b) Time traces 
for two different wavenumbers for the pure acetophenone. The symbols represent the 
experimental data and the lines show fits with a parallel model fit with two time constants.  

 

We collected ultrafast vibrational pump probe IR spectra of the pure acetophenone and 

a mixture with the catalyst at the ratio 4CF-DPTU:substrate = 1:1 (Figure 6-14). We 

observe for acetophenone (black) a negative bleaching signal at ~1675cm-1 belonging to 
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the depopulation of the ground state of the C=O stretching vibration and a red-shifted 

ESA at ~1655cm-1. The anharmonicity is rather small as the bleach and ESA seem to 

partly overlap. For the mixture with the catalyst, 4CF-DPTU:substrate = 1:1 (green), we 

find a nearly perfect overlap of the two bleaches. Yet, the ESA of 4CF-DPTU:substrate = 

1:1 is slightly reduced in its maximum amplitude, but contains a larger contribution at 

lower wavenumbers at ~1620-1640cm-1. This can be attributed to the hydrogen-

bonded C=O stretching vibration. It can only be observed for the ESA, as the lower 

frequency part of the bleach (corresponding to the hydrogen-bonded region) partly 

overlaps with the ESA of the free C=O and partly cancels (which also results in a slightly 

reduced amplitude of the ESA at ~1660cm-1). By modeling the experimental data, more 

than one time constant needs to be taken into account to describe the experimental data, 

as already is apparent from the time traces, which reveal at least two different 

vibrational dynamics (Figure 6-14b). Analogous to the modeling of the catalysts we 

assume a parallel model fit with two time constants and obtain the vibrational relaxation 

times of 4.5ps and 1.1 ps for the pure substrate acetophenone and 5.3ps and 1.7ps for 

4CF-DPTU:substrate = 1:1. However, in both cases the fit deviates from the experimental 

data at early delay times of the ESA. These findings point to more complex vibrational 

dynamics of the substrates and make it challenging to extract the different species from 

fs-IR spectroscopy.  
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7 CONCLUSION AND OUTLOOK   

 

In this thesis, I studied the fundamental interaction of (thio)urea catalysts to ketones 

and the fundamental hydrogen-bonding dynamics of urea-motifs, in order to get insights 

into catalyst-substrate binding under catalytically relevant conditions, which is vital to 

understand and predict catalytic efficiencies. The results of this thesis can contribute to 

a better understanding of the fundamental catalyst-substrate interaction. This can help 

to enable a rational catalyst design in the future, by replacing the current approach that 

mainly consists of trial and error. The main results of each chapter are summarized in 

the following paragraphs, as well as the questions, which still remain open and how to 

address them.  

In chapter 4, I presented a study of urea-d4/urea mixtures – as a model system for 

(thio)urea catalysts – in the solvent dimethylsulfoxide (DMSO) with varying degrees of 

deuteration to investigate the hydrogen-bonds donated by urea and to disentangle the 

vibrational dynamics of urea. Therefore, I used vibrational spectroscopy methods, more 

specifically, linear IR spectroscopy and 2D-IR spectroscopy combined with DFT-

calculations. The linear IR spectra exhibited spectrally separated infrared absorption 

bands for ND2 and ND stretching modes, with the ND mode being broader than the ND2 

modes. This was also observed in the 2D-IR spectra, which revealed ~1.5-2 times larger 

inhomogeneous linewidths for the ND compared to the ND2 modes. However, the 

homogeneous linewidths and the vibrational lifetimes (~ 0.6 – 0.9ps) were similar for 

the ND and ND2 modes. From the larger inhomogeneous broadening for ND compared to 

ND2, it could be concluded that the hydrogen-bond environments give rise to a broader 

frequency range for ND compared to ND2 modes. DFT calculations could explain this 

experimental observation with a marked asymmetry in the strength of the two 

hydrogen-bonds donated by an ND2 group. Further experimental analysis revealed that 

this asymmetry persists over a rather long time of ~1ps, indicating a surprisingly long-

lived inhomogeneity of hydrogen-bonding environments.  

As catalysts are known to provide a larger catalytic conversion if they contain CF3 

substituents, I investigated in chapter 5 substituted diphenylthiourea (DPTU) catalysts 

with zero (0CF-DPTU), two (2CF-DPTU) and four CF3-groups (4CF-DPTU) at the 

phenylring upon binding to the substrate 1,3-diphenyl-2-propenone in various solvents. 

Two independent techniques were used to quantify the association strength of the 

catalyst-substrate binding in solution: Upon binding to the substrate, thiourea’s NH 

proton was followed with 1H-NMR spectroscopy and the NH stretching vibration of the 

thiourea catalysts were investigated with linear IR spectroscopy. For both approaches it 

was sufficient to describe the experimental data with a bimolecular association and the 

obtained association constants from both methods agree very well. The solvents 
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dichloromethane and toluene yielded increasing association constants from ~1 L/mol – 

30 L/mol for an increasing number of CF3 substituents (from 0CF-DPTU to 4CF-DPTU), 

while there was no detectable association in acetonitrile, suggesting that also the 

solvation of the catalyst, the substrate and the complex contributes to the molecular 

association. This enhanced binding with increasing number of CF3-groups for rather 

unpolar solvents (e.g. dichloromethane) correlated well with their increased catalytic 

activity reported in literature and can explain the increased reaction rates observed for 

CF3 substituted diphenylthiourea catalysts. 

In chapter 6, a similar approach was used, where I used a combination of 1H-NMR, linear 

IR, fs-IR and 2D-IR spectroscopy in order to study the influence of the substrate and of 

the different conformational states of the catalysts on the catalyst-substrate binding. 

Therefore, I used acetophenone as model system for the substrate and compared it to 

diphenylpropenone by studying their binding to the catalysts 4CF-DPTU, 2CF-DPTU and 

0CF-DPTU. I used 1H-NMR spectroscopy to detect molecular association. This revealed 

similar association constants by changing the substrate. However the substrate 

acetophenone exhibited a siginificant decrease in the chemical shift of the complex 

𝛿𝑐𝑜𝑚𝑝𝑙𝑒𝑥  compared to diphenylpropenone, which indicates a somewhat stronger 

interaction with diphenylpropenone. The hydrogen-bonded catalyst-substrate 

complexes give rise to spectrally separated absorption bands in the NH region of the 

catalyst and in the CO region of the substrate in the FT-IR spectra, indicative for a 

weakening of the molecular bonds. By investigating the NH modes of thiourea catalysts 

with fs-IR spectroscopy, the two catalytic conformers, trans-trans and trans-cis, could be 

discriminated based on their significantly different vibrational lifetimes. In mixtures of 

catalyst with substrate, I could resolve three different molecular states, the trans-trans 

and trans-cis conformer and the hydrogen-bonded complex, whereas the third 

significantly shorter vibrational relaxation of ~0.6ps was assigned to the hydrogen-

bonded species. The obtained spectra of the trans-cis conformer contained spectral 

components of the hydrogen-bonded complex in the presence of the substrate, 

suggesting that hydrogen-bonding to the substrate only occurs for this conformer within 

the experimental time window.  

In this work, I found a long-lived inhomogeneity and asymmetry in hydrogen-bond 

strength of urea, which raises the question, if this property is characteristic to urea itself 

or if this is a general observation for hydrogen-bonding donors consisting of a XH2-

group (X=N,O,…). For this purpose, it would be interesting to measure for instance 2D-IR 

spectra of H2O/D2O in DMSO and determine their linewidths, similar to the approach 

presented in chapter 5, in order to find out if this asymmetry is also relevant for water. 

Additionally, the asymmetry is of high interest for other applications, as it could be the 

key to understand the high directionality of urea’s hydrogen-bond properties, which 

might explain the biological activity of urea towards proteins and might be relevant for 

molecular self-assembly or DNA base-pairing, suggesting that further studies in these 

fields could be designed based on this knowledge. 
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I further explored the different conformations of the thiourea catalysts and suggested 

that only one conformer is relevant for the binding to the substrate. However, the 

influence of the conformational state on the catalytic activity is still an open question. 

Therefore, it would be of considerable interest to investigate conformational more 

stable catalysts, for instance a thiourea catalyst, where both side groups are connected 

via a covalent bond, which captures the catalyst in a specific configuration and to study 

their catalytic activity. This could help to understand the contribution of the two 

conformers to the catalyst-substrate binding. 

Additionally, it would be very interesting to explore the binding angle of the substrate in 

the binding pocket of the catalyst, which can be done with two-color pump probe IR 

spectroscopy. This might be interesting for the here studied systems, but also for a chiral 

thiourea catalyst (for instance Takemoto’s bifunctional chiral thiourea derivative) in 

order to elucidate how chirality can be transferred to a substrate. 
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