
 

5ÌÔÒÁÆÁÓÔ )ÎÆÒÁÒÅÄ 3ÐÅÃÔÒÏÓÃÏÐÙ 
)ÎÖÅÓÔÉÇÁÔÉÏÎ ÏÆ $.!-,ÉÇÁÎÄ 

)ÎÔÅÒÁÃÔÉÏÎÓ 

  

By Robby Fritzsch 

Department of Physics 
University of Strathclyde 

A thesis submitted in the requirement for the degree of Doctor of Philosophy 

2019 

  



Ȭ4ÈÉÓ ÔÈÅÓÉÓ ÉÓ ÔÈÅ ÒÅÓÕÌÔ ÏÆ ÔÈÅ ÁÕÔÈÏÒȭÓ ÏÒÉÇÉÎÁÌ ÒÅÓÅÁÒÃÈȢ )Ô ÈÁÓ ÂÅÅÎ ÃÏÍÐÏÓÅÄ ÂÙ ÔÈÅ 

author and has not been previously submitted for examination which has led to the 

Á×ÁÒÄ ÏÆ Á ÄÅÇÒÅÅȢȭ 

Ȭ4ÈÅ ÃÏÐÙÒÉÇÈÔ ÏÆ ÔÈÉÓ ÔÈÅÓÉÓ ÂÅÌÏÎÇÓ ÔÏ ÔÈÅ ÁÕÔÈÏÒ ÕÎÄÅÒ ÔÈÅ ÔÅÒÍÓ ÏÆ the United 

Kingdom Copyrights Act as qualified by University of Strathclyde Regulation 3.50. Due 

acknowledgement must always be made of any material contained in, or derived from, 

ÔÈÉÓ ÔÈÅÓÉÓȢȭ 

 

Signed: 

 

 

Date:  



I 
 

1 Table of Contents 

1 Table of Contents ..................................................................................................................... I 

2 List of Abbreviations  ........................................................................................................... IV 

3 Abstract  ...................................................................................................................................... V 

4 Introduction  ............................................................................................................................. 1 

4.1 Abstract ............................................................................................................................................ 1 

4.2 DNA and its Interaction with Minor Groove Binders .................................................... 2 

4.3 Infrared Spectroscopy ................................................................................................................ 7 

4.3.1 Fundamentals of Infrared Spectroscopy .................................................................. 7 

4.3.2 Susceptibility and Linear Absorption Spectroscopy ......................................... 10 

4.3.3 Two-Dimensional Infrared Spectroscopy ............................................................. 14 

4.3.4 Infrared Spectroscopy of DNA ................................................................................... 24 

4.3.5 Combination with Temperature Jump Experiments ........................................ 28 

4.4 References .................................................................................................................................... 29 

5 Methods .................................................................................................................................. 35 

5.1 Abstract ......................................................................................................................................... 35 

5.2 Linear Infrared Absorption Spectrometry ..................................................................... 36 

5.3 2D-IR Spectrometry in Time-Domain Using Pulse Shaping .................................... 37 

5.3.1 Instrumental Setup ......................................................................................................... 37 

5.3.2 Generating Collinear Pump Pulses via Pulse Shaping ...................................... 40 

5.3.3 Generating a 2D-IR spectrum ..................................................................................... 41 

5.4 Temperature Jump Experiments ........................................................................................ 43 

5.4.1 Instrumental Setup ......................................................................................................... 43 

5.4.2 Acquiring Pump-Probe-Data using Time-Resolved Multiple Probe 
Spectroscopy (TRMPS) ..................................................................................................................... 45 

5.5 Data Analysis of Large Spectroscopic Datasets ............................................................ 46 

5.5.1 Understanding Principal Component Analysis as a Tool for Screening ... 47 

5.5.2 Applying PCA to Infrared Data and extension to 2D-IR................................... 49 

5.5.3 When to Apply a PCA ɀ Comparison to Regression Methods ........................ 52 

5.6 References .................................................................................................................................... 54 



II  
 

6 High-Throughput Screening of dsDNA Interactions with Hoechst 33258 using 

2D-IR Spectroscopy and ANOVA-PCA .................................................................................... 57 

6.1 Abstract ......................................................................................................................................... 57 

6.2 Introduction  ................................................................................................................................ 58 

6.3 Methods ......................................................................................................................................... 60 

6.3.1 Overview of the Experimental Design .................................................................... 60 

6.3.2 Materials and Sample preparation ........................................................................... 62 

6.3.3 Infrared Spectroscopy ................................................................................................... 62 

6.3.4 Estimating Binding Affinity ɀ Melting Experiments and Fluorescence Data
 63 

6.3.5 Pre-Processing of 2D-IR Data ..................................................................................... 66 

6.3.6 ANOVA-PCA: Separation of X into Subsets ............................................................ 67 

6.3.7 ANOVA-PCA: Studying Subsets via PCA ................................................................. 70 

6.4 Results and Discussion ........................................................................................................... 70 

6.4.1 Base Sequence Dependence ........................................................................................ 70 

6.4.2 Spectral Change upon Addition of Hoechst 33258 ............................................ 73 

6.4.3 Sequence Dependence of H33258 Binding ........................................................... 74 

6.4.4 Spectral Features Dependent on Waiting Time and dsDNA Sequence ..... 80 

6.4.5 Spectral Features Dependent on Waiting Time and dsDNA-Ligand 
Interactions ........................................................................................................................................... 82 

6.5 Conclusions .................................................................................................................................. 84 

6.6 Appendix ....................................................................................................................................... 87 

6.7 References .................................................................................................................................... 91 

7 Tailoring Polyamides: Investigating the Selectivity of Hairpin Minor Groove 

Binders using 2D -IR and ANOVA-PCA ................................................................................... 95 

7.1 Abstract ......................................................................................................................................... 95 

7.2 Introduction  ................................................................................................................................ 96 

7.3 Methods ...................................................................................................................................... 100 

7.3.1 Experimental Procedure ........................................................................................... 100 

7.3.2 Sample Preparation and NMR titration ............................................................... 101 

7.3.3 Experimental setup for Infrared Measurements ............................................. 102 

7.3.4 Processing of Infrared Data ...................................................................................... 103 

7.3.5 UV melting experiments ............................................................................................ 105 



III  
 

7.4 Results and Discussion ........................................................................................................ 105 

7.4.1 FT-IR Absorption Spectroscopy ............................................................................. 105 

7.4.2 2D-IR Spectroscopy ..................................................................................................... 111 

7.4.3 ANOVA-PCA of the 2D-IR Residual Dataset ....................................................... 114 

7.4.4 Spectral Analysis of Residual 2D-IR Features................................................... 118 

7.4.5 Comparison of the temporal response of TA-MeIm with TA-iPrIm ........ 123 

7.5 Conclusions and Future Outlook ..................................................................................... 126 

7.6 Appendix .................................................................................................................................... 129 

7.7 References ................................................................................................................................. 129 

8 Investigating Minor Groove Binding of Hoechst 33258 in dsDNA using Time -

Resolved, Temperature -Jump IR Spectroscopy .............................................................. 133  

8.1 Abstract ...................................................................................................................................... 133 

8.2 Introduction  ............................................................................................................................. 134 

8.3 Methods ...................................................................................................................................... 135 

8.3.1 Sample Preparation and FT-IR melting ............................................................... 135 

8.3.2 Experimental Design of the T-Jump Experiment............................................. 136 

8.3.3 T-Jump Calibration via Trifluoroacetic Acid ..................................................... 138 

8.3.4 Data Pre-Processing .................................................................................................... 141 

8.4 Results and Discussion ........................................................................................................ 143 

8.4.1 FT-IR Measurements ................................................................................................... 143 

8.4.2 Sub-nanosecond DNA response follows solvent relaxation ....................... 146 

8.4.3 T-Jump DNA response due to unfolding ............................................................. 151 

8.4.4 T-Jump DNA response at pre-melting conditions ........................................... 157 

8.4.5 Comparison to pure A/T sequences pAA and pAT ......................................... 161 

8.5 Conclusions and Future Work .......................................................................................... 164 

8.6 References ................................................................................................................................. 167 

9 Conclusions and Future Work  ...................................................................................... 170  

10 Acknowledgements  ........................................................................................................ VII  

 

  



IV 
 

2 List of Abbreviations 

 

2D-IR two-dimensional infrared 

A adenine 

ANOVA analysis of variance 

BBO bariumborate 

C cytosine 

CW continuous wave 

DFG difference frequency generation 

DFT density functional theory 

ds/ssDNA double/single stranded deoxyribonucleic 

acid 

ESA excited state absorption 

FID free induction decay 

FT-IR Fourier-transform infrared absorption 

FWHM full width half maximum 

G guanine 

GSB ground state bleach 

HPLC high pressure liquid chromatography 

MCT; HgCdTe mercury cadmium telluride 

MgO:PPLN magnesiumoxide-doped, periodically 

poled lithium niobite 

MVA multivariate analysis 

Nd:YAG neodymium-doped yttrium aluminium 

garnet 

NMR nuclear magnetic resonance 

OD optical density units 

OPA optical parametric amplification 

OPO optical parametric oscillator 

PA polyamide 

PCA principal component analysis 

PTFE polytetrafluoroethylene  

SiC silicon carbide 

T thymine 

TFA trifluoroacetic acid 

Ti:S titanium doped sapphire 

TR-IR time-resolved infrared 

TRIS tris(hydroxymethyl)aminomethane 

TRMPS time-resolved multiple probe 

spectroscopy 

UV/Vis ultraviolet and visible 
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3 Abstract 

 

Two-dimensional infrared spectroscopy (2D-IR) is a label-free analysis method that can 

provide structural insight into biological processes by uncovering the coupling between 

the intrinsic, vibrational modes of a molecule. Technological advancements in the last 

decade have drastically reduced acquisition times for 2D-IR spectra from several hours 

down to seconds, enabling researches to perform 2D-IR experiments with 

unprecedented samples sizes and complexity. This thesis applies 2D-IR spectroscopy as 

a high-throughput analysis method to study non-covalent binding of small molecules to 

minor grooves of DNA duplex structures. Minor groove binding to DNA is relevant in 

the development of potential new therapeutics that target specific DNA sequences to 

influence a biological process. The conception of a 2D-IR screening experiment will 

therefore allow for an assessment of sequence-specific ligand interactions across 

multiple different binding sites.  

Minor groove binding of two different types of ligands are investigated in this thesis. 

Application of the 2D-IR method in the context of screening is first assessed in a proof-

of-concept by studying the interaction of a well-established DNA stain, Hoechst 33258, 

across a set of different dsDNA sequences. In the following chapter, 2D-IR spectroscopy 

is applied again to study the interaction of three new types of hairpin polyamide 

ligands, screened across a set of different minor grooves. The final chapter revisits the 

Hoechst 33258 system to investigate the impact of minor groove binding at non-

equilibrium conditions using a laser-induced temperature jump. This chapter is part of 

preliminary work to develop a temperature-jump, 2D-IR experiment in the future.  



VI 
 

 



1 
 

4 Introduction 

4.1 Abstract 

This chapter identifies the study of DNA-ligand binding as a crucial step in the 

development of new pharmaceutical candidates and establishes time-resolved, infrared 

spectroscopy as a fast analysis tool to investigate such processes. The structural and 

temporal information provided by these methods combined with ever-decreasing 

acquisition times due to improved instrumentation creates an opportunity to conduct 

high throughput screening experiments. Two-dimensional infrared (2D-IR) 

spectroscopy is used to study dsDNA-ligand interactions across large spectroscopic 

datasets in this thesis. Key fundamentals of optical and vibrational spectroscopy are 

reviewed to explain the concept of 2D-IR spectroscopy. A short overview on the 

infrared response of DNA is given and its relevance to study minor groove binding is 

explained. The chapter ends with an outlook on perturbative methods to study non-

equilibrium processes over large timeframes as an additional tool for understanding 

ligand-binding. 
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4.2 DNA and its Interaction with Minor Groove Binders 

Deoxyribonucleic acid (DNA) is one of the most fundamental bio-macromolecules and 

is the molecular basis for heredity as it stores the genetic information for a plethora of 

biological structures and processes in specific sequences of four different monomers, 

the nucleotides1. Nucleotides consist of a ribose sugar derivative with a nucleobase at 

ÔÈÅ ρȭ ÐÏÓÉÔÉÏÎ ÁÎÄ Á ÐÈÏÓÐÈÁÔÅ ÕÎÉÔ ÁÔ ÔÈÅ υȭ ÐÏÓÉÔÉÏÎ ɉÓÅÅ ÂÏÔÔÏÍ ÏÆ Fig. 4.1). The 

phosphate unit acts as a linker between nucleotides and binds to the next monomer at 

ÔÈÅ σȭ position, giving the macromolecule an intrinsic directionality. Nucleobases in 

DNA are comprised of two purines, adenine (A) and guanine (G), and two pyrimidines, 

thymine (T) and cytosine (C). Naturally occurring DNA usually consists of two strands 

with complementary sequences that align in antiparallel orientation to form the iconic, 

double helical structure2. The two strands are connected via Watson-Crick base pairing. 

G and C form three, while A and T form two hydrogen bonds, giving the G-C base pair in 

general a higher stability3. Each phosphate unit of the backbone is negatively charged 

and therefore highly sensitive to the ionic strength of the solvent. Parameters like salt 

concentration or pH value will therefore change the structure of the double helix in 

order to adjust its exposure to the solvent4. DNA under physiological conditions will 

form right handed B-Form DNA with a characteristic major and minor groove (grey 

lines), which are both solvated by water. The unique structure of double stranded DNA 

implies that the same side groups of the nucleobases always appear in the same groove, 

irrespective of sequence (as shown in Fig. 4.1). This has important implications for 

spectroscopy which will be discussed in section 4.3.5. 
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Fig. 4.1 Structure of double stranded DNA. Crystal structure 1BNA by Drew et al.5 

This unique molecular structure serves purpose for two fundamental processes. The 

order of the nucleobases along the strands allows the storage of biological information 

as a sequential code that can be transcribed into biologically active structures like RNA 

(ribonucleic acids), to express its encoded function. The storage as a pair of 

complementary sequences on the other hand makes replication of genetic data 

straightforward, as both strands can be utilised as templates for duplication. So 

whether it is replication that passes genetic information on to future generations, or 

transcription that acts as a first step in the execution of inherited biological functions; 

both rely on an error free recognition of the dsDNA structure. Macromolecular 

parameters like supercoiling or bending of the helix as well as intimate changes to the 

structure of a single base pair in the sequence have a profound effect on processing the 

encoded genetic information6. Any successful interaction with the DNA is based on 

recognition of a specific structural element of the DNA, an active site, that proteins can 

interact with. Structural changes to the DNA can initiate a biological process, such as in 

the case of topoisomerases to generate an active site by unwinding supercoiled DNA7,8. 
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Structural changes can also be induced to prevent the expression of a biological active 

DNA sequence, a gene, such as in the development of minor-groove binders as 

therapeutic agents9ɀ12. Originally derived from naturally occurring molecules such as 

Netropsin and Distamycin A13,14, minor groove binders target a specific sequence to 

either occupy an active site directly at the minor groove or change the local DNA 

structure to prevent the recognition of a transcription protein on the major groove15ɀ17.  

Such transcription factor antagonists often rely on non-covalent binding such as the 

formation of hydrogen bonds to functional groups from nucleobases and are tailored 

for a high selectivity towards specific DNA sequences. They often contain planar 

subunits that form crescent shapes with enough flexibility to follow the curvature of 

the minor groove and require a certain hydrophobicity to efficiently replace the 

solvation water inside the groove.  

Alniss et al. has recently published a review paper18 that classifies minor groove 

binders according to their thermodynamic driving forces and makes a distinction 

between entropy- and enthalpy-driven ligands. The replacement of water in the minor 

groove, the release of counter-ions from the dsDNA backbone and removal of non-polar 

ligand-structures from a polar solvent environment all contribute to a gain in entropy 

and direct the ligand into the minor groove. Hoechst 33258 (see Fig. 4.2a) is a well-

established fluorescent dye and minor groove binder with antibacterial activity19 that 

binds due to a gain in entropy18,20. The formation of hydrogen bonds as well as 

attractive Van-der-Waals forces on the other hand can lead to a favourable enthalpy 

upon binding. An example for enthalpy-driven binders are hairpin polyamides (Fig. 

4.2b) with anti -tumour activity 21 that form sequence-specific hydrogen bonds with the 

nucleobases18,22.  
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Fig. 4.2 -ÉÎÏÒ ÇÒÏÏÖÅ ÂÉÎÄÉÎÇ ÏÆ (ÏÅÃÈÓÔ χχφωό ÔÁÒÇÅÔÉÎÇ ωȭ-AATT-χȭ ÉÎ a)  and binding of a hairpin 
ÐÏÌÙÁÍÉÄÅ ÔÁÒÇÅÔÉÎÇ ωȭ-TGTACA-χȭȢ #ÒÙÓÔÁÌ ÓÔructure 264D in a) by Vega et al.23 NMR structure 5OE1 in b) by 
Padroni et al.24 

One objective of this thesis is to understand the molecular driving forces behind these 

ligands in order to guide future development work towards more selective molecules 

with therapeutic effectiveness. Minor groove interactions can be studied with a variety 

of different methods to assess either selectivity or structure. DNA footprinting25,26, DNA 

melting experiments24,27 or biophysical assays28,29 aim to quantify binding affinities or 

association constants for a range of different ligand-dsDNA combinations to assess 

whether the sequence recognition is selective and can compete with natural 

transcription factors. Such large scale experiments often lack in-depth, structural 

information and are therefore combined with complementary methods such as X-ray 

crystallography30,31 and multi-dimensional nuclear magnetic resonance (NMR) 

spectroscopy24,32,33, which can in turn be used as starting point for molecular dynamics 

(MD) simulations29,32,34. These labour-intensive, structural methods provide a high level 

of detail and spatial information that is imperative to structural biology questions. 

Crystallisations and calculation tasks however can take weeks to complete, so that a 

complete structural analysis is often reserved for only the most promising dsDNA-

ligand combination. Additionally, the experimental data used for MD simulations is 

often based on static structures from crystals or averaged NMR responses in solution 

without inherent information about dynamics. 
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Time-resolved infrared spectroscopy can provide additional insight to biological 

processes like ligand binding, as it offers structural information on a wide range of 

accessible timescales down to femtoseconds to resolve ultrafast processes such as 

hydrogen bond formation35ɀ37. Similar to multi-dimensional NMR experiments, a 

defined sequence of ultrashort infrared laser pulses (as opposed to radiofrequency 

pulses in NMR) interrogates the sample and captures the connectivity of different 

vibrational modes within a molecule. The selection of pulse frequencies, polarisations, 

and timings allow the conception of different pulse-experiments, one of which being 

two-dimensional infrared (2D-IR) spectroscopy38. As will be shown later, 2D-IR 

experiments can generate a 2D spectrum where cross-peaks between different 

vibrational modes can identify spatial proximity of molecular groups. The development 

of those signals over time characterises vibrational energy pathways that allow 

conclusions to be made about the molecular environment of the oscillating functional 

group. 2D-IR spectroscopy is label-free, non-destructive, requires small sample 

volumes and works with liquid samples. 

Recent technological advancements have significantly reduced acquisition times of 2D-

IR spectra from several hours down to seconds, allowing for increased data output and 

larger experimental datasets39ɀ42. This creates the opportunity to develop a new 

screening tool to study a broad range of minor groove interactions while 

simultaneously obtaining structural information in a relatively short amount of time. 

The larger data throughput also requires development of appropriate analysis tools 

that can scale with the experiment. 

The main objective of this thesis is to study the interaction of minor groove binders 

with dsDNA using time-resolved infrared spectroscopy and utilising its high data 

throughput to develop a screening experiment that is scalable with the dataset. After 

introducing the required spectroscopy methods and instrumental setups in the 

introduction and methods chapter, chapter 6 will introduce an analysis method in 

order to study a 2D-IR dataset of Hoechst 33258 interacting with different dsDNA 

sequences. Minor groove binding of Hoechst 33258 has been studied extensively and is 

used as a proof-of concept to show how a screening experiment might be implemented 

with 2D-IR spectroscopy. Chapter 7 extends this approach to a screening experiment of 

several hairpin polyamide ligands interacting with a set of sequences. The last chapter 

introduces a time-resolved temperature-jump experiment to study the interaction of 

Hoechst 33258 with dsDNA upon melting. This experiment focusses on dsDNA melting 
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dynamics from nanoseconds to milliseconds in order to assess how minor groove 

binding affects unfolding of the dsDNA. The experiment is also used for preliminary 

measurements in developing a 2D-IR, temperature-jump experiment that can cover a 

large temporal window. 

All DNA sequences mentioned in this thesis are noted in the usual convention starting 

ÆÒÏÍ ÔÈÅ υȭ-ÐÏÓÉÔÉÏÎ ÔÏ ÔÈÅ σȭ-ÐÏÓÉÔÉÏÎȢ υȭ-GCAT-σȭ ÉÓ ÓÉÍÐÌÉÆÉÅÄ ÉÎ ÔÈÅ ÔÅØÔ ÁÓ '#!4Ȣ 

Letters within a sequence notation either represent the four nucleobases of DNA 

directly (guanine - G, cytosine - C, adenine - A, thymine - T), or represent a possible 

subset of the four (S - either G or C, W - either A or T, N - any of the four). Base pairing is 

denoted by a dash between nucleobases, such as G-C, or A-T pairs, while a base step is 

denoted as letters without spacing, like a GT step. Notations such as A/T indicate that 

either A or T structures are being referred to (similar to W). 

4.3 Infrared Spectroscopy 

4.3.1 Fundamentals of Infrared Spectroscopy 

Infrared spectroscopy is a technique commonly used to study the characteristic 

absorption profile of molecules in the infrared region of the electromagnetic spectrum. 

Absorption of infrared light induces molecular vibrational motions that are indicative 

of functional groups and structural elements within the studied molecules. Any 

heteronuclear bond within a molecule represents a dipole that can be driven by an 

oscillating electric field at a characteristic resonance frequency. Carbonyl groups for 

example will absorb light in a different region of the infrared spectrum than C-H bonds 

and each molecular structure will therefore generate a unique infrared absorption 

spectrum. The immediate environment around each bond will further affect its 

resonance frequency and can therefore act as a label-free probe for intermolecular 

interactions. 
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Fig. 4.3 Potential energy curves of a harmonic (red) and anharmonic (black) oscillator. Anharmonicity causes 
the spacing of energy levels to reduce with rising quantum number ‡. Common infrared absorption features 
such as a carbonyl stretching mode at 1600 cm-1 are caused by a transition from the vibrational ground state 
to the first excited state. The energy required for this transition (0.2 eV) is significantly higher than the mean 
kinetic energy of a gas particle at room temperature (0.04 eV).  

It is possible to describe molecular vibrations in a semi-classical approach43,44: The 

length, Ὑ, of a covalent bond in a diatomic molecule is defined by the minimum of a 

potential energy curve, ὠὙ, between the two atoms. Any displacement, Ὑ Ὑ , from 

the initial bond length will increase the potential energy and close to Ὑ, the energy can 

be approximated by a parabola (see red curve in Fig. 4.3). In this case, the molecular 

bond acts just like a mechanical spring and undergoes harmonic oscillation due to the 

symmetry of the parabola. However, the repulsion of the positive nuclei on one side 

and the dissociation energy of the bond on the other side will change the shape of the 

curve and introduce an anharmonicity. The potential energy for a diatomic molecule is 

described empirical by the Morse potential (black curve): 

 ὠὙ Ὀ ẗρ Ὡ  ȟ       ×ÉÔÈ  ‍
άÅÆÆẗ“ὧẗ’

ᴐὈ

ϳ

Ȣ 
(4.1) 

 

Ὀ  defines the depth of the well, and ‍ gives the curvature of the potential. The 

curvature ‍ is furthermore dependent on the effective mass of the two atoms, άÅÆÆ, the 

depth of the well, Ὀ , the speed of light, ὧ and the resonance frequency, ’, given in 

wavenumbers. The potential energy of a molecular bond can only reach discrete 

vibrational energy levels which can be calculated by solving the Schrödinger equation 

for the Morse potential. The permitted, vibrational energy levels are: 

 Ὁ‡ ‡
ρ

ς
Ὤὧ’ ‡

ρ

ς
ὼὬὧ’ ȟ       ×ÉÔÈ  ὼ

‍ᴐ

ςάÅÆÆẗ‫

’

τὈ
Ȣ 

(4.2) 
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The first term of this equation denotes the solution for a harmonic oscillator with 

equidistant energy levels and is usually enough to explain the most common transitions 

within linear infrared spectroscopy. A photon with the energy Ὁ Ὤ’ Ὤὧ’ is 

resonant with the transition from the ground state ‡ π into the first excited state ‡

ρ, causing the bond length to oscillate around its equilibrium length Ὑ. This 01״ 

transition is the so-called fundamental vibration and accounts for most of the observed 

bands in a mid-infrared spectrum. While other modes such as 02״ transitions 

(overtones) can also be observed using near-infrared spectroscopy, their probability is 

much lower. The transition probabilities are summarised in the selection rules and 

evaluate whether the symmetries of initial and final state are compatible for a 

transition. The selection rule for a harmonic oscillator is ɝ‡ ρ and indicates the low 

probability for overtones (forbidden transitions) . The resonance frequency ’ is, in 

analogy to a spring, depending on a force constant, Ὧ, the effective mass άÅÆÆ of the two 

nuclei and can be described by 

 ’
ρ

ς“ὧ
ẗ
Ὧ

άÅÆÆ

ϳ

 ȟ       ×ÉÔÈ  
ρ

άÅÆÆ

ρ

άρ

ρ

άς
Ȣ 

(4.3) 

 

A larger force constant Ὧ and a larger reciprocal effective mass will both increase the 

resonance frequency of the oscillating bond. An O-H bond with the small mass of a 

proton on one side will have a higher ράÅÆÆ value than an O-D bond with a heavier 

deuterium according to equation (4.3). This will in turn increase the resonance 

frequency ’ and cause the absorption bands for H2O to be at higher wavenumbers 

than for D2O.  

The second term of equation (4.2) accounts for the anharmonicity of the potential 

energy curve with ὼ being the anharmonicity constant. As the Morse potential takes a 

dissociation energy into consideration at which the bond will break, the spacing of the 

vibrational energy levels will get smaller and smaller towards the dissociation energy. 

So while the equidistant spacing of a harmonic oscillator suggests that every energy 

level can be reached by the same resonance frequency, an anharmonic oscillator will 

require slightly smaller resonance frequencies at higher initial energy levels for a 

transition. This property has not only implications on the appearance of infrared 

absorption spectra but it is crucial for 2D-IR spectroscopy. Each signal within a 2D-IR 

spectrum will be based on a peak pair separated due to anharmonicity. In the harmonic 



10 
 

approximation, these signals would completely overlap and simply cancel each other 

out. 

Molecules with more than two nuclei have several different vibrational modes where 

each can be described by its own, individual potential energy curve and discrete energy 

levels. For N atoms in a non-linear molecule there are 3N-6 possible, vibrational modes 

with  unique resonance frequencies that are affected by the characteristics of the bonds 

involved and the individual, electrostatic environment surrounding them. An oscillating 

dipole in close proximity can therefore perturb the electrostatic environment of 

another mode and alter its resonance frequency. The two vibrational modes in this case 

are coupled. Coupling can occur either mechanically through bond interactions or 

electrostatically through space as outlined in section 4.3.3.3 and is sensitive to the 

intimate, structural relationship of the coupled modes. Knowledge about the immediate 

structure at the binding site is key to understand binding processes but conventional 

infrared spectroscopy is unable to resolve coupling between modes. Off-diagonal 

features in 2D-IR spectra on the other hand provide a straightforward way of 

investigating coupling patterns and make it possible follow their development over 

time. 

4.3.2 Susceptibility and Linear Absorption Spectroscopy  

In order to explain the fundamental theory of 2D-IR spectroscopy, it is necessary to 

first give a brief overview over different linear and non-linear, optical phenomena45, 

then explain the process of conventional, linear absorption with the tools acquired and 

finally expand the theory to non-linear processes as employed in 2D-IR spectroscopy38.  

As light interacts with any dielectric medium, its electric field Ὁὸ will induce a time-

dependent, macroscopic polarisation ὖὸ in the material: 

 
ὖὸ

‐
… Ὁὸ … Ὁ ὸ … Ὁ ὸ Ễ … Ὁ ὸȟ 

(4.4) 

 

where ‐ is the permittivity of free space and … is the electric susceptibility. Equation 

(4.4) gives a general overview of the different possible processes when light interacts 

with matter:  

…  is the linear susceptibility and encompasses all linear, optical processes such as 

absorption or dispersion. Infrared light from i ncoherent sources such as black body 

emitters will induce an atomic charge separation even at low intensities and therefore 
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generate a transition dipole moment on the molecular scale, giving rise to a 

macroscopic polarisation. As there is one incoming and one outgoing electric field, 

these phenomena are referred to as two-wave-mixing processes. 

…  is the second order term of the susceptibility and has a much smaller magnitude 

than the first order term. … -processes will only occur in non-centrosymmetric 

materials (i.e. on bulk surfaces) and include frequency-doubling, difference frequency 

generation and optical parametric generation. These processes are commonly used to 

convert light from one wavelength into another by using birefringent crystals and are 

used in 2D-IR spectroscopy to generate mid-infrared laser pulses. These are so-called 

three-wave-mixing processes (for example one incoming field and two outgoing fields 

in case of optical parametric amplification). 

…  is the third order term and has an even lower magnitude than …  (relative 

magnitudes: … ȡ… ȡ… ρȡρπȡρπ  )46. Only coherent light sources with high 

intensities such as lasers are able to induce noticeable third-order-polarisations. Two-

photon absorption, pump-probe spectroscopy or 2D-IR spectroscopy are all four-wave-

mixing processes that can be studied in common, isotropic media (i.e. bulk solutions). 

Conventional, infrared absorption only uses the linear term of the polarisation, such 

that equation (4.4) reduces to ὖὸ ‐… Ὁὸ. The electric field of a light source can 

be approximated by a simple cosine function Ὁὸ ὉÃÏÓ‫ὸ, where the frequency is 

given as angular frequency An incident electric field at the resonance frequency .‫ 

‫ ‫  can interact with the dipole of a molecule and give rise to a transition dipole 

moment, ‘ , between the ground state ȿπἃ and the first excited state ȿρἃ (written in 

bra-ket notation):  

 ‘ ‪ᶻẗ‘Ƕẗ‪Ὠὼ ἂπȿ‘Ƕȿρἃ
Ὠ‘

Ὠὼ
ἂπȿὼȿρἃȟ 

(4.5) 

 

where ὼ is the coordinate of the vibrating bond and ‘Ƕ is the electric dipole moment. The 

derivative  describes the change of the static dipole as the bond is being stretched 

and compressed and the term ἂπȿὼȿρἃ gives rise to the aforementioned selection rules. 

As light interacts with the sample, an ensemble of molecules will be excited to a linear 

combination of eigenstates ȿπἃ and ȿρἃ and the polarisation of the sample will be 

proportional to:  



12 
 

 ὖὸᶿ ‘ ÓÉÎ‫ ὸȢ 
(4.6) 

 

Note how the macroscopic polarisation of the sample in equation (4.6) contains a sine 

function rather than a cosine compared to the incident, electric field. The polarisation is 

90° phase-shifted compared to Ὁὸ. !ÃÃÏÒÄÉÎÇ ÔÏ -ÁØ×ÅÌÌȭÓ ÅÑÕÁÔÉÏÎs, the now 

oscillating charges emit an electromagnetic wave with its phase shifted by another 90° 

with respect to the polarisation. The total phase shift of the emitted signal is therefore 

180° compared to the incident light and will destructively interfere with it. This will 

lower the overall light being detected after passing through the sample and generate 

the absorbance. This process explains the term two-wave-mixing process, as there is 

one incoming and one emitted field interacting with the sample.  

From a quantum mechanical perspective, it is the coherent superposition of eigenstates 

ȿπἃ and ȿρἃ that generates the macroscopic polarisation. If the incident light was coming 

from a pulsed light source (or was simply turned off), the coherent superposition of 

eigenstates generated during the pulse would slowly lose its phase relationship over 

time once the pulse has ended. This leads to a loss in polarisation over time and the 

emitted field from the sample would eventually decay with a dephasing time, Ὕ. 

Additionally, any population that was created in the first excited state would eventually 

relax back to the ground state with  the vibrational lifetime, Ὕ, contributing to the 

dephasing rate ρὝ via: 

 
ρ

Ὕ

ρ

ςὝ

ρ

Ὕ
Ȣz 

(4.7) 

 

Ὕᶻ is defined as pure dephasing time that is caused by rapid fluctuations of the 

environment. The dephasing rate in equation (4.7) affects the natural (or 

homogeneous) linewidths observed in the infrared spectrum with faster dephasing 

leading to broader absorption features. Additionally, identical molecules in different 

static, molecular environments will oscillate at a range of different resonance 

frequencies which will further broaden the infrared features observed. This 

inhomogeneous broadening will contribute to the loss in macroscopic polarisation and 

cannot be distinguished from homogeneous broadening by linear infrared 

spectroscopy alone. 2D-IR spectroscopy is however able to differentiate the two as will 

be explained below. 
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The incident light pulse in this case can be described by Ὁὸ Ὁ ÃÏÓ‫ὸ, with Ὁ  

being the pulse envelope. The evolution of the emitted field from the sample over time 

is defined as the molecular response function, Ὑὸ. The response function is 

characteristic to the sample and is only retrievable from the polarisation ὖὸ as a 

convolution with the envelope of the laser pulse, Ὁ : 

 ὖ ὸ ὨὸὉ ὸ ὸ ẗὙ ὸȢ 
(4.8) 

 

The indices in Ὑ  and ὖ  indicate a first order response and polarisation. The 

processes of this linear absorption experiment can be further visualized by so-called 

double-sided Feynman diagrams to keep track of the vibrational energy within the 

system throughout the experiment. The experiment may seem straightforward in the 

case of linear absorption, but the diagrams will become helpful for more complex pulse 

sequences later on. The diagrams illustrate the evolution of the density matrix, which 

describes the statistical average of the interacting ensemble of modes. The density 

matrix is proportional to the outer product ȿὲἃἂάȿ of the eigenbasis ὲ with its complex 

conjugate, άȟ and can indicate, whether the ensemble average is in the ground state, 

ȿπἃἂπȿ, or the first excited state, ȿρἃἂρȿ. Configurations like ȿρἃἂπȿ, or ȿπἃἂρȿ signify so-

called coherences, where the ensemble average is in a coherent superposition of the 

eigenstates ȿπἃ and ȿρἃ. The electric field of a light pulse can act on either the ket (left) 

or the bra (right) side of the density matrix and promotes or de-excites that state by 1. 

 

Fig. 4.4a) Depiction of a conventional infrared absorption experiment with a pulsed light source. An electric 
field with a square shaped pulse envelope Ὁ ὸ interacts with a sample at ὸ π. This generates a response 

from the sample that decays with T2. This characteristic response Ὑ ὸ is only observable from the 

macroscopic polarisation of the sample ὖ ὸ over time. This process can be represented by double-sided 
Feynman diagrams in b) with an incoming electric field at ὸ π and an emitted field at ὸ ὸ. Two pathways 
are possible as the incident field can interact with either side of the density matrix. 

The linear absorption experiment with a pulsed light source can be described by two 

Feynman diagrams as shown in Fig. 4.4b. The diagrams are read from bottom to top. At 
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time-zero, the electric field of the incident electric field acts on either the ket or the bra 

side of the density matrix and promotes the ensemble average from the ground state to 

a coherence. This coherence will have a dephasing time Ὕ (assuming no further 

inhomogeneous broadening) and generate an emitted field from the same ket or bra 

side while relaxing back to its ground state. The emitted field is detected as part of the 

macroscopic polarisation and leads to an absorbance peak in the linear IR spectrum. 

4.3.3 Two-Dimensional Infrared Spectroscopy 

Two-dimensional spectroscopy is based on a pump-probe-type experiment, where a 

molecule is excited with a laser pulse at one frequency and then probed with a second 

laser pulse shortly after to study how the vibrational energy pumped into the system 

has evolved during that time. By varying the frequencies of the pump light and the 

probe light in this experiment, it is possible to generate a two-dimensional spectrum 

that uncovers the vibrational, energetic pathways of the molecule. The timing between 

the pump and the probe pulse can be scanned additionally to obtain the evolution of 

the two-dimensional spectrum over time. The probe pulse is usually a femtosecond 

pulse with a broad spectral bandwidth that can be dispersed on to an array detector. 

The array detector can collect the probe frequency axis of the 2D-IR spectrum within a 

single measurement, which is denoted as the horizontal axis of the 2D-IR spectra in this 

thesis. The pump axis (vertical axis) can be obtained either in frequency-domain or 

time-domain as outlined in Fig. 4.5. In the first case, a single pulse is used to excite the 

sample which is modulated in frequency to collect the pump frequency axis of the 2D-

IR spectrum row by row as shown in Fig. 4.5a.  

 

Fig. 4.5a) Acquisition of a 2D-IR spectrum in frequency-domain using a single pump pulse with narrow 
bandwidth. b) Time-domain 2D-IR uses a pair of ultrashort pulses to excite several resonance frequencies 
simultaneously. Scanning different pump-pump delays enables collection of the pump axis in time with 
subsequent Fourier-transformation to obtain frequencies. The probe frequency axis is usually resolved using 
an array detector. 

This method requires tuneable, infrared light with a narrow spectral bandwidth to 

resolve the pump axis. A narrow bandwidth inevitably leads to long pulse durations 
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due to the time-bandwidth product of transform-limited pulses. This ultimately limits 

the achievable time-resolution as well as the spectral resolution as will be shown 

below. Biological samples in particular require a high temporal resolution in order to 

resolve their characteristic, short vibrational lifetimes, Ὕ of few picoseconds36,38,47. It is 

therefore more common to collect the pump axis in time-domain using a pair of 

ultrashort pump pulses as shown in Fig. 4.5b. A pulse pair with a defined time delay 

will excite several frequencies at once and by scanning the delay between the two 

pulses it is possible to collect a 2D-IR response in time-domain. The response is then 

Fourier-transformed to obtain the pump frequency axis for the 2D-IR spectrum. The 

practical implementation of this method is outlined in more detail in chapter 5.3. The 

spectral resolution ῳof this method is defined by the temporal step size ῳὸ by the ‫ 

which the delay is incremented:  

    , (4.9) 

where ὔ is the number of measurements. This method enables the use of spectrally 

broad, femtosecond short pulses as pump light for improved spectral- and time-

resolution and is therefore preferred in contemporary 2D-IR spectrometers over the 

frequency-domain approach. The generation of the 2D-IR response in time-domain is 

explained below.  
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4.3.3.1 Time-domain 2D-IR spectroscopy 

 

Fig. 4.6a) Pulse sequence in a time-domain 2D-IR experiment. Two pump-pulses excite the sample and a third 
pulse probes the excited modes to generate a macroscopic polarisation. b) In pump-probe geometry, both 
pump-pulses are collinear and the response function of the sample is emitted in the same direction as the 
probe pulse, self-heterodyning the signal. A spectrometer disperses the signal on to an array detector to obtain 
the probe frequency. The pump-frequency is obtained after Fourier-transformation of the scanned t1-times. 

2D-IR spectroscopy utilises the third order term …  of the susceptibility of the sample. 

As mentioned earlier, this term is much smaller than the linear susceptibility and can 

be regarded as a four-wave-mixing process. This terminology can be understood when 

looking at a 2D-IR experiment in the time-domain (see Fig. 4.6a): The electric field of 

two pump pulses, ὉȟὉ, and a probe pulse, Ὁ, interact with the sample and generate 

an emitted field, Ὁ. The third-order polarisation of the system is again a convolution of 

the three incident laser fields with the desired third-order response function Ὑ  that 

carries the 2D-IR signal:  

 
ὖ ὸ Ὠὸ Ὠὸ ὨὸὉ ὸ ὸὉ ὸ ὸ ὸὉ ὸ ὸ ὸ ὸ

ẗὙ ὸȟὸȟὸȢ 

(4.10) 

 

The observable, macroscopic polarisation from such an experiment is therefore much 

more complex than in linear spectroscopy. Long pulses will obscure the response 

function Ὑ  and cause lineshape broadening of the features observed in the 2D-IR 

spectrum. The time-domain 2D-IR approach mitigates this problem by using 

femtosecond pulses throughout for ὉȟὉ and Ὁ. 
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 A four-wave-mixing process follows the preservation of momentum of all four fields, so 

that the directionality of the emitted field, given by the wave vector Ὧᴆ, is defined by the 

three incident fields: 

 Ὧᴆ Ὧᴆ Ὧᴆ ὯᴆȢ (4.11) 

Careful alignment of the laser pulses together with a well-defined phase relationship 

makes it possible to obtain a response function in a specific direction after the sample. 

This method is called phase matching and is used in non-linear methods to separate the 

response function of interest from the overall polarisation of the material. Even though 

there are other setups like the box-CARS geometry as outlined below, this thesis 

focusses on spectrometers with pump-probe geometry (see Fig. 4.6b). In this setup, 

both initial pump pulses are collinear so that Ὧᴆ Ὧᴆ. High throughput screening 

experiments require fast data collection and pump-probe geometry lends itself to pulse 

shaping (see chapter 5.3.2) which improves acquisition times and ease of data 

collection. Using this particular geometry, the response functions of six different 

energetic pathways are attainable, which can be explained by the Feynman diagrams 

outlined in figure Fig. 4.7a-f. 

 

Fig. 4.7 Feynman diagrams for six different response functions obtainable with pump-probe-geometry. 

In a 2D-IR experiment, the first laser pulse Ὧᴆ will act on either the ket or the bra side of 

the density matrix and generate a coherence state like in the linear case. An ensemble 
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of molecules will be in a coherent superposition of states that dephases over time. The 

second laser pulse Ὧᴆ will generate a population state that either repopulates the 

ground state ȿπἃἂπȿ, or populates the first excited state, ȿρἃἂρȿ, with lifetime Ὕ. The 

third pulse Ὧᴆ will then transform the ensemble once again in a coherent superposition 

of states from which it will finally emit an electric field Ὧᴆ with the desired, third-order 

response function Ὑ . 

Both coherence states during ὸ and ὸ are affected by homogeneous and 

inhomogeneous dephasing which define the lineshape broadening of the features 

observed in 2D-IR. If the coherence states during ὸ and ὸ change from a higher 

quantum state from one side of the density matrix to the other (as in Fig. 4.7a to c), the 

inhomogeneous dephasing during ὸ will invert its direction and rephase during ὸ 

which generates a photon-echo. Inhomogeneous dephasing is caused by different 

resonance frequencies that remain constant for an individual oscillator throughout the 

experiment. A faster oscillation will travel further during ὸ than a slower oscillation. 

When the direction is reversed after Ὧᴆ, all oscillations retain their respective 

frequencies and thus require the same time to return to their initial position. The 

macroscopic polarisation will therefore peak at ὸ ὸ, when all oscillations are 

rephased (see blue trace in Fig. 4.6a). This is similar to a spin-echo experiment in 

nuclear magnetic resonance (NMR) spectroscopy, where a 180° pulse inverts the 

direction of the dephasing spins and causes them to rephase to a net magnetic 

moment44. In optical spectroscopy it is the rephasing of the transition-dipole-moments 

in the response functions ὙȟὙȟὙ that causes a photon echo. These are so-called 

rephasing pathways. If the coherence states during ὸ and ὸ keep the higher quantum 

state on the same side of the density matrix (as in Fig. 4.7d to f), the dephasing 

continues in the same direction after Ὧᴆ and no photon-echo is generated. These non-

rephasing pathways are insensitive to inhomogeneous broadening but will still emit a 

detectable macroscopic polarisation.  

Rephasing pathways are emitted in the phase matching direction of Ὧᴆ Ὧᴆ Ὧᴆ 

while non-rephasing pathways are emitted in the Ὧᴆ Ὧᴆ Ὧᴆ direction. Collection of 

the rephasing pathways alone will return a 2D-IR spectrum that contains lineshapes 

with absorptive as well as dispersive contributions. As a result, each spectral feature is 

broadened and distorted by phase-twists. In order to obtain a fully absorptive 2D-IR 

spectrum, the responses from rephasing and non-rephasing pathways need to be added 
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together which will cancel phase twists and narrow the linewidths. In pump-probe 

phase-matching geometry, both pump pulses are collinear (Ὧᴆ Ὧᴆ) so that rephasing 

and non-rephasing responses are emitted simultaneously in the same direction. As a 

result, purely absorptive 2D-IR spectra are readily collected in this geometry. 

 

Fig. 4.8 a) Box-CARS and b) pump-probe phase-matching geometry for generating 2D-IR signals. Switching 

pump pulses Ὧᴆ and Ὧᴆ  in box-CARS enables collection of rephasing and non-rephasing pathways separately 
while pump-probe geometry allows detection of purely absorptive spectra in one measurement. 

2D-IR spectra have traditionally been acquired in box-CARS geometry, where the 

directi on of the four pulses forms a square shape (as shown in Fig. 4.8a). This allows 

more control over the response functions detected, as switching the time-order of the 

two pump pulses Ὧᴆ and Ὧᴆ will either emit only rephasing or only non-rephasing 

pathways in the direction of the detector. Moving the two pump beams closer together 

illustrates how pump-probe geometry will capture both pathways simultaneously. Box-

CARS geometry however requires an additional carrier pulse (local oscillator) that 

heterodynes the emitted 2D-IR response in order to be able to detect it while pump-

probe geometry is self-heterodyned due to collinearity of the signal with the probe 

pulse Ὧᴆ. 

Although technically being a photon-echo experiment with three individual laser 

pulses, the 2D-IR signal generation can also be explained using pump-probe 

terminology for a better understanding (especially since pump-probe geometry is 

employed). The first two laser pulses are considered pump-pulses that populate a first 

excited state of the system. The third pulse interrogates the excited system with a much 

lower energy than the pump pulses and drives the coherence that generates the 

emitted field Ὧᴆ with the desired response-function. It is therefore referred to as the 

probe-pulse. The residual probe-pulse after the sample is collinear with the emitted 

field (pump-probe geometry) and acts as a local oscillator that self-heterodynes the 
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signal in order to conserve phase information of the signal and enable detection with 

commercially available infrared detectors. This signal can be dispersed with a grating 

on an array detector to generate the probe frequency axis of the 2D-IR spectrum. The 

time-delay between the two pump pulses, ὸ, can be scanned and Fourier-transformed 

to obtain the pump-frequency axis of the 2D-IR spectrum. It is furthermore possible to 

change the delay between the second pump and probe pulse, ὸ, to study the population 

relaxation and obtain a stack of time-resolved 2D-IR spectra. 

4.3.3.2 Structure of the 2D-IR spectrum 

The generation of a 2D-IR spectrum from experimental data is outlined in more detail 

in chapter 5.3.3. The purely absorptive 2D-IR spectrum of a single oscillator such as a 

carbonyl stretch vibration contains a negative signal characteristic to the 01״ transition 

and a positive signal characteristic to the 12״ transition of the oscillator as shown in 

Fig. 4.9a Red indicates negative, blue indicates positive values throughout. Vertical and 

horizontal axes of the 2D-IR spectra in this thesis are referred to as pump and probe 

axes (following pump-probe terminology) and denoted in wavenumbers. The 

coherences generated after Ὧᴆ will dictate the frequency position of the signals along 

the pump-frequency (vertical position in the spectrum) and Ὧᴆ will define positions on 

the probe-frequency axis (horizontal position). All pathways in Fig. 4.7 show a 

coherence after Ὧᴆ, where the ensemble oscillates between the ground state and the 

first excited state. Every signal generated in this system will therefore be positioned at 

the same resonance frequency of the 01״ transition along the pump-frequency axis in 

Fig. 4.9a. Four out of the six pathways (Ὑ, Ὑ, Ὑ, Ὑ) have a coherence after Ὧᴆ that 

will emit a field with the frequency of the same 01״ transition. These response 

functions are responsible for the negative signal positioned along the diagonal in the 

2D-IR spectrum. The remaining two pathways (Ὑ, Ὑ) show a coherence after Ὧᴆ that 

emit a field with the frequency resonant to the 12״ transition of the oscillator and 

therefore generate a positive signal positioned at lower energies along the probe axis. 

Using pump-probe terminology, the two signals would be regarded as ground state 

bleach (GSB ɀ negative) and excited state absorption (ESA ɀ positive signal) 

respectively. In a pump-probe experiment, the GSB appears negative due to stimulated 

emission from the excited state (in analogy with Ὑ, Ὑ) and a reduced absorption from 

a depleted ground state (Ὑ, Ὑ, bleaching), while the ESA is positive due to absorption 

from the excited state (Ὑ, Ὑ). 



21 
 

 

Fig. 4.9a) Purely absorptive 2D-IR spectrum of a single oscillator. b) 2D-IR spectrum of an ensemble of 
molecules with slightly different resonance frequencies. c) 2D-IR spectrum of two coupled oscillators and 
corresponding energy diagram. The vertical pump axis is resolved by scanning t1, the horizontal probe axis is 
resolved by the spectrometer and array detector. Red indicates negative-, blue indicates positive values. 

A single oscillator will return a single peak pair with Lorentzian peak shapes due to 

homogeneous broadening (see Fig. 4.9a). However, an ensemble of molecules in 

solution will usually experience different molecular environments that affect the 

individual resonance frequency of each molecule. This will lead to an inhomogeneous 

lineshape broadening of the 2D-IR signal along the diagonal and generate elliptic, 

gaussian peaks (Fig. 4.9b). As molecules diffuse through different environments over 

time, their 2D-IR lineshape in will become less elliptic. This so-called spectral diffusion 

can be quantified by time-resolved 2D-IR measurements to study the dynamic 

environment of the oscillators. 

Larger molecules and mixtures in solution contain different oscillators that can be 

coupled mechanically through-bonds or electrostatically through-space as mentioned 

before. Coupling will extend the potential energy curves of two oscillators Ὥ and Ὦ to a 

joined, two-dimensional potential energy surface with shared vibrational quantum 

states. Fig. 4.9c exemplifies a 2D-IR spectrum of two coupled oscillators together with 

a depiction of the vibrational energy states of that system. Depending on the strength of 

coupling, the shared quantum states will still maintain characteristics from the two 

uncoupled oscillators, so that the former individual, first excited states of each mode 

are now represented by ȿὭἃ and ȿὮἃ. The former, second excited states are now 



22 
 

represented by ȿςὭἃ and ȿςὮἃ respectively and a combination band ȿὭ Ὦἃ is present 

between them. 

The 2D-IR spectrum of the two coupled oscillators can be explained by using the 

coherence between the shared ground state ȿπἃ and ȿὮἃ after pump pulse Ὧᴆ as a starting 

point. This will give rise to all 2D-IR features observed at a pump frequency of ’. The 

depletion of the shared ground state after Ὧᴆ will make fewer oscillators available for 

additional coherences between ȿπἃ and ȿὮἃ (transition A) or between ȿπἃ and ȿὭἃ 

ɉÔÒÁÎÓÉÔÉÏÎ !ȭɊ ÁÆÔÅÒ ÔÈÅ ÐÒÏÂÅ ÐÕÌÓÅ Ὧᴆ. This bleaching leads to two negative features; 

one on the diagonal (A) at ’ and one at a lower probe frequency of ’ ɉ!ȭɊȢ 4ÈÅ Ô×Ï 

pump pulses can cause a population state ȿὮἃἂὮȿ after Ὧᴆ, from which three transitions B, 

C and D are accessible. B and C correspond to stimulated emission and excited state 

absorption, similar as with a single oscillator and lead to a negative peak on the 

diagonal (B) and a positive peak at slightly lower probe frequency next to the diagonal 

(C). The distance between both features in the spectrum is characteristic to the 

anharmonicity of the individual oscillator Ὦ. More importantly, a transition D to the 

combination band ȿὭ Ὦἃ is possible which leads to a positive peak at a probe frequency 

even lower than ’. The distance that separates the off-diagonal peak pair is referred to 

as off-diagonal anharmonicity and rises with coupling strength. If the combination band 

was simply the sum of transition frequencieÓ ÏÆ ! ÁÎÄ !ȭȟ ÔÈÅÎ ÔÈÅ ÏÆÆ-diagonal peak 

pair would overlap and completely cancel each other, as in the case of no coupling.  

4.3.3.3 Vibrational Coupling 

Coupling through space arises due to electrostatic interactions between transition 

dipole moments of different modes. Through-space coupling extends the linear 

equation (4.5) for the transition dipole moment by a quadratic term that mixes the 

displacement of two individual modes and removes their independence from another48. 

This additional cross-term represents an electrical anharmonicity that contributes to 

ÔÈÅ ÖÉÓÉÂÉÌÉÔÙ ÏÆ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÂÁÎÄÓ $ ÁÎÄ $ȭ ÉÎ Fig. 4.9c. The strength of the 

through-ÓÐÁÃÅ ÃÏÕÐÌÉÎÇ ÃÁÎ ÂÅ ÅÓÔÉÍÁÔÅÄ ÂÙ ÔÈÅ ȰÔÒÁÎÓÉÔÉÏÎ ÄÉÐÏÌÅ ÃÏÕÐÌÉÎÇȱ-model that 

treats each transition dipole as a single vector. The relative angle between vectors will 

affect the relative intensities of the coupled modes in the 2D-IR spectrum and their 

distance from another will contribute to the off-diagonal peak-pair separation (i.e. 

ÄÉÓÔÁÎÃÅ ÂÅÔ×ÅÅÎ $ ÁÎÄ !ȭɊȢ 4ÈÅ ÄÉÐÏÌÅ ÁÐÐÒÏØÉÍÁÔÉÏÎ ÐÒÏÖÉÄÅÓ Á ÕÓÅÆÕÌ ÍÏÄÅÌ ÓÙÓÔÅÍ 

for long-range interactions49, where the separation between the dipoles is large 
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compared to the transition dipole vector lengths. Excitation in real molecules will 

however induce the displacement of a charge density in the molecule rather than a 

simple dipole. In these cases, more sophistÉÃÁÔÅÄ ÍÏÄÅÌÓ ÓÕÃÈ ÁÓ ÔÈÅ ȰÔÒÁÎÓÉÔÉÏÎ ÄÅÎÓÉÔÙ 

ÄÅÒÉÖÁÔÉÏÎ ÄÉÓÔÒÉÂÕÔÉÏÎȱ-model could be used to estimate the extent of through-space 

coupling. 

Additionally, mechanical coupling through bonds can also occur in molecules. The 

restoring force of an oscillator in a larger molecule will be influenced by additional 

bonds to that oscillator and induce an anharmonicity in the potential energy surface. 

This is in analogy to the empirical Morse potential found for diatomic molecules and 

can be generalised to a polyatomic molecule by a Taylor expansion for the potential 

energy around the equilibrium geometry: 
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(4.12) 

where ὼȟὼȟὼ are different vibrational displacements in the same molecule. At 

equilibrium ὼ π, the first two terms are zero. The quadratic term shows a cross-

term of two different vibrational displacements (ὼὼ, with Ὥ Ὦ) in the same molecule. 

This cross-term accounts for collective, harmonic oscillations of different atoms in a 

molecule, known as normal modes. Transformation from atomic displacements ὼ to 

normal coordinates ὗ allows to represent the complex motions in a molecule as 

independent, harmonic oscillations, each with a parabolic potential energy curve. The 

cubic term in equation (4.12) however removes the independence of the normal modes 

again and introduces a cross-term that leads to an anharmonic, multidimensional 

potential energy surface. This again gives rise to the appearance of combination bands 

as a result of non-equidistant energy levels and the visibility of the combination bands 

$ ÁÎÄ $ȭ ÉÎ Fig. 4.9c. Mechanical coupling can affect the spacing between levels and 

therefore affect the resonance frequencies in case of strong coupling. Geometry 

optimisation models such as density functional theory allow an estimation of the 

mechanical coupling strength. 

These interactions lead to a complex vibrational energy landscape for large molecules. 

The vibrational modes of the nucleobases in dsDNA are coupled within a single 
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nucleotide, between nucleotides along the strand and across strands, forming a coupled 

network that is sensitive to structural changes such as base stacking or base pairing. 

Structural changes that weaken or strengthen a molecular bond such as hydrogen 

bonding will further affect the resonance frequency of the corresponding vibrational 

mode and shift its peak pair towards higher or lower wavenumbers. 

By scanning the time delay ὸ between pump and probe pulse, it is possible to observe 

how the vibrational energy induced by the pump dissipates over time. The population 

in the excited states after Ὧᴆ will return to the ground state and the corresponding 

signals in the 2D-IR spectrum will decay. 2D-IR signals from nucleobases in the centre 

of dsDNA structures show a short relaxation within 1 ps37,47,50. Off-diagonal features 

generated from coupling interactions will decay with the same rate as their 

corresponding diagonal features. The vibrational lifetime of each mode is dependent on 

its individual molecular environment to allow dissipation of the energy. Energy from 

the nucleobases can also be transferred to vibrational modes of other structures 

including the phosphate backbone47, which will be apparent as additional off-diagonal 

peaks between both modes that rise and decay over time. The temporal response of 

each cross-peak thus gives an indication whether two modes are coupled, or an energy 

transfer process occurs between them.  

4.3.4 Infrared Spectroscopy of DNA 

DNA structures have been studied by several infrared methods, including linear 

absorption51ɀ53, transient pump-probe54ɀ56 and two-dimensional57ɀ60 infrared 

spectroscopy. Research has focussed on different regions of the infrared spectrum such 

as NH/NH2 and OH stretching modes61 above 3000 cm-1, carbonyl and ring-modes from 

nucleobases62ɀ64 around 1600 cm-1 or phosphate vibrations from the backbone47,65,66 

around 1000 cm-1. The region between 1550 and 1700 cm-1 is of particular interest for 

studying sequence recognition, as each nucleobase shows characteristic spectral 

features in this window. In aqueous solutions, these features are usually not observable 

due to a large absorption peak of water (H2O bending) at 1640 cm-1. Although it is 

possible to collect 2D-IR data from aqueous solutions at high sample concentrations 

using thin liquid films (< 6 µm)67, high humidty37, or gel phases68, the most practical 

solution is replacement of the solvent with deuterated water, which shifts the solvent 

peak to 1250 cm-1. 
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Fig. 4.10 #ÏÎÖÅÎÔÉÏÎÁÌȟ ÌÉÎÅÁÒ ÉÎÆÒÁÒÅÄ ÁÂÓÏÒÐÔÉÏÎ ÓÐÅÃÔÒÁ ÏÆ ωȭ-TTATATATTT-χȭ ÉÎ a) ÁÎÄ ωȭ-GCCGCCGCCG-χȭ 
in b) at 10mM concentration in 100mM Tris buffer. Baseline features from the solvent were subtracted. Solid 
lines show the response of dsDNA at room temperature, dashed lines show the same sample 14°C above the 
melting point in a) and 30°C above the melting point b), characterising single stranded DNA. c) and d) 
qualitatively depict transition dipole moments for all four, deuterated, non-base-paired nucleobases as 
reported by Lee et al.58 

Fig. 4.10a and b ÓÈÏ× ÉÎÆÒÁÒÅÄ ÁÂÓÏÒÐÔÉÏÎ ÓÐÅÃÔÒÁ ÏÆ Ô×Ï ÄÓ$.! ÓÅÑÕÅÎÃÅÓȟ υȭ-

TTATATATTT-σȭ ÁÎÄ υȭ-GCCGCCGCCG-σȭ ɉÁÎÄ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÃÏÍplementary strand) at 

room temperature (solid lines). Each of the two Watson-Crick base pairs is represented 

by a set of coupled, vibrational modes with characteristic resonance frequencies that 

can be used to differentiate A-T from G-C structures spectroscopically. However, the 

exact spectral response is defined by the specific geometry in the dsDNA. A 

perturbation to the structure such as melting of the double strand will dissociate the 

base pairs, remove base stacking interactions and reorganise the solvation shell, which 

has a noticeable effect on the infrared absorption spectrum. Dashed lines in Fig. 4.10 

show the spectrum of the same sequences above the melting point, characterising two 

separate single strands rather than a DNA double strand. A comprehensive study of 

DNA absorption features in this spectral region was carried out by Lee and co-workers 

in 2006. In a series of four computational papers, they investigated how base pairing, 

stacking interactions, coupling, solvation, deuteration, isotope labelling or DNA 

conformation (A-, B-, Z-Form) affect carbonyl- and ring modes of the nucleobases using 

density functional theory (DFT) calculations. The location of the transition dipoles for 

the four deuterated, non-base-paired, nucleobases is qualitatively illustrated in Fig. 
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4.10 as originally published by Lee58. Upon base pairing, the transition dipole moments 

of the nucleobase structures will change, while remain fairly localised to the 

corresponding functional groups, apart from carbonyl stretches Gs of guanine and Cs of 

cytosine. Strong coupling of these modes in the G-C base pair leads to two delocalised, 

collective modes GsCs(+) and GsCs(-) with symmetric and anti-symmetric stretching of 

both carbonyls in phase. 

 

Fig. 4.11 2D-IR spectra of both dsDNA sequences at a pump-probe time delay of 400 fs. Absorption features 
from linear absorption measurements align with negative signals observed with 2D-IR spectroscopy along the 
diagonal, indicating 0-1 transitions.  

The 2D-IR spectrum of both dsDNA sequences at room temperature is shown in Fig. 

4.11. Each absorption peak observed with linear infrared absorption spectroscopy 

appears as a peak pair with a negative signal (0-1 transition) positioned on the 

diagonal and a positive signal (1-2 transition), horizontally offset due to anharmonicity 

in the 2D-IR spectrum. Off-diagonal features in Fig. 4.11a mostly indicate coupling 

between modes within the same nucleobase (i.e. T2s with T4s, red cross) as well as 

across base pairs (i.e. T4s with Ar1, red triangle). 2D-IR melting experiments indicated 

that cross-peaks between modes from A and T structures (red triangle) disappear 

during unfolding50. The T2s mode at 1692 cm-1 in Fig. 4.11a represents a particularly 

useful marker band for minor groove binding, as the corresponding C2-carbonyl group 

of T points towards the minor groove of dsDNA structures. Perturbations to this band 

are used in chapter 6 to identify minor groove binding of Hoechst 3325869,70. The 

amplitude of the AR1 r ing mode at 1623 cm-1 has proven sensitive to base stacking 
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interactions55 and is used as marker band for unfolding processes in chapter 8. 2D-IR 

spectra of pure G/C-structures such as in Fig. 4.11b were previously studied regarding 

coupling between and along dsDNA strands62,71, indicating that the cross-peaks in Fig. 

4.11b (blue triangle) originate from coupling across strands. While off-diagonal 

features from coupling are dominant in this spectral region and show vibrational 

relaxation on the order of 1 ps, energy transfer has also been observed from A/T-

structures to modes of the phosphate backbone further down at 1080 cm-1 47. 

Peng et al. has studied all four dsDNA nucleotides individually using 2D-IR 

spectroscopy and quantified all observable, intramolecular coupling constants between 

1500 and 1750 cm-1 for each nucleotide63. While such a detailed analysis allows the 

calculation of relative orientations of transition dipoles, a longer dsDNA oligomer with 

mixed contributions from G-C and A-T base pairs will lead to a convoluted response in 

the 2D-IR spectrum where cross-peaks from multiple coupled modes overlap. This 

convolution of peaks is already visible in the off-diagonal region of relatively simple 

sequences in Fig. 4.11. Melting experiments have alleviated this problem to some 

extent and identified cross-peak patterns sensitive to base pairing50,72, but a mixed 

sequence containing both G-C and A-T base pairs still remains challenging to analyse in 

detail.  

An additional complexity arises from possible coupling along the strand. The 2D-IR 

response bet×ÅÅÎ ÔÈÅ ÃÏÎÓÅÃÕÔÉÖÅ ÄÓ$.! ÓÅÑÕÅÎÃÅ υȭ-GGGGGCCCCC-σȭ ÁÎÄ ÁÌÔÅÒÎÁÔÉÎÇ 

ÄÓ$.! ÓÅÑÕÅÎÃÅ υȭ-GCGCGCGCGCGCGCGCG-σȭ ×ÁÓ ÉÎÖÅÓÔÉÇÁÔÅÄ ÕÓÉÎÇ ς$-IR 

spectroscopy and identified significant coupling between nearest neighbour base 

pairs71. Unique coupling parameters were identified for GG/CC steps as opposed to GC 

and CG steps due to a different overlap of nucleobases and dsDNA geometry in each 

case. As shown, a coupling model for both sequences could be developed by rigorous 

analysis of experimental 2D-IR data via model structures from DFT calculations. The 

combination of all four base pairs however leads to ten different nearest neighbour 

structures at varying geometries, which would all need to be parameterised by a 

coupling model for a comprehensive analysis. Such a bottom-up approach may not be 

practical for large screening applications, as each dsDNA-ligand interaction will 

additionally induce a unique perturbance to the coupled network of vibrational dsDNA 

modes. The following chapters will rather focus on relative differences across samples 

to obtain an insight how the 2D-IR response of key dsDNA-ligand combinations 

differentiates from the unspecific bulk response. 
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4.3.5 Combination with Temperature Jump Experiments 

The temporal resolution of 2D-IR spectroscopy also allows investigation of ultrafast 

dynamic processes and was previously used to examine interactions at the dsDNA-

water interface37,56,61,73. The spectral region above 3000 cm-1 covers OH-stretching 

modes characterising the hydration shell of the dsDNA as well as NH/NH2-stretching 

modes at the nucleobases, which are directly involved in Watson-Crick base pairing via 

hydrogen bonding. Studies at different hydration levels suggested short vibrational 

lifetimes of NH/NH2-stretching modes of 300 fs and an increased rigidity of the inner 

hydration shell (using anisotropy measurements of the OH-stretch) surrounding the 

phosphate groups. 2D-IR experiments in the region of 1000 cm-1 indicated structural 

fluctuations of the phosphate backbone with a lifetime of 300 fs using lineshape 

analysis of the phosphate bands on the diagonal of the 2D-IR spectrum. These 

experiments identified dsDNA as highly dynamic structures affected by solvent 

fluctuations on the order of femtoseconds. The solvated phosphate backbone acts as an 

efficient sink for excess energy from the dsDNA to the solvent network37. 

These processes are supported by efficient intramolecular energy transfer processes 

within the dsDNA47 and contribute to the short vibrational lifetimes observed in the 

nucleobase region at 1550-1700 cm-1. The short lifetimes limit the timescales 

observable with 2D-IR spectroscopy to a few picoseconds. In order to examine DNA-

ligand interactions over a longer period of time, it is therefore necessary to introduce a 

perturbation that disrupts the equilibrium of the system. Temperature-Jump (T-Jump) 

experiments excite vibrational modes of the solvent water, which relax within 1-2 ps 

and dissipate the pumped energy to other modes74, initialising additional process such 

as dsDNA unfolding. These experiments can be implemented with a variety of pump 

sources that evolved from electronic discharges with microsecond time-resolution75 to 

the application of laser pulses that allow studies down to the picosecond timeframe56. 

Monitoring of the perturbed system can be achieved using fast optical methods such as 

time-resolved UV76, infrared77 or Fluorescence78 spectroscopy, although other methods 

are possible as well if slower timescales are sufficient79.  

This perturbation technique has recently been utilised in infrared spectroscopy to 

follow dsDNA unfolding over timescales that reach far beyond the vibrational lifetimes 

of the probed modes80. In these methods, the oligomer is held just below the melting 

point and a laser pulse resonant with an absorption band of the water generates a rise 
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in temperature high enough to initiate dissociation of the double strand. A second 

infrared pulse then probes the response of the vibrational modes and the pump-probe 

time-delay between the pulses is scanned in order to obtain kinetic information up to 

milliseconds. Minor groove binding has a stabilising effect on the dsDNA structure and 

its unfolding mechanism81. This is used in melting experiments to estimate the binding 

affinity of a ligand to a certain dsDNA sequence. Understanding the molecular 

interactions involved in the stabilisation could shed further light on a ligands selectivity 

and is therefore studied in the last chapter of this thesis using Laser-induced 

temperature jumps. This work also serves as preliminary data in developing a T-Jump 

2D-IR experiment in the future. Such an experiment would allow acquisition of detailed 

structural information over a large temporal window, opening up new possibilities to 

study nonequilibrium processes between a ligand and the minor groove. 

Previous 2D-IR studies on dsDNA focussed on a bottom-up approach analysing the 

vibrational response of individual dsDNA sequences in detail and characterising all 

observed features with respect to calculated model spectra. Recent 2D-IR experiments 

investigated interactions of dsDNA with a minor groove binder (Hoechst 33258) for the 

first time 69, verifying 2D-IR spectroscopy as a viable method to study dsDNA-ligand 

interactions. Using the existing literature as a starting point, this thesis aims to study 

minor groove binding via 2D-IR in a top-down approach. Using multivariate analysis 

techniques, relative differences across a large sample sets are differentiated and 

categorised. The spectroscopic differences that distinguish samples from another are 

then analysed to identify how the vibrational modes of dsDNA is affected by the 

interaction with a ligand. Chapter 6 will introduce an analytical tool in a proof of 

concept with the well-established Hoechst 33258 ligand to assess over 2000 2D-IR 

spectra efficiently. Chapter 7 will apply the technique in a more relevant context 

investigating the 2D-IR response of three different ligand candidates and a reference 

ligand across 8 dsDNA sequences. The final chapter then assesses time-resolved 

infrared experiments with short acquisition times as a scalable tool to study non-

equilibrium processes of dsDNA-ligand combinations.  
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5 Methods 

5.1 Abstract 

This chapter outlines the practical implementation of the spectroscopy and analysis 

methods employed in this thesis. Generation of infrared absorption, 2D-IR and 

temperature-jump induced pump-probe spectra are outlined in order to give a 

fundamental overview how the discussed spectral features were obtained. The data 

analysis section explains how large spectroscopic datasets can be approached using 

principal component analysis and regression techniques. A more detailed discussion of 

relevant details can be found in the corresponding chapters as needed. 
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5.2 Linear Infrared Absorption Spectrometry 

All linear infrared absorption spectra shown in this thesis were obtained from liquid 

samples using commercially available FT-IR absorption spectrometers in transmission 

mode, such as the Bruker Vertex or the ThermoFisher Nicolet series. These 

spectrometers follow the methodology outlined in Fig. 5.1a and use a black-body 

emitter  like SiC or tungsten as an incoherent light source with a broadband infrared 

emission spectrum that is collimated to probe the sample1. The broad, black line in Fig. 

5.1a illustrates the beam path of the infrared light. In order to obtain the frequency axis 

of the spectrum using only a single-point detector, the probe light is sent through a 

Michelson interferometer before it interacts with the sample. The beam is split into two 

arms by a beam splitter, with one arm at a fixed path length and one arm having a 

variable path-length due to a moving mirror. The two arms are reflected back, 

recombined at the beam splitter, and the difference in path-length generates an 

interference signal that is sent through the sample. Each position of the moving mirror 

generates a different subset of frequencies that probes the sample. The mirror 

oscillates continuously during a measurement and in order to ascertain its position, a 

reference laser is sent through the interferometer, which is detected by a separate, 

small, reference detector after the sample (not shown). The fixed wavelength of the 

reference beam generates an interference pattern that is maximised each time the path 

length of the moving arm is at a multiple of the reference wavelength. This leads to an 

electronic signal at the reference detector that can be used to trigger the infrared 

detector to ensure that the infrared absorption data is acquired at equidistant mirror 

positions. 

The infrared light is detected (after collimation) by a single-point detector made from 

infrared-sensitive materials such as InGaAs or HgCdTe and returns an interferogram, 

Ὅὸ, as shown in Fig. 5.1b. The maximum intensity of this interferogram is found at the 

position where the relative path length difference of the two arms is zero. This signal is 

usually pre-processed to improve the spectral resolution, the signal-to-noise-ratio and 

to remove data artefacts using methods like zero-padding, window functions or phase 

correction before performing a Fourier-transformation on the data to obtain a power 

spectrum, Ὅ’. 
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Fig. 5.1a) Schematic setup of a transmission FT-IR spectrometer using a Michelson interferometer with HeNe 
reference Laser. b) Fourier-transformation of the detected interferogram leads to a spectral response. c) 
Comparison of the detected signal intensity without sample (black trace, I0) and observed signal intensity with 
sample (red trace, It) leads to an absorption spectrum (blue trace). An absorbance value of 1 is equivalent to 
10% transmission of light. 

In order to obtain an absorbance spectrum, a reference measurement without sample, 

Ὅ’, has to be collected as well as a measurement with sample, Ὅ’, as shown in Fig. 

5.1c. The absorbance spectrum, ὃ’, is then calculated according to: 

 ὃ ÌÇ
Ὅ

Ὅ
‐ὧὨȢ (5.1) 

In solutions, the absorbance ὃ of an analyte at a specific wavenumber ’, is dependent 

on its wavelength-dependent, molar extinction coefficient ‐, its concentration ὧ and 

the thickness of the sample Ὠ, according to the Lambert-Beer-Law shown in equation 

(5.1). The Lambert-Beer-Law is valid for homogeneous solutions with negligible 

scattering at low analyte concentrations and can start to deviate at high absorbance 

values2. All infrared measurements analysed in this thesis were therefore taken at 

absorption values below 1, in order to prevent non-linear dependencies. 

5.3 2D-IR Spectrometry in Time-Domain Using Pulse Shaping 

5.3.1 Instrumental Setup 

The molecular structures studied in this thesis typically show vibrational lifetimes 

below 1 ps. In order to excite and temporally resolve such a fast process, pump and 

probe pulses require pulse-widths on the order of femtoseconds. Generating 
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femtosecond pulses in the infrared region at energies of a few µJ is technologically 

demanding and requires an elaborate experimental setup with different stages of pulse 

generation, amplification and conversion3. While ultrashort pulse generation of 

infrared light is an active research topic on its own4ɀ6, a number of commercial 

solutions are available to researchers as off-the-shelf products that simplify the 

instrumental setup7ɀ9.  

 

Fig. 5.2 Instrumental setup of the LIFEtime spectrometer at RAL10,11. 2D-IR requires only one probe pulse 
(beam path in blue). Two separate probe beams (blue, green) allow acquisition of two different 2D-IR spectra 
at the same time, for example at different probe regions in the spectrum. The beam path of the pump pulse(s) 
is indicated in red. A pulse shaper is used to generate a pump pulse pair and is explained in more detail in 
section 5.3.2. 

All 2D-IR experiments in this thesis were performed on the same spectrometer, the 

LIFEtime instrument at the Rutherford Appleton Laboratories (RAL)10,11. The 

instrumental layout is shown in Fig. 5.2. In this setup, a seed pulse at 80 MHz repetition 

rate drives two regenerative amplifiers (PHAROS, Light Conversion) with Yb:KGW gain 

medium (Ytterbium doped potassium gadolinium tungstate) to obtain 1030 nm light at 

a repetition rate of 100 kHz. Light from the 15 W amplifier has a pulse duration of 

260 fs and is converted by optical parametric amplification and difference frequency 

generation in OPA1 (ORPHEUS-HP) to infrared light that is tuneable from 4.5-10 µm at 
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1.7-0.7 µJ respectively. This output is used for the pump pulses in the 2D-IR experiment 

(red beam path in Fig. 5.2). The output from the 6 W amplifier has a pulse width of 

180 fs and is split 50/50 to OPA2 and OPA3 (ORPHEUS-ONE) to generate two, 

independently tuneable probe pulses from 4.5-15 ʈÍ ÁÔ πȢςϺπȢσ ʈ* ÒÅÓÐÅÃÔÉÖÅÌÙ ɉÂÌÕÅ 

and green beam paths). A usual 2D-IR experiment only requires one probe pulse. This 

setup however enables acquisition of two 2D-IR experiments simultaneously at 

different spectral probe regions. This is used in chapter 7, where one probe pulse 

covers the spectral region from 1410-1590 cm-1 and the second probe pulse is set to 

1590-1720 cm-1, allowing for greater coverage of the infrared spectrum. 

Once infrared pulses are generated, the pump pulse is sent to a pulse shaper in Fig. 

5.2b to produce the pump-pulse-pair needed for 2D-IR spectroscopy12. The pulse 

shaper is explained in more detail in section 5.3.2 and is used as a substitute to a 

Michelson interferometer in time-domain 2D-IR spectroscopy. It produces two 

collinear pulses separated by the pump-pump delay ὸ. The ὸ-delay is used to scan the 

coherences generated after the first pump pulse in time-domain, which define the 

positions of the 2D-IR signals along the pump axis of the 2D-IR spectrum. A delay stage 

after the pulse shaper is used to adjust the relative timing between the second pump 

pulse and the probe, ὸ. This delay is scanned to study the 2D-IR response over time for 

extraction of vibrational lifetimes and energy transfer kinetics. 

Pump and probe pulses are focussed with an off-axis parabola to the same spot in the 

sample in Fig. 5.2d to perform the 2D-IR experiment and generate the polarisation that 

contains the characteristic, third-order response function. As both pump pulses are 

collinear (Ὧᴆ Ὧᴆ), the 2D-IR experiment is acquired in pump-probe geometry and the 

emitted signal (Ὧᴆ) is collinear with probe pulse (Ὧᴆ), self-heterodyning the signal. The 

probe beam with the 2D-IR signal is then sent into a spectrometer and dispersed on to 

an HgCdTe array detector with 128 elements. The spectral response is calibrated with 

known absorption lines such as atmospheric water, so that detector pixels can be 

converted to the probe frequency axis of the 2D-IR spectrum.  

This approach collects the probe axis of a 2D-IR spectrum in frequency-domain by 

dispersion on to an array detector and obtains the pump axis in time-domain by 

changing the ὸ-delay sequentially in each pulse cycle. This generates an individual 

interferogram for each pixel on the detector, which is Fourier-transformed to obtain a 

pump frequency axis. 
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5.3.2 Generating Collinear Pump Pulses via Pulse Shaping 

Classic interferometric methods use motorised translation stages to scan the ὸ-delay 

for the pump axis. This requires high accuracy and reproducibility of the stage position 

to prevent artefacts and systematic errors. Each movement to a new position also 

requires some time during which the spectrometer cannot collect any data. Any 

difference in the orientation of the two pump pulses due to small misalignment of the 

interferometer will further affect the relative int ensities of the rephasing and non-

rephasing pathways and distort the 2D signals. A pulse shaper alleviates these 

problems as it generates the pulse pair by amplitude and phase modulation of a single 

input pulse using an acousto-optic modulator11,13,14. 

 

Fig. 5.3 A mid-infrared pulse shape disperses the pump pulse on to a large Ge crystal. An acoustic wave 
travelling through the crystal perpendicular to the pulse modulates the refractive index of Ge and generates a 
programmable grating. This is used to selectively mask parts of the input pulse to generate pulse pairs with 
well-defined phase relationship.  

The operation principle of a mid-infrared pulse shaper is shown in Fig. 5.3. The input 

pulse is dispersed by a grating and a cylindrical mirror on to a Germanium crystal, 

where each frequency is focussed to a different position. A piezoelectric transducer 

generates an acoustic wave in the crystal, travelling perpendicular to the beam path. 

This changes the local refractive index of germanium at each position and selectively 

deflects parts of the pulse. The shape of the acoustic wave (mask) is programmable by 

an arbitrary waveform generator so that the spectrum of an incoming infrared pulse 

can be modulated to represent an interference pattern, equivalent to a pulse pair in 

time-domain (see Fig. 5.3). The dispersed, modulated pulse shape is then compressed 

again by another cylindrical mirror and grating to obtain the initial beam diameter. The 

generated pulse pair is perfectly collinear and is separated by a delay ὸ, which is 

programmable via the waveform generator. The pulse shaper operates at the same 

repetition rate as the amplifier so that each pump pulse can be modulated with a 

different mask. This makes it possible to perform a full ὸ-scan within a few 
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milliseconds to generate a complete 2D-IR spectrum with equal contribution from 

rephasing and non-rephasing pathways. The reduction in acquisition time makes the 

ὸ-scan less sensitive to laser intensity fluctuations and phase drift over time. 

5.3.3 Generating a 2D-IR spectrum 

Once the pulse sequence has interacted with the sample and the probe light is acquired 

by the detector, the 2D-IR spectrum needs to be constructed from the collected data. 

Both pump pulses generate an additional transient absorption signal superimposed 

wi th the 2D-IR response. Scattered light from any of the pulses can reach the detector 

and introduce additional artefacts. In order to extract the 2D-IR response and remove 

unwanted additional features, a method called phase cycling is used15. When 

performing the 2D-IR experiment, the relative phase Ў• of the two pump pulses is 

shifted by 180° in every other measurement, causing the 2D-IR signal to flip sign, while 

scatter and transient absorption features remain. Subtraction of the two signals 

increases the 2D-IR response, while removing transient signals and suppressing 

artefacts. This approach extracts the 2D-IR response directly from the collected data 

and is illustrated in Fig. 5.4a-c. 

 

Fig. 5.4a) To extract the 2D-IR response from the detected signal, two measurements shown in black and red 
are obtained using a phase cycling methodology. b) The extracted 2D-IR response S in blue represents data at 
a single t1-time. c) Phase cycling removes transient absorption features from the data. d) The complete 2D-IR 
interferogram. e) 2D-IR spectrum after Fourier transformation to obtain the pump frequency axis. f)  The t2-
time can be scanned as well to obtain a set of 2D-matrices. 
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When the LIFEtime spectrometer acquires a 2D-IR spectrum, the pump-pump delay ὸ 

is initially set to 0 fs and the intensity ὍЎ• π is collected by the detector (black 

trace in Fig. 5.4a, almost completely overlapped by the red trace). If the pump pulse is 

centred at 1650 cm-1, its electric field will oscillate with a period of 18 fs. So in order to 

shift the relative phase of the pump pulses by 180°, the pump-pump delay is set to half 

of the period, at ὸ ω ÆÓ in a second measurement. This leads to the reference 

measurement ὍЎ• “, indicated by the red trace in Fig. 5.4a. Both traces are used to 

extract the 2D-IR signal Ὓ, following: 

 Ὓ ὰὫ
ὍЎ• π

ὍЎ• “
  Ȣ (5.2) 

The extracted 2D-IR signal Ὓ is shown in Fig. 5.4b and represents a slice of the 2D-IR 

response at a ὸ-time of 4.5 fs. With this approach, the ὸ-time is scanned and an 

interferogram for every pixel on the probe detector is obtained. Fig. 5.4c illustrates the 

effect of phase cycling on the signal measured at a single detector pixel. The slow 

relaxation over ὸ in the black and red trace corresponds to a transient absorption 

signal that remains when changing the relative phase between the pump pulses. The 

division in equation (5.2) is identical to a subtraction of the logarithmic values, which 

removes the transient absorption signal and enhances the 2D-IR response (blue trace, 

Fig. 5.4c). The relaxation of the signal Ὓ over time corresponds to the dephasing rate of 

the coherence and usually decays within 4 ps for nucleotide vibrations. The ὸ-scan is 

thus scanned from 0 to 4 ps to sample as much of the coherence as possible. A window 

function (Hamming window) to remove artefacts and zero filling to improve the 

frequency resolution is applied to the interferograms as explained in Fig. 5.5. These are 

standard techniques when processing interferometric data to improve the Fourier-

transformed signal and are applied to 2D-IR interferograms throughout this thesis. 

 

Fig. 5.5 a) shows a raw interferogram scanned for 4 ps with a coherence that relaxes within 3 ps and 
considerable noise throughout the t1-scan in black. The interferogram can be multiplied by a window function 
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to suppress noise at the end of the scan where the coherence has decayed (red). After 4 ps, no signal is left and 
can thus be represented by a sequence of zeros to increase the scan to 8 ps (blue). b) The Fourier-transformed 
signal from the pre-processed interferogram (blue) compared to the raw data shows a slightly better signal to 
noise ratio and an improved spectral resolution.  

The processed interferograms from the ὸ-scan (illustrated in Fig. 5.4d) are Fourier-

transformed to obtain a pump frequency axis. The 2D-IR spectrum, resolved over two 

frequency axes is illustrated in Fig. 5.4e. When collecting the data, the ὸ-scan is 

performed several thousand times before extracting the 2D-IR response from averaged 

detector intensities. The number of averaging measurements, ὔ, improves the signal-

to-noise ratio, as noise typically scales with ρȾЍὔ. This corresponds to an acquisition 

time of a few seconds for a single 2D-IR spectrum with well-resolved features, due to 

the 100 kHz repetition rate of the instrument. Finally, the pump-probe delay ὸ can 

additionally be scanned to characterise vibrational lifetime or energy transfer 

processes of the studied modes as indicated in Fig. 5.4f. This leads to a stack of 2D-IR 

spectra, where the temporal response of each mode can be analysed individually. 

The 2D-IR spectra collected in this thesis are primarily used for screening experiments 

in chapters 6 and 7, and are analysed using the multivariate analysis methods outlined 

in section 5.5. 

5.4 Temperature Jump Experiments 

5.4.1 Instrumental Setup 

Chapter 8 combines time-resolved spectroscopy with a laser-induced temperature 

jump to study the impact of ligand binding to the DNA melting dynamics. In this 

experiment, a laser pulse tuned to the absorption band of D2O excites the vibrational 

modes of the solvent. Picosecond relaxation processes of the solvent modes dissipate 

the energy to other modes in the system which subsequently perturb the equilibrium of 

solvated dsDNA structures in the sample; not dissimilar to a macroscopic rise in 

temperature. To observe the structural changes following the perturbation, a 

broadband, infrared pulse probes the vibrational modes of the studied dsDNA. Chapter 

8 utilis es this technique to examine the stabilising effect of a minor groove binder with 

four dsDNA sequences and discusses its potential application for guiding ligand 

development. A long-term motivation of this project is further to develop a 2D-IR setup 

with preceding temperature-jump perturbation 16 and fast data acquisition for large 

sample throughput in the future. 
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The experiments outlined in chapter 8 were collected using the Ultra B setup at RAL. In 

this instrument, a seed pulse at 80 MHz repetition rate is regeneratively amplified 

(commercial oscillator and amplifier by Coherent) with a Ti:S (Titanium doped 

Sapphire) crystal to obtain pulses at a wavelength of 800 nm, at a repetition rate of 

10 kHz and a pulse duration of <50 fs. The output from the 20 W amplifier is converted 

in a home-built optical parametric amplifier with BBO (Bariumborate) crystal, followed 

by difference frequency generation in a AgGaS2 (silver thiogallate) crystal to obtain 

infrared pulses with 1-3 µJ, centred at 6 µm with a spectral width of >300 cm-1 FWHM. 

This output (blue beam path) is focussed on to the sample at a spot size of ca. 50 µm in 

diameter. The generated femtosecond pulses are used to probe the vibrational modes 

of the sample and are detected in frequency domain by a spectrometer equipped with a 

128-element, HgCdTe array detector. About 10% of the probe beam is separated by a 

beam splitter before the sample and analysed in a second spectrometer to obtain a 

reference measurement that accounts for shot-to-shot noise of the probe light. Both 

spectrometers are set to cover the same spectral region. 

 

Fig. 5.6 Instrumental setup of Ultra B at RAL to acquire time-resolved temperature jump data. Each ns-pump 
pulse is followed by 20 fs-probe pulses that rapidly scan the re-equilibration of the perturbed sample on 
microsecond timescales. Nanosecond to milisecond timescales are aquired using a delay generator that 
triggers the pump pulse. The Ultra B setup also contains another beam path for future 2D-IR experiments (in 
red), which is not used in this thesis. 
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The 10 kHz trigger signal of the Ti:S amplifier is sent to a delay generator (Stanford 

DG645) to divide the signal down to 1 kHz and add a delay adjustable from 

nanoseconds to microseconds. The delayed, 1 kHz signal triggers a Q-switched, Nd:YAG 

(neodymium-doped yttrium aluminium garnet) laser with a pulse duration of <1.5 ns at 

1064 nm. This output is used to drive a home-built optical parametric oscillator (OPO) 

using a MgO:PPLN (magnesiumoxide-doped, periodically poled lithium niobite) crystal 

in a 4 cm cavity to obtain an infrared output beam with 80 µJ pulse energy and <2 ns 

pulse width. The output wavelength can be tuned slightly by adjustment of the crystal 

oven temperature and was set to 50°C to obtain light at 3.75 µm (ca. 2650 cm-1). This 

output is used as a ns-pump pulse to excite the symmetric O-D stretch of the D2O 

solvent in the sample. The pulse train is optically chopped to lower the pump repetition 

rate to 0.5 kHz and increase the available recovery time for the sample to 2 ms per 

pump pulse. Optical chopping also enables to remove systematic, electronic noise from 

the detector signal, as will be discussed in chapter 8. The ns-pump beam is focussed 

with a lens and aligned to excite the sample from the back of the cell (due to size 

restrictions on the optical table). The spot size of the pump beam incident on the 

sample is 300 µm in diameter, significantly larger than the probe size. 

5.4.2 Acquiring Pump-Probe-Data using Time-Resolved Multiple Probe Spectroscopy 

(TRMPS) 

Pump and probe pulses operate at different repetition rates in this setup (0.5 kHz 

pump, 10 kHz probe). As a result, each pump pulse is followed by 20 probe pulses 

which interrogate the sample in intervals of 100 µs. This approach is referred to as 

TRMPS method (time-resolved multiple probe spectroscopy)10,17 and enables fast data 

acquisition of microsecond timescales. The delay generator that triggers the ns-pump 

defines the delay ὸ  between the pump and the first probe pulse. If this electronic delay 

is set for example to ὸ πȢρ АÓ, multiple probe measurements are acquired at ὸ  

0.1 АÓȟ ρππȢρАÓȟ ςππȢρАÓȟ ȣ ρωππȢρАÓȢ 4ÈÅ ÅÌÅÃÔÒÏÎÉÃ ÄÅÌÁÙ ÉÓ ÔÈÅÎ ÃÈÁÎÇÅÄ ÔÏ ÔÈÅ ÎÅØÔ 

value, so that the vibrational response of the perturbed sample can be scanned from 

nanoseconds to up to 2 ms using only a few pump pulses.  

Just as with 2D-IR data, the pump-probe signal needs to be extracted from the 

transmitted probe light collected from the detector. For this purpose, the last 

measurement at ρωππАί ὸ  is used as a reference measurement Ὅ  . This 

assumes, that the perturbed sample has equilibrated back to its initial state and 
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Ὅ   represents the unperturbed sample response. A pump-probe spectrum Ὓ, at a 

given pump-probe delay ὸ is calculated using equation (5.3): 

 Ὓ ὰὫ
Ὅ  

Ὅ  
ὰὫ
Ὅ ȟ    

Ὅ ȟ    
  Ȣ 

(5.3) 

 

Ὅ   is the intensity of the detected probe light after the sample, at a specific delay ὸ. 

The pump-probe signal is calculated in the first term of equation (5.3) and referenced 

in the second term. Ὅ ȟ     is the intensity of the probe light detected before the 

sample, which is measured simultaneously by the separate reference detector. 

Ὅ ȟ     is the corresponding signal from the reference detector at ὸ ρωππАί

ὸ.  

The magnitude of the induced temperature jump is characterised by comparing the 

pump-probe signal of a reference sample to its temperature dependent, infrared 

absorption profile. This is discussed in detail in chapter 8 and will suggest a 

perturbation that corresponds to a sub-nanosecond rise in temperature by about 9 K. 

This is high enough to initiate unfolding processes of dsDNA structures and generate a 

pump-probe signal of the vibrational modes at the nucleotides. The effect of ligand 

binding on the unfolding dynamics of two dsDNA sequences is discussed in detail in 

chapter 8. This relatively small dataset is analysed with simple regression techniques 

(fitting of exponential functions) which will be introduced in the chapter as needed. 

5.5 Data Analysis of Large Spectroscopic Datasets 

The following two chapters will exploit the rapid data collection of the 2D-IR 

spectrometer to study large spectroscopic datasets, covering over 1000 2D-IR spectra 

across dozens of samples. Manual analysis of each individual 2D-IR spectrum is 

prohibitively slow and impractical for such datasets. Screening applications rather 

focus on relative differences between samples. Principal component analysis (PCA) is a 

versatile, widely-used method to extract latent variables in a dataset18ɀ20 and will be 

used in this thesis to identify similarities and differences across spectroscopic 

measurements. In the following sections, the concept of PCA as a tool for screening will 

be first introduced on a fluorescence dataset as an example with a simple, 

spectroscopic response. The calculation of PC scores and loading vectors is then 

explained using an FT-IR dataset and generalised to 2D-IR spectra. PCA is finally 
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compared against regression techniques to understand how the different methods are 

related to another and it is briefly discussed, when to apply PCA. 

5.5.1 Understanding Principal Component Analysis as a Tool for Screening 

Chapter 6 will study a fluorescent minor groove binder (Hoechst 33258) that is 

quenched in solution but fluoresces upon successful binding to the minor groove of 

dsDNA21. The fluorescence emission can therefore be used to estimate the binding 

affinity of different dsDNA sequences to the ligand. In this example, the fluorescence at 

the peak of the emission spectrum at 450 nm is studied across a set of different dsDNA-

ligand combinations. This represents a simple screening experiment and leads to a 

dataset with a single variable, ὣ (emission at 450 nm), together with a number of 

observations for Y: ὣȟ ȣȟ ὣ (one observation per sample). A distinctively large 

observation for sample d in this case, as illustrated in Fig. 5.7a (red circle), suggests a 

large fluorescence and therefore successful minor groove binding. 

 

Fig. 5.7a) Example of a univariate dataset. A single variable Y (fluorescence emission at 450 nm) is plotted 
with observations for samples a-g. A large observation for Y indicates a high binding affinity, such as for 
sample d, circled in red. b) A bivariate dataset. Measurements X and Y show a large covariance and seem to be 
affected by the same underlying process. c) Rotation of coordinate axes X and Y to two new axes PC1 and PC2 
allows for a better representation of the underlying process that is common to X and Y. PC1 describes the main 
variance observed in the dataset. This is how a PCA can be visualised for a dataset with two variables. 

Although analysis of a single variable ὣ would be sufficient for screening the 

fluorescence response of each sample in this experiment, spectroscopic datasets like 

the emission spectrum contain much more information. It is possible to analyse the 
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spectrum of each sample at an additional wavelength such as 475 nm to obtain a 

second variable ὢ. The emission band in the example is quite broad so that 

observations in ὢ will be similar to observations in ὣ. Plotting observations from ὣ 

against those from ὢ, as illustrated in Fig. 5.7b, shows a linear relationship; the two 

parameters appear to be correlated to each other. A classic, linear regression would 

assume that ὣ is linear dependent on ὢ and would find a model function ὣ(ὢ that 

minimises the deviation of all observations along the ὣ-axis (illustrated as the vertical 

deviation of point a from the red line in the inset of Fig. 5.7b). In reality however, the 

responses of both variables are the result of a common, underlying process (i.e. the 

same electronic transition). Instead of describing the dataset with a coordinate system 

spanned by ὢ and ὣ as in Fig. 5.7b, it is beneficial to form a new coordinate system by 

rotation of ὢ and ὣ. For this purpose, observations ὢȟȣȟὢ  and ὣȟȣȟὣ are written as 

a ὲ ς ɀ matrix and are multiplied with a ς ς ɀ rotation matrix (45° rotation in this 

example). This generates two new coordinate axes PC1 and PC2 that describe the same 

observations of samples a-g with a rotated coordinate system. The underlying, linear 

relationship common to ὢ and ὣ is now described by a single axis, PC1. The variance 

orthogonal to PC1 is described by a second axis, PC2. This is the essence of a principal 

component analysis (PCA). The algorithm of a PCA rotates the first principal 

component PC1, so that a maximum of variance in the dataset is described. In other 

words, the rotation from X to PC1 minimises the distance of each observation 

orthogonal to the vector of PC1. This is indicated in the inset of Fig. 5.7b which 

compares the minimisation between a linear regression (vertical line) and a PCA 

(orthogonal line). Once PC1 is found, PC2 is rotated orthogonal to PC1 until the distance 

to each observation is further minimised. This approach can be extended to a 

multivariate dataset with ὴ variables (i. e. ὴ emission wavelengths instead of two, ὢ and 

ὣ) and transforms correlated, spectral variables into orthogonal components with 

decreasing variance. As indicated in the plot of Fig. 5.7c, the first principal component 

PC1 alone is sufficient to describe most of the observations measured at the two 

emission wavelengths, which illustrates why PCA is referred to as a dimensionality 

reduction technique.  

The values obtained for each sample after the rotation are called scores. The scores for 

PC1 can be interpreted just like the single emission values at 450 nm in the univariate 

case and will lead to the same conclusion: The DNA sequence in sample d shows the 

largest response to the ligand, indicating a relative selectivity compared to all other 
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observations. This enables to survey a large, spectroscopic dataset across all available 

datapoints, rather than having to identify and select an individual wavelength in 

advance. In addition to this, the PCA also returns a rotation matrix. The rotation matrix 

allows conversion of principal components to input variables and vice versa. The 

columns of the rotation matrix in Fig. 5.7c specify, which emission wavelength 

contributes to PC1, PC2 and so on. This can provide useful, spectral information in 

addition to the screening results obtained from the scores. As the complete emission 

band of Hoechst 33258 rises in case of effective minor groove binding, an analysis of 

the full fluorescence dataset via PCA will provide the full shape of the emission band in 

the corresponding column for PC1. The only significant emission band in this example 

will be emitted from the ligand. A PCA will therefore not be necessary, as the emission 

band will not be overlapped by multiple spectral features and can easily be estimated 

by the emission at 450 nm alone. A congested infrared spectrum on the other hand can 

benefit from such an analysis and help to unravel different absorption features that are 

affected by the same, underlying process.  

For screening experiments, PCA has the advantage to give a quick overview over the 

principal differences between samples in a dataset and identifies the spectroscopic 

features that cause the differentiation. More specifically for this thesis: Samples with a 

similar infrared response will show common PCA scores and separate from a dsDNA-

ligand combination with a more distinctive response. This separation might be 

indicative of a selective interaction with a ligand and can then be investigated in more 

detail. 

5.5.2 Applying PCA to Infrared Data and extension to 2D-IR 

In order to explain the practical implementation of a PCA on infrared absorption data, a 

dsDNA melting experiment is considered in another example. Fig. 5.8a shows 

experimental data from heating up a dsDNA sequence from room temperature to 60°C. 

The FT-IR absorption data is stored as ὲ ὴ ɀ matrix ╓, with ὲ spectra at different 

temperatures as rows (observations) and ὴ wavenumbers as columns (variables). The 

spectrum at room temperature corresponds to the dsDNA duplex structure (blue trace) 

while the spectrum at high temperatures represents the response from single stranded 

DNA (red trace) due to unfolding. For such a dataset, it is possible to use a PCA to 

extract the melting curve of the DNA. Although there might be better methods to 
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extract the melting curve as will be discussed in section 5.5.3, this example serves as an 

explanation how PCA scores and PC loading vectors are calculated from ╓Ȣ 

 

Fig. 5.8 In order to perform a PCA on a dataset D, the covariance matrix of D is calculated as C. The 
orthogonal eigenvectors of C correspond to loading vectors of the PCA, while eigenvalues correspond to the 
variance of each principal component. Eigenvectors L and eigenvalues tr(ɫ) are obtained using singular value 
decomposition. L is then used to rotate the mean-centred input matrix M from wavenumbers to PC scores. The 
melting curve is retrieved in the scores for PC1. 

In the first step, the average spectrum of the dataset in Fig. 5.8a is calculated and 

subtracted from ╓ to obtain a mean-centred dataset, ╜. This allows calculation of 

covariance matrix ╒, which indicates whether two variables (wavenumbers) change 

independently from each other (corresponding matrix element is zero) or show a 

correlation (matrix element is significant). The signs of the values in ╒ indicate, 

whether two variables are correlated or anti-correlated, and the values on the diagonal 

of ╒ correspond to the variance of each individual variable in the dataset ╜. While 

subtraction of the mean spectrum in the first step is technically not necessary to 

perform a PCA, it is conceptually required to obtain a covariance matrix rather than a 

generic, symmetric, square matrix for ╒. Either way, matrix ╒ is subjected to a singular 

value decomposition (SVD) in order to obtain the orthogonal eigenvectors and 

eigenvalues of ╒, according to equation (5.4): 

 ╒ ╛╛Ȣ (5.4) 
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Using an SVD is not the only way to retrieve eigenvectors and eigenvalues from ╒, but it 

is computationally efficient and utilised in software implementations to compute PCA 

results23. Matrix ╛ (in Fig. 5.8c) contains the orthogonal eigenvectors of the 

covariance matrix and represents the rotation matrix discussed in the previous section 

5.5.1. The SVD itself will return a ὴ ὴ matrix from which the first ὲ rows correspond 

to principal components PC1 to PCn. These will be referred to as loading vectors 

throughout the thesis. While the first two loading vectors indicate actual spectral 

features in the example (black and red trace), the last loading vector for PCn just 

resembles noise (blue trace). 

 is a diagonal matrix that represents the covariance of the principal components after 

the rotation. All off-diagonal values are zero due to orthogonality of the eigenvectors ╛. 

The values of its trace ὸὶ♅, are the eigenvalues of ╒. The eigenvalues represent the 

variance of each principal component and their sum is equal to the total variance of ╒. 

The eigenvalues are decreasing with increasing principal component and the plot in 

Fig. 5.8c indicates that almost all of the variance of the example dataset is explained by 

the first principal component (representing 99.1% of the total variance). This suggests 

that the spectroscopic change in dataset ╓ can be explained by the first principal 

component alone, while retaining almost all of the available information. In order to 

obtain the PC scores of each measurement in the dataset, the observations in ╜ are 

rotated using ╛ to obtain ὲ ὲ ɀ matrix ╢, which is shown in  Fig. 5.8d. 

The scores of PC1 in ╢ show a sigmoidal transition from 26°C to 60°C, from positive to 

negative scores (black dots). The corresponding loading vector for PC1 (black trace, 

Fig. 5.8c) identifies the spectral features that change with a sigmoidal response in 

dataset ╜. It is clear from the scores that PC1 essentially describes the melting process 

as observed via FT-IR infrared spectroscopy and the PC scores can now be fitted to a 

sigmoidal function to obtain the melting point of the DNA sequence. The loading vector 

(first row of ╛) can be further analysed to identify, which vibrational modes are 

affected upon unfolding of the DNA duplex. 

The scores of PC2 (red dots) are much smaller than those of PC1 and only seem to 

deviate slightly from zero in the first few observations (spectra taken at 26-30°C). The 

small PC2 scores, together with the low eigenvalue observed for PC2 indicates that the 

contribution of PC2 to the dataset is quite small. The contribution of the last PCn is 

almost non-existent as the PCn scores are essentially zero across all observations (blue 
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dots), and the corresponding eigenvalues are virtually zero as well. The only significant 

process in dataset ╓ appears to be the DNA melting process described by PC1.  

Application of PCA has essentially led to a decomposition of the mean-centred dataset 

╜, to a matrix ╢ that contains PC scores and describes different observations, 

multiplied by the PCA loading vectors ╛ that contains spectral information according to: 

 ╜ ╢╛Ȣ (5.5) 

By selecting only those vectors from ╢ and ╛ that correspond to PC1, it is possible to 

reconstruct ╜ using only a single principal component as outlined in the top of Fig. 

5.9a. This is an example how PCA can be used for dimensionality reduction and to 

improve signal-to-noise ratios, as uncorrelated noise will appear in higher components 

that can be separated from the data of interest. 

Analysing 2D-IR data via PCA works similarly, as a 2D-IR matrix can be concatenated to 

a long vector with 2D-pixels as variables instead of wavenumbers. A set of 2D-IR 

spectra is then represented in an analogous manner to FT-IR absorption data by a large 

matrix ╓, with  ὲ spectra as rows and ὴ pixels as columns. 

5.5.3 When to Apply a PCA ς Comparison to Regression Methods 

A PCA returns relative differences between observations in a dataset with as few 

components as possible. This makes it possible to compare, separate and summarise 

spectral features across different samples in large, spectroscopic datasets without 

requiring any prior knowledge about the data. The generation of principal components 

purely based on covariance provides an unbiased, alternative representation of the 

data, which is important when evaluating the different responses in a screening 

experiment. 

However, there are cases where there is more information about the underlying 

process available. In case of the FT-IR melting example, it is assumed that unfolding of 

the DNA duplex can essentially be described by a two-state process22, where the drop 

in dsDNA concentration will directly be correlated to the gain in ssDNA concentration. 

While PCA identifies the melting process as the main source of variance in the dataset, 

it  is unable to separate spectral features of dsDNA unfolding from ssDNA formation, as 

both follow the same sigmoidal function. The distinction based on covariance alone 

does not imply that an actual, physical process is depicted by the PCA. In these cases, a 

regression using a model function may lead to a better representation of the observed, 
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physical process. Two of those methods are outlined below in Fig. 5.9b and c, and are 

compared to the PCA approach in Fig. 5.9a. 

 

Fig. 5.9a) A PCA on dataset ╓ allows to represent the input data by a single principal component. PC1 can be 
used to reconstruct ╓ while retaining 99.1% of the variance of the dataset. b) A linear model assumes that 
spectra at 26°C and 60°C correspond to the infrared response of dsDNA and ssDNA respectively. A linear 
combination of both spectra can be used to obtain scaling factors that indicate relative ssDNA and dsDNA 
concentrations throughout the melting experiment. c) A global fit using a common sigmoidal function across 
all wavenumbers of the dataset is used. a and b values are fitted individually for each wavenumber and return 
the spectral response of dsDNA and ssDNA respectively. 

In case of the FT-IR melting experiment, it can be assumed that only DNA duplexes are 

present in the sample far below the melting point and only single strands are present 

far above. The two spectra at 26°C and 60°C can therefore be used as model spectra ╪ 

and ╫ for dsDNA and ssDNA respectively (see Fig. 5.9b, black and red spectra). Each 

spectrum in the dataset can then be fitted by a linear combination of the dsDNA and 

ssDNA model spectra according to: 

 ◐ ‌╪ ‍╫Ȣ (5.6) 

The scaling factors ‌ and ‍ of such a linear model shows the consumption of dsDNA 

(Fig. 5.9b, right side, black trace) together with the formation of ssDNA (red trace), as 
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expected for an assumed two-state process. Such a method is applied and discussed in 

more detail in chapter 7. 

Alternatively, it is possible to fit the temperature-dependent response of the FT-IR 

dataset to a sigmoidal function as illustrated in Fig. 5.9c using a global fit. In this 

approach, the absorbance change at each wavenumber is fitted using the following, 

sigmoidal model function:  

 ώ
ὥ ὦ

ρ Ὡ Ⱦ
ὦȢ (5.7) 

Parameters ὥ and ὦ correspond to start and end values of the sigmoid and are 

optimised for each wavenumber individually. The sigmoidal parameters of the melting 

point Ὕ  and the gradient Ὣ are shared across all wavenumbers and are optimised to a 

single value respectively. The dataset is thus represented by a single sigmoidal shape 

and the two parameters a and b, which represent two spectral responses. These are 

shown in the bottom right corner of  Fig. 5.9c and correspond to the spectra of dsDNA 

and ssDNA respectively. A global fitting routine is used for time-resolved data in 

chapter 7 and is discussed there in more detail. 

Both, the global fit and the linear combination approach make assumptions about the 

underlying process that generates the spectral response. The residuals of such fitting 

methods will indicate, if the used model is sufficient to give an accurate representation 

of the dataset or not. The choice of method always depends on the exact problem and 

should be decided on a case-by case basis. On a more abstract level, all three methods 

outlined in Fig. 5.9c aim to decompose a dataset ╓ into two matrices ╢ and ╛, similar to 

equation (5.5). Matrix ╛ contains spectral information, while matrix ╢ aims to depict 

the variance across different spectroscopic measurements. Numerous additional 

methods exist (varimax rotation24, principal component regression25, alternating least 

squares26, to name a few), which aim to find a decomposition Ὀ Ὓὒ that gives the 

most comprehensive representation of the underlying processes. 

With the spectroscopic and analytical methods introduced in this chapter, the focus can 

now be shifted to the main part of this thesis and the findings of the experiments.  
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6 High-Throughput Screening of dsDNA Interactions with Hoechst 

33258 using 2D-IR Spectroscopy and ANOVA-PCA 

6.1 Abstract 

Current 2D-IR spectrometers with short acquisition times have the potential to serve as 

a fast, analytical tool for screening experiments, providing structural and temporal 

information across large sample sizes. In this chapter, the use of 2D-IR spectroscopy as 

a method to screen dsDNA-ligand interactions is evaluated using the well-established 

minor groove binder Hoechst 33258. 2D-IR spectra of 12 different dsDNA sequences 

are studied in presence and absence of Hoechst 33258 to collect 2016 individual 2D-IR 

spectra in total. This large dataset is approached using analysis of variance combined 

with principal component analysis (ANOVA-PCA), which examines the spectral impact 

of three factors, pre-defined from the experimental design: the dsDNA sequence used, 

the presence of the ligand and the pump-probe waiting time of each 2D-IR spectrum. 

The method will identify, which 2D-IR features are affected by each factor individually, 

and which features arise from specific sequence-ligand-combinations. The observations 

compare well with published results from conventional analysis methods and show a 

qualitative correlation to a proxy for binding affinities for the studied dsDNA-ligand 

interactions. These findings confirm that 2D-IR spectroscopy is able to differentiate 

different dsDNA-ligand interactions from another and exemplify how a highly 

dimensional, spectroscopic dataset can be quickly surveyed. 
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6.2 Introduction 

To understand the molecular interactions behind minor groove binding, researchers 

rely on a variety of complementary analysis methods such as NMR1ɀ3, crystallography4,5 

or DNA footprinting6, to name a few. 2D-IR spectroscopy has the potential to extend 

this analytical repertoire as it gained relevance in examining structure and vibrational 

dynamics of DNA sequences in general7ɀ12, and has recently proven sensitive to 

interactions from minor groove binding specifically13. The 2D-IR spectrum gives an 

intuitive representation of the network of the coupled, vibrational modes in the dsDNA, 

which are sensitive to local structural changes. The interaction with a ligand can be 

registered as a perturbation of the affected dsDNA modes, providing a label-free 

analysis method to study minor groove binding under physiological conditions in 

solutions. Recent advancements in instrumentation have further increased the data 

throughput of 2D-IR spectroscopy significantly. The use of mid-infrared pulse-

shapers14,15 and laser systems operating at pulse repetition rates of 100 kHz16,17 have 

reduced acquisition times to a few seconds per spectrum, providing researchers with a 

structurally sensitive, high-throughput spectroscopy method. This creates an 

opportunity to study dsDNA-ligand interactions with 2D-IR spectroscopy across many 

different samples on an unprecedented scale. 

 

Fig. 6.1 Chemical structure of Hoechst 33258. Crystal structure of the ligand bound to an A-tract minor 
ÇÒÏÏÖÅ ÉÎ ωȭ-CGCAAATTTGCG-χȭȢ #ÒÙÓÔÁÌ ÓÔÒÕÃÔÕÒÅ φϊψ$ ÐÕÂÌÉÓÈÅÄ ÂÙ 6ÅÇÁ ÅÔ ÁÌȢ5 . 

To test the viability of the 2D-IR method as a screening tool, a proof-of-concept 

experiment is conducted using a well-established ligand-dsDNA system. Hoechst 33258 

(H33258) is a fluorescent dye and minor groove binder with therapeutic relevance18,19 

that targets the minor groove of A/T-rich sequences20. The interactions of H33258 with 
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dsDNA were studied extensively in the past6,20ɀ26. In-place substitutions of guanines 

with inosine nucleobases have shown that the exocyclic N-2 amino group of guanines 

protrude the minor groove and sterically prevent H33258 from binding to G/C 

structures21,25. Minor groove binding of H33258 is non-covalent with a preference of 

Ȱ!-ÔÒÁÃÔȱ ÓÔÒÕÃÔÕÒÅÓ, AnTn (Î І ς, illustrated in Fig. 6.1), over alternating A/T motifs, 

(AT)n. Minor grooves with A-tracts in particular are solvated by a well-defined spine of 

hydration24,25, which leads to a considerable gain in entropy when replaced by 

H3325827. More importantly to this chapter, H33258 is the first minor groove binder 

that was studied via 2D-IR spectroscopy. The interactions of H33258 to an optimal 

dsDNA sequence with A-tract were compared to interactions to a suboptimal ATATAT 

motif. 2D-IR spectroscopy identified an up-shift in frequencies of the T2S and T4S 

carbonyl-modes of thymine, with the T2S-shift being assigned to the replacement of 

hydrogen-bond interactions of the solvent in the minor groove by hydrogen bonding to 

H33258. The T4S-shift was assigned to a subtle change in dsDNA propeller twists, 

indicative of an induced fit mechanism of the dsDNA structure2,13. The ability to resolve 

such structural changes from H33258 binding makes this ligand an ideal test-system 

for a proof-of-concept screening experiment for 2D-IR spectroscopy. The current 

chapter will extend these experiments to twelve dsDNA sequences with different minor 

grooves and collect time-resolved 2D-IR data to examine the effect of minor groove 

binding to the vibrational relaxation dynamics, generating 2016 2D-IR spectra in total. 

The observations will be compared to the previously published 2D-IR results as well as 

fluorescence and dsDNA melting experiments, which serve as a proxy for the expected 

binding affinity of each dsDNA-ligand combination. 

The ability to produce large sets of spectroscopic data also requires a more rigorous 

analytical approach. Analysing individual 2D-IR spectra in detail can be extremely 

insightful but is not scalable with large sample sizes. An analytical method is required 

that can survey the collected, spectroscopic responses and identify individual samples 

with distinctive spectral features. Once identified, the 2D-IR spectrum of this sample 

can then be analysed in more detail. Principal component analysis (PCA) introduced in 

the last chapter can provide an overview of the collected dataset and enables quick 

differentiation of spectral responses. Screening experiments can get quite complex 

when (potentially) multiple ligands are interacting across a set of different DNA 

sequences. Time-resolved 2D-IR experiments provide an additional level of complexity 

by scanning the waiting time between pump and probe pulse for each of these samples 
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as well. An individual 2D-IR spectrum in such a case therefore depends on three 

different factors: the dsDNA sequence used, the ligand added to the dsDNA and the 

waiting time. In order to separate the effect of each of those factors and analyse them 

separately, analysis of variance (ANOVA) can be employed. A combination of both 

methods, referred to as ANOVA-PCA, was initially developed to study large mass-

spectrometry datasets to analyse amniotic fluids and has subsequently been applied in 

a variety of scenarios28ɀ30 including mid-infrared absorption experiments31. This 

method will be used in this chapter to approach a large, spectroscopic dataset. Its 

viability as an analysis tool will be assessed and key advantages and limitations will be 

discussed. 

6.3 Methods 

6.3.1 Overview of the Experimental Design 

In this study, 2D-IR spectroscopy is used to examine the interaction of twelve different 

dsDNA sequences with H33258, which are outlined as rows in the table of in Fig. 6.2 

(highlighted in orange). Sequences s1 to s7 contain A/T-rich minor groove sequences 

which are expected undergo minor groove binding with Hoechst 33258 to varying 

degrees. Sequences s8 to s12 show a G/C-rich minor groove and are not expected to 

show minor groove binding. The ability to bind the ligand is independently assessed for 

each individual sequence, as discussed in section 6.3.4. The 2D-IR response of each 

sequence was investigated on its own, and in presence of Hoechst 33258 (columns in 

Fig. 6.2, blue) in a 1:1 ratio, leading to 24 different samples in total. For each of these 24 

samples, a series of time-resolved 2D-IR spectra is acquired to obtain temporal 

information of the observed, vibrational modes of dsDNA. Spectral replicates (repeated 

measurements) were treated as individual data points rather than being averaged to 

capture the spectral variances between measurements, generating 2016 2D-IR spectra 

in total (as indicated by the solid points in the tables of Fig. 6.2). 
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Fig. 6.2 Experimental design and schematic representation of the ANOVA-PCA method. The set of 2D-IR 
spectra studied contains three main sources of variance (factors): the sequence of dsDNA, ╢, the presence of 
H33258, ╗, and the waiting time, ╦. The ANOVA method generates subsets containing the variances 
attributable to each factor, as well as the variance due to their interactions (e.g. ╢╗; the sequence-
dependent impact of ligand binding) and the residual variance Ⱡ (e.g. noise). Individual subsets are compared 
to residuals, Ⱡ, and analysed using PCA to test for significance. 

According to the design of the experiment outlined in Fig. 6.2, the outcome of a 2D-IR 

measurement is dependent on three controlled factors: The dsDNA sequence used, S; 

the presence/absence of the ligand in the sample, H; and the waiting time at which the 

2D-IR spectrum was acquired, W. The first part of the method, the ANOVA, aims to 

separate the variance of the dataset according to the three confounding factors S, H, W 

into subsets. The second part, the PCA, is used to compare each subset against a 

residual variance (e.g. spectral noise) so that the effect of factor is tested for 

significance and can be studied individually . This allows for example to separate 

spectral features that arise from a change in dsDNA sequence from features that 

emerge due to interaction with the ligand. This method was chosen, as it is easily 

scalable to interactions of multiple ligands scanned across multiple different dsDNA 

sequences. Analysis can start from a simple subset of the dataset and can be gradually 

extended to explore the effect of each factor individually and in combination. The 

separation into subsets is largely based on calculating average spectra and is explained 
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in detail in section 6.3.6. The analysis of each individual subset will be discussed in the 

results chapter.  

6.3.2 Materials and Sample preparation 

The twelve oligomers outlined in Fig. 6.2, together with their corresponding, 

complementary strands were purchased as salt-free, lyophilized solids from Eurofins. 

TRIS base (tris(hydroxymethyl)aminomethane) , NaCl, D2O, DCl and H33258 were 

obtained from Sigma-Aldrich and used without further purification.  

A stock solution of 40 mM was prepared for each oligomer using a deuterated TRIS-

buffer (100 mM TRIS, 100 mM NaCl, pD 7.0). Solutions of complimentary strands were 

combined in equimolar ratios, diluted and annealed at 95°C for 5 min to form dsDNA 

samples. Samples containing H33258 were prepared by annealing the dsDNA in 

equimolar ratio with a stock solution of H33258 in TRIS buffer. The final dsDNA 

concentration for all samples was 10 mM.  

6.3.3 Infrared Spectroscopy 

Each sample was measured via linear infrared absorption spectroscopy and 2D-IR 

spectroscopy using a liquid transmission cell. The cell is illustrated in Fig. 6.3 and 

consisted of two CaF2 windows separated by a polytetrafluoroethylene (PTFE) spacer 

to achieve a sample path length of 25µm. Fourier-transformed, infrared (FT-IR) 

absorption spectra were acquired using a Thermo Scientific Nicolet iS10 spectrometer 

between 1550 and 1800 cm-1 at an optical resolution of 4 cm-1. Six infrared absorption 

spectra were obtained for each sample; three before and three after the 2D-IR 

experiment to check for inconsistencies and characterise the variance of infrared 

measurements. A separate absorption spectrum of the pure buffer was used to subtract 

the solvent background in all FT-IR spectra. 
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Fig. 6.3 Illustration of a liquid transmission cell. The metal jacket of the cell contains a heating element for 
melting experiments. The thermocouple is located inside the jacket at the edge to the CaF2 windows and the 
sample.  

2D-IR experiments were taken out using the LIFEtime instrument at the Rutherford 

Appleton Laboratories as outlined in chapter 5.3 17,32. The instrument operates at 100 

kHz repetition rate and uses a mid-infrared pulse shaper for high throughput 

measurements. OPA1 and OPA2 were used to generate mid-infrared pulses centred at 

1650 cm-1 for pump and probe beam, resonant with carbonyl and ring stretching 

modes of the nucleobases. The pump-pump delay, ὸ, was scanned using the pulse 

shaper14 from 0 to 4 ps at a step size of 24 fs with phase cycling methodology. Each 2D-

IR spectrum was acquired for 40 s, which is equivalent to ca. 5900 individual 2D-IR 

measurements averaged in that time. It is noted however, that little signal-to-noise 

improvement was observed after 10 s, signifying that further reduction of the 

acquisition time may be possible in the future. The pump-probe delay, now defined as 

waiting time W, was scanned from 0 to 5 ps to obtain time-resolved 2D-IR spectra at 14 

waiting times for each sample. Each measurement was repeated six times using the 

same sample in the cell to check for consistency of the measurement and to estimate 

the variance of each measurement. This will make it possible to estimate the 

significance of the 2D-IR responses as discussed in the results chapter. 2016 2D-IR 

spectra were acquired in total. The pure acquisition time of the complete dataset 

(disregarding sample preparation and changing of samples) was less than 24h, with the 

potential to further reduce acquisition times by a factor of 4 (10s averaging instead of 

40s). In this experiment, the data acquisition was largely limited by the time it took to 

prepare the sample cells. 

6.3.4 Estimating Binding Affinity ς Melting Experiments and Fluorescence Data 

Previous studies have shown that H33258 prefers A/T-rich minor grooves according to 

the following series ×ÉÔÈ ÄÅÃÒÅÁÓÉÎÇ ÂÉÎÄÉÎÇ ÁÆÆÉÎÉÔÙȡ !!44 ḻ 4!!4 Ђ !4!4 Є 4!4! Ђ 
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TTAA 6,24. In order to estimate the binding affinity of H33258 to the dsDNA sequences 

used in this study, the interactions were categorized into three qualitative groups by 

assessing results from additional fluorescence spectroscopy and dsDNA melting 

experiments. This grouping will be used to relate the results from 2D-IR data to 

observations from more conventional experiments. 

Effective minor groove binding has a stabilising effect on the DNA duplex structure and 

raises the melting temperature Ὕ , of the dsDNA33,34. Melting experiments are often 

provided as complementary data when assessing different dsDNA-ligand interactions 

and are used as a proxy for binding affinity35ɀ37. The relative change in melting 

temperature indicates the ligands ability to stabilise the double helix and is referred to 

as melting point stabilization ῳὝ in the following. The dsDNA melting experiments 

were performed by heating each sample in the liquid transmission cell (Fig. 6.3) and 

monitoring the FT-IR absorption spectrum. The IR absorbance of each dsDNA sequence 

was measured with and without H33258 at 10 mM from 20°C to 95°C in 5°C steps. The 

collected infrared absorption data are shown in the appendix of this chapter in Fig. A-

6.1. From this data, the melting transition of each sample was obtained by applying a 

separate PCA to each of the 24 melting responses and analysing the PC1 score, as 

outlined earlier in chapter 5.5.2 and as published previously12,38. The PC1 scores 

attained for each sample are shown in Fig. A-6.2 and were subjected to a sigmoidal fit 

to extract the melting point Ὕ  using equation (6.1): 

 ὴὝ
ὴ ὴ

ρ Ὡ Ⱦ
ὴ  Ȣ (6.1) 

The obtained PC1 scores ὴὝ were fitted to a sigmoidal function with optimised 

parameters for start and end values ὴ  and ὴ  of the sigmoid, the transition point 

Ὕ  and the slope Ὣ. The melting point stabilisation ῳὝ was then calculated from the 

melting temperatures with and without ligand for each sequence and is shown in Fig. 

6.4a. 

Hoechst 33258 has found wide applications as a dsDNA staining dye and will show a 

significant rise in fluorescence once bound to the minor groove39,40. The fluorescence of 

H33258 when added to dsDNA solutions is therefore another indicator that can be used 

to characterise the dsDNA-ligand interaction. The rise in fluorescence of H33258 due to 

minor groove binding was determined using a Horiba Fluorolog 3 spectrometer at an 

excitation wavelength of 352 nm (H33258 absorption maximum) with a quartz cuvette 
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of 1 cm path length. The emission spectrum was collected of each dsDNA-H33258 

combination in equimolar ratio at a dilution of 7 µM for three aliquots and the emission 

values at 450 nm (H33258 emission maximum) were determined (see Fig. A-6.3). The 

emission values of each sample were divided by the emission of 7 µM H33258 in buffer 

without any dsDNA, to give the fluorescence enhancement factor as plotted in Fig. 6.4b. 

 

Fig. 6.4 Estimation of the H33258 binding affinity with sequences s1-s12 using melting temperature 
stabilisation in a)  and fluorescence emission of H33258 in b). The colours of each sequence in the centre 
indicate a qualitative estimation of the binding affinity and are used as a colour gradient in Fig. 6.10 and Fig. 
A-6.5. 

The results summarised in Fig. 6.4 largely follow the observations in the 

literature 6,24,41. DNA sequences s1 to s7 with an A/T minor groove show a significant 

melting point stabilisation (>10 K) in contrast to sequences s8 to s12 with G/C minor 

groove, with little or no stabilisation of the duplex structure. From those sequences 

with A/T m inor groove, s1 ɉυȭ-ATTATTATTTATTTA-σȭɊ ÁÎÄ Ó5 ɉυȭ-GGATATATGC-σȭɊ 

show lower ῳὝ values than sequences with an A-tract, such as s2 ɉυȭ-GAAAATTTTG-σȭɊ 

and s6 ɉυȭ-GGCAAATTTCGC-σȭɊȢ &ÌÕÏÒÅÓÃÅÎÃÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÃÏÎÆÉÒÍ ÔÈÅ ÃÌÅÁÒ 

preference of A-tract sequences s2, s4, s6 and s7, which show a rise in fluorescence by a 

factor of 10 and higher. Sequences s3 ɉυȭ-GGTTTAAACG-σȭɊ ÁÎÄ Ó5 ɉυȭ-GGATATATGC-σȭɊ 

show a more modest rise in fluorescence by a factor below 7.  

These observations are summarised by the colour scheme from red to green indicated 

in Fig. 6.4.  Combinations of H33258 with s8 to s12 are coloured in red as little or no 

minor groove binding is observed. Combinations with A-tract sequences s2, s4, s6 and s7 

lead to significant minor groove binding and are coloured in dark green. Suboptimal 
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minor grooves of s1, s3 and s5 are indicated in light green. These three groups will be 

used as a qualitative proxy for binding affinities when analysing 2D-IR data. 

6.3.5 Pre-Processing of 2D-IR Data 

The pump and probe pulses that were used to generate the 2D-IR spectrum have a 

pulse duration of ca. 300 fs and 200 fs FWHM respectively. As a consequence, pump 

and probe pulses will overlap at short waiting times and can generate additional 

signals that obscure the desired 2D-IR response. 2D-IR spectra obtained at waiting 

times below τππ ÆÓ were therefore excluded from the dataset.  

Multivariate analysis methods usually require a single input matrix that contains the 

complete dataset. In order to represent the collected 2D-IR data by a single matrix, each 

2D-IR spectrum was concatenated into vector-form so that each 2D ɀ pixel is treated as 

a separate variable. The complete data matrix ╧ is illustrated in Fig. 6.6a and 

encompasses the 2D-IR spectra as individual rows ὼ. The intensity at each pixel in the 

2D-IR spectrum is represented by the columns of ╧. 

Additionally to the spectral features of interest, a PCA will also highlight any variance 

arising from sample thickness, concentration or laser intensity differences. To mitigate 

these effects, a technique called vector-normalisation can be applied. This technique is 

commonly used as a pre-processing step when analysing large, linear infrared 

absorption datasets42ɀ44. The method treats each spectrum as an individual vector ὼ 

and divides it by its magnitude ᴁὼᴁ, to normalise it to a length of one. This is outlined in 

the following equation (6.2): 

 ὼ
ὼ

ᴁὼᴁ
ȟ   ×ÈÅÒÅ ᴁὼᴁ ὼ ὼ Ễ ὼ Ȣ (6.2) 

Vector ὼ is an individual 2DIR spectrum written in vector-form ὼ, with ὼ ȟὼ ȟȣȟὼ  

being intensities observed at each pixel, p. The squared intensities in a 2D-IR spectrum 

are directly proportional to the variance and covariance analysed with PCA. Vector-

normalisation rescales the magnitude of each spectrum to resemble the same overall 

variance, which ensures that each spectrum is weighted equally when a PCA is 

performed. 



67 
 

 

Fig. 6.5 The magnitude ᴁὼᴁ of each spectral vector in the dataset before and after the vector-norm. 

All 2D-IR spectra collected at a waiting time of 600 fs were vector-normalised. Each 

vibrational response in the 2D-IR spectrum will relax over time and will therefore 

return a lower magnitude at late waiting times. Each individual set of time-resolved 2D-

IR measurements from 0.4 to 5 ps was therefore divided by the same normalisation 

factor, the magnitude ᴁὼᴁ obtained from the corresponding 2D-IR spectrum at 600 fs. 

This reduced the variance across samples and across repeats, but retained the temporal 

response over time. The effect is indicated in Fig. 6.5, where the vector-magnitude of 

each 2D-IR spectrum in the dataset is plotted in dependency of the corresponding 

waiting time before- and after vector normalisation. As a result, the principal variance 

in the dataset will be less affected by scaling differences between spectra. 

6.3.6 ANOVA-PCA: Separation of X into Subsets 

As mentioned previously, each collected 2D-IR response in X is affected by the choice of 

sequence (S), by the absence or presence of the ligand (H) and finally the waiting time 

(W). A change in sequence will affect different spectral features than an addition of 

H33258 to the sample. Separating the different spectroscopic effects of these three 

main factors S, H, W is the goal of the ANOVA-PCA in its first part. 

Fig. 6.6a shows dataset X with  a unique identifier for each row in the matrix. Each 

spectrum ὼ is described in terms of the sequence of the dsDNA, si (i = 1-12 sequences); 

the presence of the minor groove binder H33258, hj (j = +/ - for ligand 

presence/absence) and the waiting time indicated by wk (k = 0.4-5 where the value 

indicates the waiting time in ps). Each sample was repeated six times, indicated by rl 

(l  = 1-6). Following this notation, the second replicate of sequence s5, with H33258 

present, at a waiting time of 0.8 ps, is indicated by s5h+w0.8r2 as illustrated in Fig. 6.6a. 
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Fig. 6.6a) Schematic representation of data matrix ╧ and its decomposition into factor matrices. Blocks of 
colour indicate averaged spectra in each factor matrix. Each row represents one 2D-IR spectrum 
concatenated to a vector. b) Schematic structure of the step-wise subtraction to calculate factor matrices. The 
algorithm allocates variance from the raw data based on their origin into several new matrices with the same 
dimensions by calculating averages. The residual matrix contains the variance between repeats, ideally 
representing only instrumental noise. 

The ANOVA-PCA method is implemented as introduced in the literature by Harrington 

et al.28 . Based on the three factors S, H and W, a series of new matrices is sequentially 

calculated from matrix ╧. These matrices are then subtracted from ╧ to obtain the 

residual matrix, ʀ. This procedure allows to separate the variance of ╧ into matrices of 

three main experimental factors ╢, ╗, ╦; four interactions ╢╗, ╢╦, ╗╦ , ╢╗╦ 

and residual matrix Ⱡ; based on known information about the dataset: 

 

╧  ╜ ╢  ╗ ╦ 

  ╢╗ ╢╦ ╗╦ ╢╗╦ 

  Ⱡ 

(6.3) 
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The matrices in equation (6.3) are calculated in a stepwise manner as shown in Fig. 

6.6b. In the first step, an average spectrum ὼӶ  is calculated from all spectra in ╧ and a 

new matrix ╜ is created. ╜ has the same dimensions as ╧ but contains ὼӶ for every row 

as illustrated  in Fig. 6.6a. Subtraction ╧ ╜ generates a residual matrix which is used 

in the next step as starting point. In step 2, the matrix representing the sequence factor, 

╢, is generated. All rows of ╧ ╜ that correspond to the same sequence si are averaged 

to give spectra ίӶ (i  = 1-12). The twelve average spectra ίӶ are repeated according to 

their dedicated rows to form matrix ╢. The subtraction ╧ ╜ ╢ then results in a new 

residual matrix containing reduced variance. In step 3, ╧ ╜ ╢  is used to calculate 

two average spectra Ὤ, thus forming matrix ╗, which accounts for the ligand factor. 

╧ ╜ ╢ ╗ is then used to create matrix ╦, in which all spectra with a common 

waiting time (w k) are averaged. This is subtracted in turn to account for the waiting 

time factor.  

These matrices represent variance from one main factor, while completely disregarding 

the effect of the other two factors at the same time. The spectral impact of different 

combinations of the three main factors is then considered by interactions between 

factors, where average spectra are calculated for each possible combination. Matrix 

╢╗ for example contains 24 unique spectra ίὬ ȟ for twelve sequences (i), each 

measured with and without H33258 (j). This matrix will contain the spectral features 

that are specific to individual dsDNA-ligand combinations. Each interaction matrix is 

calculated as before and subsequently subtracted from ╧ to further reduce the residual 

variance. The method is repeated until matrices for all factors and interactions are 

calculated and subtracted from the raw data to give residual matrix Ⱡ, which contains 

the variance between different repeats such as the instrumental noise. 

It is important to note that this method requires a balanced dataset28, meaning that the 

number of spectra analysed is exactly the same for each level of each factor (i.e. each 

DNA sequence has been measured the same number of times). A visual representation 

of a balanced dataset is also shown in Fig. 6.2, as each row and each column in tables of 

this figure is represented by the same number of measurements. If this is not the case, 

the order of the sequential subtraction will have an impact on the results and the 

variance of one factor may end up in the matrix of another. This has implications for 

outliers. Three out of six repeats of one particular sample were obscured by scatter-

artefacts (apparent from visual inspection) and had to be excluded from the analysis. 
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To maintain a balanced dataset, three repeats from all other measurements had to be 

removed as well, reducing the total number of spectra analysed to 864.  

6.3.7 ANOVA-PCA: Studying Subsets via PCA 

After the decomposition of ╧ into subsets, each factor or interaction can be tested 

individually for significance via PCA. In spectroscopic terms, it means that it is possible 

to test, whether for example the addition of the ligand will have a meaningful impact on 

the 2D-IR response. The factor or interaction matrix of interest can be added to the 

residual matrix Ⱡ, which characterises the uncertainty of the measurement. A PCA of 

this sum will evaluate, whether the principal variance of the sum is dominated by noise 

from Ⱡ, or a systematic effect from the factor. If the effect of the factor or interaction is 

significant and outweighs the residuals, then the scores of PC1 will be dominated by the 

factor. Conversely, if the variance of the residuals outweighs any systematic effects 

from the factor, the scores of PC1 will be dominated by noise from the residuals and the 

factor has no significant impact on the spectrum. It is further possible to add more than 

one factor or interaction to the residuals in order to gradually increase the complexity 

of the data analysed. So if analysis of subset ╗ Ⱡ established that the ligand does have 

a general effect on the 2D-IR spectrum, it can be specified whether this effect is 

sequence specific by extending the subset to ╗  ╢╗  Ⱡ.  

Finally, the observations from 2D-IR spectroscopy were also compared to FT-IR 

absorption data using ANOVA-PCA in an analogous manner. The FT-IR data is only 

dependent on two factors, which will lead to a matrix for sequence-dependence, ╢, a 

matrix for ligand presence, ╗, and a matrix for the combination of the two, ╢╗, 

following equation (6.4): 

 ╧ ╜ ╢  ╗  ╢╗  Ⱡ (6.4) 

The ANOVA-PCA results of the FT-IR dataset were analysed in analogy to the 2D-IR 

results and are shown in the appendix in Fig. A-6.4 and Fig. A-6.5. 

6.4 Results and Discussion 

6.4.1 Base Sequence Dependence 

The results of the ANOVA-PCA need to be validated before applying the method in the 

context of a screening experiment. Matrix ╢ is the first subset generated from the 

ANOVA-PCA and identifies sequence specific, spectral features. The 12 dsDNA 
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sequences investigated in the dataset cover a wide range from s1 being a pure A/T 

sequence to s8 as a pure G/C sequence. 2D-IR spectroscopy is sensitive to the dsDNA 

sequence as discussed in the introduction in chapter 4.3.4 and so the ANOVA-PCA 

results should be able to differentiate the response of different oligomers using subset 

╢.  

Analysis of subset ╢ Ⱡ via PCA lead to the PC1 and PC2 scores shown in Fig. 6.7. The 

scores plot suggests, that every spectrum falls into one of twelve clearly separated 

groups representing the twelve average spectra of matrix ╢. The residuals in Ⱡ 

correspond to the spread of each point cloud. This represents the intra-group variance 

of each sequence, which is minimal compared to the inter-group variance that 

differentiates them. This result indicates, that each sequence returns a unique 2D-IR 

spectrum. 

 

Fig. 6.7 a) ANOVA-PCA results for dsDNA sequence dependence ╢ Ⱡ. Each point in the scores plot represents 
one 2D-IR spectrum and similar scores between spectra indicate common spectral features. b) The scores in 
PC1 show a good correlation to the GC percentage of the sequences measured. 

It is striking, that the responses of the pure A/T sequence, s1 (black), and the pure G/C 

sequence, s8 (brown), are spread across opposite ends of the observed PC1 scores. To 

check for a possible correlation, the obtained PC1 scores are plotted in Fig. 6.7a against 

the base composition of each sequence, in terms of how many nucleobases are G or C in 

a sequence (GC percentage). There is a clear, linear correlation between the PC1 score 

and the GC percentage, which is identified by a high Pearson correlation coefficient of 

0.94. This is a clear indication that the 2D-IR spectra in this subset are primarily 

affected by the vibrational modes of the four nucleobases in this region and suggests 

that the PC1 score can be used to estimate the base composition of a given dsDNA 

sequence. 
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Fig. 6.8 Top: Reconstructed spectra using minimum a) and maximum PC1 scores b). Peak assignments 
according to literature are shown.7,12 ὼӶ and ὴ are vectors defined as the global average spectrum and the 
loading vector of PC1 respectively. Bottom: Raw 2D-IR data at 0.4 ps of c) DNA sequence s1 consisting purely 
of A-T base pairs and d) sequence s8 with only G-C base pairs. 

To identify which spectral features are characterised by PC1, the PC1 loading vector is 

considered next. The observed PC1 scores cover values from -0.25 for s1 (all A/T, black) 

to 0.21 for s8 (all G/C, brown). Multiplication of the minimum and maximum PC1 score 

with the loading vector of PC1 (ὴ) respectively and addition of the global mean 

spectrum (ὖὅρ ίὧέὶὩϽὴ ὼӶ) leads to the 2D-IR spectra shown in Fig. 6.8a and b. This 

spectral reconstruction is done instead of plotting the PC1 loading vector directly, as ὴ 

contains relative differences rather than absolute features, making an assignment far 

less intuitive. These calculated spectra are compared to the raw 2D-IR spectra of s1 (all 

A/T) and s8 (all G/C) collected at a waiting time of 0.4 ps in Fig. 6.8c and d. PC1 

essentially retrieves the vibrational modes of nucleobases A and T at negative PC1 

scores, and the modes of G and C at positive PC1 scores. Moreover, off-diagonal features 

are present as well in the reconstructed spectra; notably the strong coupling between 

carbonyls of G and C (cross in Fig. 6.8b), which indicates that the inter-strand coupling 

present in G-C base pairs is retrieved7. The solid lines in Fig. 6.8 correspond to 

literature values for carbonyl stretch and ring modes of dsDNA for the two Watson-

Crick base pairs and agree very well with peak positions observed in the reconstructed 

spectra. PC1 therefore seems to retrieve the generic 2D-IR response of a G-C base pair 
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and a A-T base pair; irrespective of the base pair sequence along the dsDNA. The base 

composition therefore has the largest effect on the 2D-IR spectrum in this subset. 

This becomes especially apparent in the PCA results of sequences s6 ɉυȭ-

GGCAAATTTCGC-σȭȟ ÏÒÁÎÇÅɊ ÁÎÄ Ó12 ɉυȭ-AATGGGCCCTAT-σȭȟ ÂÒÉÇÈÔ ÂÌÕÅɊȢ 3ÅÑÕÅÎÃÅ Ó6 

has G/C structures at the ends of the sequence and an A/T in the centre, s12 is inverted 

and has A/T ends and a G/C centre. Both show a PC1 score close to zero, indicating that 

their base composition of 50% GC is identical. However, their PC2 score is on opposite 

ends of the observed PC2 range. This suggests that spectral features arising from 

interactions along the strand are more subtle and therefore appear at higher principal 

components. A similar observation was made in the literature, where interstrand and 

intrastrand coupling within pure G/C dsDNA strands was studied8. Higher principal 

components will provide more information to characterise each sequence in detail and 

could be used in a separate project to study the subtle interactions along the strand and 

at different positions in the dsDNA strand. For this chapter though, subset ╢ Ⱡ has 

confirmed that 2D-IR spectroscopy is highly sensitive to the DNA sequence. 

6.4.2 Spectral Change upon Addition of Hoechst 33258 

In order to study ligand binding, ANOVA-PCA results need to be sensitive to small 

spectroscopic changes due to presence of the ligand. The next test therefore evaluates, 

whether the addition of H33258 to the DNA leads overall to a significant spectral 

change, or not. Previous experiments have shown that the concentration of H33258 

used in the samples in this study is too small to be detected directly  by infrared 

spectroscopy13. Any deviation in the 2D-IR spectrum upon interaction with the ligand 

can therefore be assigned to a change of the vibrational modes of the dsDNA. To 

achieve this, main factor matrix ╗ is added to the residual matrix Ⱡ and is interrogated 

via PCA. 

The ANOVA-PCA method calculated average spectra from the individual states in each 

factor. Only two different states are possible for main factor ╗: dsDNA with or without 

H33258.  Thus, there are only two unique spectra in ╗: A 2D-IR spectrum averaged 

over all samples where the ligand is present, and another average response over all 

samples where the ligand is absent. The PCA of the sum ╗ Ⱡ leads to a scores plot as 

shown in Fig. 6.9a, with two clusters clearly separated along PC1 and equal distance 

away from the coordinate origin. While the two averages in ╗ define the separation 

between the centre points of both clusters, Ⱡ corresponds to the individual noise from 
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every collected 2D-IR measurement and generates a spread in all principal 

components, including PC1 and PC2. There is no overlap between both point clouds, 

which indicates, that there is a significant, spectroscopic difference between the two 

average spectra. This observation confirms that the minor groove binder has a 

measurable effect on the vibrational modes of the dsDNA bases. However, because ╗ 

only contains responses averaged over all dsDNA strands, the subset is neither able to 

explain whether all dsDNA sequences interact with the binder in the same way, nor 

whether some of the sequences interact at all. There is simply no sequence dependency 

included. In other words, this test for significance only fails when the two calculated, 

average responses in H are smaller than the residual, instrumental noise in Ⱡ. 

6.4.3 Sequence Dependence of H33258 Binding 

While it is clear from analysis of ╗ Ⱡ that the effect of H33258 addition is measurable 

in the dataset; it is not yet disclosed how the response of each individual dsDNA 

sequence is affected by the ligand. This information is central to screening experiments, 

as each dsDNA-ligand combination can show a different interaction that leads to a 

relative preference of one combination over another. To investigate sequence-

dependent impact of H33258 binding, it is necessary to include the interaction  matrix 

╢╗ and perform a PCA on the sum ╗ ╢╗ Ⱡ. Previous studies have proven that 

the 2D-IR method can distinguish minor groove binding of Hoechst to two different 

sequences13. This subset will address the important question, whether the proposed 

method in this chapter can extend these observations to a wider set of minor grooves.  

The scores plot from this subset in Fig. 6.9b shows individual clusters for each dsDNA 

sequence (indicated by colours) and further differentiates 2D-IR spectra of free dsDNA 

(crosses) from samples with H33258 (circles). No 2D-IR spectrum remains 

unperturbed when H33258 is added to the sample (no overlap between crosses and 

circles), which suggests that the ligand affects vibrational modes of all dsDNA 

sequences in the dataset. The wide spread of PC1 and PC2 scores across samples 

further i ndicates that the spectral impact of H33258 binding varies with  dsDNA 

sequence. Higher principal components provide even more information that allow for a 

more detailed distinction between dsDNA responses and will contain more nuanced 

spectroscopic features. The observations so far suggest that H33258 interacts with 

each dsDNA sequence in a slightly different way and that the observed effects on the 

2D-IR spectrum are complex and nuanced. 
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Fig. 6.9a) PCA scores plot of subset ╗ Ⱡ. Separation of ligand bound (circles) and free (crosses) DNA 
sequences along PC1 shows a significant change in the 2D-IR spectra when H33258 is added to the samples. b) 
PCA scores plot for subset  ╗ ╢╗ Ⱡ. Circles show responses of bound sequences and crosses of unbound 
sequences. Individual sequences are separated by colour. The 2D-IR spectra of bound and unbound sequences 
are clearly separated into two groups by the black diagonal line. 

2D-IR spectra of free dsDNA (crosses) tend to have negative PC1 and PC2 scores and 

can be clearly separated from spectra of DNA with H33258 present (circles). The PC 

scores of each sequence essentially invert their sign when moving from the response 

without ligand to the response with H33258. The sign inversion can be explained from 

the experimental setup: Factor ╗ only consists of two unique spectra, which were 

calculated from data where the average spectrum of each sequence was subtracted (for 

calculation of ╢). The analyzed subset ╗ ╢╗ Ⱡ is therefore centered with respect 

to the average response of each sequence, as represented by the origin of the 

coordinate system in Fig. 6.9b. PC scores for samples with ligand presence or ligand 

absence are thus represented by two counterparts with equal distance away from the 

coordinate origin and with equal PC1/PC2 ratio. The following analysis and plot in Fig. 

6.10 therefore focusses on the upper half of the scores plot (positive PC2 scores) for 

simplification, as the information in the lower half (negative PC2 scores) bears little 

additional information. 

To relate the different 2D-IR responses of subset ╗ ╢╗ Ⱡ to a proxy for binding 

affinities of each combination, the red-green colour scheme introduced in section 6.3.4 

is used to categorise the PCA scores as shown in Fig. 6.10. The colour scheme is a 

qualitative representation of the binding affinity that could be expected for each 

combination, following the results from dsDNA melting experiments and fluorescence 

measurements. It indicates significant minor groove binding in dark green (A-tracts: s2, 
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s4, s6 and s7), suboptimal minor groove binding in light green (s3 and s5) and little to no 

minor groove binding in red colours (G/C-rich minor grooves, s8 to s12).  

 

Fig. 6.10 PCA scores plot for ╗ ╢╗ Ⱡ. Scores for free DNA spectra omitted. Colours qualitatively 
represent binding affinity for H33258: from red as zero binding to dark green as optimum binding (see text). 
Ovals show two groups of distinctive DNA-ligand interactions.  

According to Fig. 6.10, significant binding (dark green colours) corresponds to positive 

PC1 scores, while little to no minor groove binding (red colours) leads to smaller, 

negative PC1 scores. Sequences with well-defined AnTn sites of length n=3 and higher 

(dark green oval) are further separated by comparably low scores in PC2. The PC 

scores of suboptimal binding in light green fall in between the two extreme cases. 

These observations are important to validate 2D-IR spectroscopy as a tool for screening 

experiments, as they suggest a correlation of ANOVA-PCA results with conventional 

measurements used to estimate binding affinities and selectivity. It is likely that a 

sample represented by a positive PC1 and low PC2 score indicates a more efficient 

minor groove binder compared to a sample with negative PC1 score. The relative 

position of each dsDNA-ligand combination in the scores plot allows identification of 

similar interactions to distinguish unique 2D-IR responses from the bulk. The 

corresponding loading plots for PC1 and PC2 then provide the spectroscopic 

information that causes this separation. The distance from the coordinate origin 

defines the magnitude of the 2D-IR response, while the PC1/PC2 ratio defines the 

spectral features. 

While there seems to be a general relation between the first two principal components 

and the proxy for binding affinity, this alone is perhaps too simplistic to completely 

explain the observed interactions in Fig. 6.10. The dsDNA oligomer s7 (υȭ-
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GGGAATTGCG-σȭ) for example has a minor groove suitable for H33258 but reaches 

higher PC2 scores than other AnTn sequences. Previous studies suggest that H33258 

spans approximately five base pairs along the minor groove22, as indicated in the 

crystal structure illustrated in Fig. 6.1. The target sequence in this strand is only four 

base pairs long and the binder is likely to be in close proximity to a G-C base pair. This 

would be expected to change the spectral response upon binding in comparison to 

strands with a longer target sequence such as s2, s4 and s6 (green oval). 

The PC2 scores for H33258 interacting with oligomers υȭ-AAGGGCCCAT-σȭ (s11) and υȭ-

AATGGGCCCTAT-σȭ (s12) show positive PC1 scores even though neither melting nor 

fluorescence experiments indicate minor groove binding. It is perhaps relevant to these 

observations that both s11 and s12 sequences contain A/T structures at the ends of the 

double strands. As the dsDNA minor groove only forms for sequence lengths of >3 

bases, this motif does not represent a classic binding site for H33258. It could however 

be possible that the ligand interacts with these A/T rich ends rather than the 

inaccessible G/C cores, leading to a spectroscopic effect recognized by ANOVA-PCA as 

binding to an A/T-rich sequence. The negative melting point stabilization observed for 

s11 (ῳὝ υ ὑ, Fig. 6.4) and s12  (ῳὝ υ ὑ) seem to support this picture: While 

successful minor groove binding stabilizes the double helix and increases the melting 

point (s1 to s7), interactions at the end of the strands may facilitate end fraying of the 

double helix and decrease the melting temperature in s11 and s12. This would be 

consistent with the observed deviation of their PC1 score with respect to the scores of 

s8, s9 and s10. 

It is important to note that observations in subset ╗ ╢╗ Ⱡ do not simply result 

from a higher contribution of A/ T structures for s1 to s7, or a higher contribution of G/C  

structures for s7 to s12. This dependency has been subtracted from the data when 

calculating factor ╢ and the PC scores from ╗ ╢╗ Ⱡ do not show a clear 

correlation to the base pair composition as the PC1 score did for subset ╢ Ⱡ. 

The scores plot in Fig. 6.10 suggests that there are at least two distinctive groups of 

binding interactions in the dataset; one being the response of DNA strands containing 

AnTn motifs ɉÎ І σȟ Ó2, s4, s6) and the other are strands with a G/C-core and a negative 

PC1 score (s8, s9, s10). These are shown as green and red ovals in Fig. 6.10 and the 

average PC1 and PC2 scores for the two groups are marked with black crosses. The 

average scores were used to reconstruct the spectral response for the two groups. The 
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previously discussed sign inversion of the scores implies that it is possible to generate 

difference spectra directly from the scores of the bound spectra. This would not be the 

case if more than one type of ligand was measured. In that case, the distance between 

scores of ligand-free to ligand-added samples would need to be calculated to produce a 

difference spectrum. Average scores of the first ten principal components have been 

used for the reconstruction to retain as much relevant data as possible. The 

reconstructed spectra for the two groups are shown in Fig. 6.11. 

 

Fig. 6.11 Reconstructed difference spectra for two distinctive DNA-ligand interactions calculated from the 
first ten principal components of subset ╗ ╢╗ Ⱡ.  a) shows the results for the spectra included in the 
group identified by the green oval in Fig. 6.10 (AnTn, nЊχɊȢ b) shows the results for the spectra included in the 
red oval in Fig. 6.10 (G/C-rich minor grooves). Black +/- symbols in a) indicate position and sign of prominent 
bands in the difference 2D-IR spectrum relating to H33258 binding to sequence s4 reported previously.13 

The group responses represent 2D-IR difference spectra, where negative signals (red) 

indicate a change to lower amplitudes and positive signals (blue) increase in amplitude 

due to ligand interactions. Both spectra in Fig. 6.11 show a complex response. Addition 

of H33258 to sequences with a G/C-core (red group) affects vibrational modes along 

the diagonal of the 2D-IR spectrum with little change to off-diagonal features (Fig. 

6.11b). By contrast, interactions of H33258 with A-tract sequences (green group, Fig. 

6.11a) leads to significant changes in the off-diagonal region of the 2D-IR spectrum. 

Minor groove binding of H33258 to sequence s4  (green group) has been studied 

recently by 2D-IR spectroscopy using a different 2D-IR instrument with broader pump 

bandwidth and using phosphate buffer rather than TRIS buffer13. Plus and minus 

symbols marked in Fig. 6.11a show positions of prominent peaks reported in the 

difference 2D-IR spectra of H33258 binding to sequence s4. These observations are in 

good agreement with the group response obtained from ANOVA-PCA results, again 

showing that the presented method is able to recover salient spectral features arising 
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from complex intermolecular interactions. The previous study identified a blue shift 

(shift towards higher energies) of the T2s mode in dsDNA to above 1700cm-1 upon 

binding, resulting in a shift of the corresponding cross-peaks with T2S as well. This blue 

shift is clearly visible in the ANOVA-PCA reconstruction in Fig. 6.11a (dotted 

rectangle), albeit with reduced amplitude due to smaller bandwidth of the LIFEtime 

laser (80 cm-1 FWHM, compared to ca. 300 cm-1 FWHM13). Understanding the complex, 

spectral response of the DNA to a ligand requires in-depth analysis of the vibrational 

modes affected, but the results show how ANOVA-PCA can highlight subtle changes due 

to different DNA-ligand interactions and enables analysis of large 2D-IR datasets. 

The 2D-IR difference spectrum outlined in Fig. 6.11b characterises the group response 

when adding H33258 to dsDNA sequences s8, s9, s10. The G/C structures in the minor 

groove of these sequences prevent H33258 from binding, which is clearly indicated by 

the negative results obtained from fluorescence and melting experiments for these 

combinations. Still, the 2D-IR spectrum of the nucleobases for this group has changed 

when adding H33258. The difference spectrum suggests two diagonal peak-pairs 

dropping in intensity at pump frequencies of 1643 and 1667cm-1 and one rising, 

diagonal peak-pair at 1687 cm-1 (crosses). No off-diagonal features are visible in 

contrast to Fig. 6.11a. The origin of these features is unclear. The molecular structure 

of H33258 is hydrophobic and tends to aggregate over time to minimise exposure to 

the polar solvent environment. This is one of the driving forces that causes H33258 to 

bind into the minor groove. Aggregation was visually noticeable when leaving an old 

sample of s8 with H33258 added over night. It is possible, that the ligand also forms 

aggregates with dsDNA structures in these cases, which would affect the local 

environment of the vibrational modes observed. These observations point to a 

potential drawback of this method. If 2D-IR spectroscopy is sensitive enough to 

observe spectral changes that are unspecific to minor groove binding as well, then 

additional experiments such as the fluorescence measurements may become necessary 

to provide initial guidance for the interpretation of the 2D-IR responses observed, 

especially at a stage when there is little information available regarding indicative 

marker bands in the 2D-IR spectrum. For this experiment, the precedence of previous 

2D-IR studies on H33258 already identified the T2S shift, including cross-peaks, as a 

potential marker for minor groove binding. It is also unlikely that 2D-IR is used as the 

sole analysis method rather than as a complementary method. 



80 
 

6.4.4 Spectral Features Dependent on Waiting Time and dsDNA Sequence 

The waiting time (W) is the last main factor of the dataset and provides information 

relating to processes such as vibrational relaxation, spectral diffusion or energy 

transfer mechanisms12. These processes have only been investigated on free dsDNA 

structures so far, giving no precedence for dynamic effects from interactions with a 

ligand. The vibrational relaxations of modes at the nucleÏÂÁÓÅÓ ÁÒÅ ÆÁÓÔ ɉЅρ ps) and 

quite robust due to effective energy transfer processes from the nucleotide to the 

phosphate45. A perturbation of these processes due to minor groove binding would 

therefore be quite significant. 

While S and H represent categorical variables, W is continuous and therefore requires a 

slightly different approach for analysis. Matrix W contains 12 unique spectra; one 

average for each waiting time. By adding the global average M to W, the subset is 

representing the temporal evolution of the average 2D-IR spectrum over all samples 

(i.e. no discrimination against S or H). As every excited molecular vibration in the 2D-IR 

spectrum will decay back to the ground state, analysis of ╜ ╦ Ⱡ via PCA will 

characterise the principal vibrational lifetime observed across all samples and across 

all pump and probe frequencies in the dataset. Rather than analysing PCA scores by 

plotting PC1 against PC2 as done previously, the PC1 scores can be plotted against their 

corresponding waiting time to obtain a temporal trace. This trace can be fitted to 

exponential decay functions to obtain an estimate for the principal relaxation described 

in PC1. It is possible that minor groove binding affects the vibrational energy pathways 

available in the system and changes the observed dynamics in the sample. A 

differentiation of samples according to their temporal response could therefore 

provide further information about different binding mechanisms.  

Analysis via PCA aims to represent a dataset with as few principal components as 

possible by minimising covariance, rather than extracting vibrational dynamics. In 

order to extract more subtle and more complex processes such as energy transfer or 

spectral diffusion, alternative methods such as global, exponential fitting or a line-

shape analysis might be more useful than an analysis of PC2, PC3 and so on. For the 

purpose of evaluating ANOVA-PCA as a screening tool, only the first principal 

component, representing the principal vibrational relaxation of the subset will be 

analysed in this chapter, even if more information is available. The principal, 

vibrational relaxation obtained from PC1 will not be very sensitive to subtle changes 
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from single oscillations but provides a fast method to identify large-scale perturbations 

to the vibrational relaxation. 

The inset of Fig. 6.12a shows the PC1 scores of subset ╜ ╦ Ⱡ plotted against the 

corresponding waiting times. This subset only contains the average temporal response 

across all samples. The PC1 scores form a decay that can be well-represented by a 

mono-exponential function with a lifetime of 0.8 ps. The corresponding loading vector 

of PC1 is almost identical to the global average spectrum of ╜, as displayed in the 

appendix in Fig. A-6.6 and confirms that PC1 characterises a relaxation common to all 

spectral features in the average spectrum. It is instructive to compare this to 

vibrational lifetimes previously observed in literature. 2D-IR experiments on sequence 

s1 (all A/T) reported lifetimes between 0.5 ps to 1 ps for this spectral region12. In that 

paper, individual diagonal peaks of only one dsDNA sequence were fitted peak-by-peak 

and an average lifetime of 0.75 ps was calculated. This strongly indicates that the PC1 

score following ANOVA-PCA gives an accurate representation of the principal 

vibrational relaxation of the dataset. It is however noted that the 2D-IR spectrum of 

dsDNA in the base region may be particularly amenable to this type of treatment 

because all modes in the spectral region studied exhibit very similar vibrational 

relaxation dynamics. A dataset covering modes with a wide range of vibrational 

relaxation times may lead to a different representation by PCA. 

 

Fig. 6.12 a) inset: PC1 score of subset ╜ ╦ Ⱡ plotted against waiting time. a) PC1 score of subset ╜
╢ ╦ ╢╦ Ⱡ plotted against waiting time. b) Principal, vibrational relaxation of different DNA 
sequences obtained from ANOVA-PCA. Mono-exponential functions were used for fitting throughout. Grey area 
illustrates the 200 fs FWHM of the probe pulse. 

In order to study kinetics across different sequences, the subset is extended to ╜

╦ ╢ ╢╦ Ⱡ. In this subset, ╢╦ contains sequence specific deviations from the 
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average relaxation in ╦, and ╢ represents the individual, constant offset of each 

sequence. A PCA is performed and the PC1 score is plotted again with respect to the 

waiting time in Fig. 6.12a, which shows individual relaxation dynamics for every 

sequence. PC1 is still represented by a single loading vector that resembles the global 

average spectrum and PC1 scores that form individual, temporal traces for each 

sequence. A mono-exponential fit of these decays obtains very similar lifetimes for the 

measured dsDNA strands between 0.7 ps and 0.85 ps (Fig. 6.12b). Considering the 

derived lifetimes more carefully indicates that G/C-rich sequences (s8, all G/C, 0.75 ps) 

relax slightly more quickly than A/T-rich oligomers (s1, all A/T, 0.83 ps). It is noted 

however that this difference of about 100 fs is just half the size of the FWHM of the 

probe pulse duration (200 fs, illustrated as grey area in Fig. 6.12b) and might therefore 

be too small to be significant. 

The PCA results from this subset suggest reasonable vibrational lifetimes (0.83 ps 

compared to 0.75 ps12 for s1), which seem to be largely unaffected by the composition 

of the DNA. To further validate these findings, a PCA was carried out on the raw, time-

resolved 2D-IR spectra of each sequence individually , instead of using ANOVA-PCA. The 

scores of PC1 again describe the principal vibrational relaxation of the sample and were 

fitted to a mono-exponential decay function. The lifetimes found by the individual PCA 

approach agree very well with the values obtained from the ANOVA-PCA method (see 

Fig. A-6.7a in the appendix). The ANOVA-PCA approach therefore allows for a quick 

survey of the principal vibrational relaxation across sequences with the caveat that 

mode to mode variation will not be clearly identified using PC1. The results indicate a 

slightly faster vibrational relaxation for G/ C-rich double strands, but the magnitude of 

this difference is, again, comparable to the temporal resolution of the spectrometer. It is 

possible that the small, but consistent difference in PC1 could be an indication of a 

more subtle difference in the vibrational dynamics of G/C structures that cannot be 

recovered from the PCA approach alone. 

6.4.5 Spectral Features Dependent on Waiting Time and dsDNA-Ligand Interactions 

Having established that factor W can be used for a quick assessment of the principal 

vibrational relaxation of a sample, the corresponding subset ╜ ╦ ╗ ╗╦ Ⱡ 

can be investigated, regarding an overall effect on relaxations due to interaction with 

H33258, irrespective of individual dsDNA sequence. The inset in Fig. 6.13a shows the 

PC1 scores obtained from this subset. Just as with analysis of ╗, this subset only 
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consists of two unique temporal traces, one for dsDNA without H33258 (crosses) and 

one dsDNA with ligand (circles). Fitting both relaxations returns virtually identical 

lifetimes for free (0.77 ps) and ligand-bound DNA (0.78 ps). There is currently no 

published data available to validate whether H33258 minor groove binding affects the 

vibrational relaxation of dsDNA base modes or not. If the interaction with the ligand 

does affect the temporal response of the modes in this dataset, it is too subtle to be 

identified by the overall relaxation characterised with PC1 of this subset. 

 

Fig. 6.13 a) inset:  PC1 score of subset ╜ ╦ ╗ ╗╦ Ⱡ plotted against waiting time. a) main plot: 
PC1 score of a PCA using the complete dataset ╧ plotted against waiting time. b) Vibrational lifetime with 
(circles) and without (crosses) H33258 obtained from PCA on ╧ using a mono-exponential function. c) A PCA 
performed on ╧□▫▀▄■. The PC1 score successfully retrieves an artificially-induced, slow, vibrational relaxation 
for oligomer s01 with H33258. d) Retrieved lifetime data from ╧□▫▀▄■. 

Extending the subset to sequence specific interactions requires the addition of all 

remaining matrices, ╢, ╢╗, ╢╦, ╢╗╦ to completely characterise the temporal response 

of each sample measured. Addition of all subsets leads back to the initial input matrix 

╧, which is logical as all three factors and corresponding interactions need to be 

considered. A PCA on X gives rise to the PC1 scores outlined in Fig. 6.13a. The PC1 
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loading plot resembles the global average spectrum as before and fitting mono-

exponential functions to the PC1 scores results in the principal vibrational lifetimes 

outlined in Fig. 6.13b. As before, lifetimes vary between 0.7 ps and 0.85 ps. The effect 

of H33258 on the observed lifetimes is indicated by the distance between crosses and 

circles in Fig. 6.13 and show very little difference between presence and absence of the 

ligand. The largest difference is observed for sequence s2 ɉυȭ-GAAAATTTTG-σȭɊ ×ÉÔÈ Á 

delay of under 50 fs, considerably smaller than the temporal resolution. The small 

difference observed was validated as before, by performing a separate PCA on the 2D-

IR data of each individual sample and fitting the obtained PC1 score to a mono-

exponential function (Fig. A-6.7b). Lifetimes recovered from this approach agree well 

with the dynamics acquired from ANOVA-PCA but are insignificant compared to the 

pulse duration of the probe laser. 

In light of the demonstrated, relative insensitivity of DNA vibrational relaxation to 

sequence or ligand binding, a further test was carried out to determine the ability of 

ANOVA-PCA to retrieve different relaxation dynamics should they have existed in the 

dataset. To achieve this, a model dataset ╧□▫▀▄■ was generated in which the amplitudes 

of all spectra for s1 in the presence of H33258 were rescaled to show a vibrational 

lifetime of 1.1 ps; significantly slower than observed in the collected dataset ╧. All other 

responses were kept identical to ╧. The PC1 score from ╧□▫▀▄■ is shown in Fig. 6.13c 

and successfully retrieves the simulated delay of 0.3 ps for the vibrational modes of s1 

when interacting with the binder (Fig. 6.13d). This result confirms, that the principal 

vibrational relaxation captured in the 2D-IR spectrum is indeed unaffected by the 

H33258 interaction.  

6.5 Conclusions 

It has been shown that the ANOVA-PCA method is able to separate a large, highly 

dimensional dataset into tangible subsets that can be analysed in a step by step manner 

with growing complexity. The separation of variance according to well-defined factors 

allows selective analysis of the information of interest and exclusion of otherwise 

inseparable data. Applying this method to a large 2D-IR dataset of dsDNA spectra 

clearly separates generic A-T base pair vibrations from generic G-C vibrations, as well 

as accurately revealing sequence composition. A more in-depth analysis of the 

sequence-dependent subset will enable the examination of subtle spectral features 

arising from nearest-neighbour interactions along the strand. It has also been shown 
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that the principal vibrational lifetime of these modes remains largely unaffected by the 

base composition of the double strands. This information was extracted without 

labour-intensive analysis of individual spectra and the results obtained from ANOVA-

PCA are comparable to published results that were collected using conventional 

methods. 

ANOVA-PCA is relevant in the development of 2D-IR spectroscopy as a screening 

technique to study minor groove binding. Analysis of the subset ╗ ╢╗ Ⱡ 

identified small changes in 2D-IR spectra due to sequence-dependent dsDNA-ligand 

interactions. Conventional methods like fluorescence measurements or even the DNA 

melting point stabilization obtained from FT-IR data can only give a simple indication 

as to whether the ligand is binding to the target sequence or not. These methods 

provide very limited information about the molecular details of the binding interaction. 

ANOVA-PCA results extracted from 2D-IR experiments thus give a more information-

rich view of how the ligand is interacting with the DNA. Using the ANOVA-PCA 

technique, a unique 2D-IR response for each ds-DNA-ligand interaction was observed. 

The PCA scores plot gives an intuitive representation of similarities and differences 

between samples and allows for a categorisation of samples according to common 

spectral responses. This is a powerful tool to summarise large numbers of dsDNA-

ligand combinations and to identify few, distinctive combinations of interest. 

Regarding H33258 minor groove binding, the most distinguished responses observed 

were summarized by two groups. Interactions with H33258 target sequence AnTn in the 

first group showed spectral changes of A/T modes in both, on and off-diagonal regions, 

consistent with an induced-fit type interaction 13 of the ligand. The second group of 

sequences with a G/C-rich minor groove showed predominately changes along the 

diagonal region of the 2D-IR spectrum and an absence of dominant off-diagonal 

changes. Additionally, a correlation of ANOVA-PCA-derived parameters with a proxy 

for binding affinity  was shown and confirmed that the technique can pinpoint specific 

structural features sensitive to efficient minor groove binding. This study confirmed 

previous observations of 2D-IR spectroscopy on this ligands-dsDNA system and put the 

existing results into a broader context: Sequences with the same AnTn ɉÎ І σɊ ÍÏÔÉÆ ×ÉÌl 

respond with the same 2D-IR response when H33258 is bound and are clearly 

differentiated from interactions with incompatible minor groove. Minor groove binding 

of H33258 further did not affect the principal vibrational lifetime of the dsDNA, as 

extracted via PCA. 
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The high sensitivity of the 2D-IR spectrum to local changes in the molecular 

environment also comes with a small caveat. Simpler methods such as fluorescence 

experiments show a clear negative response in case of no minor groove binding. 2D-IR 

spectroscopy on the other hand has the ability to identify more than just minor groove 

binding and may recognise less specific dsDNA-ligand interactions as well. As a 

consequence, 2D-IR screening experiments are best used as a complementary method 

with other experiments; especially in cases when there is little spectroscopic 

precedence that would allow for a quick identification using 2D-IR marker bands alone. 

As outlined in the introduction, the analytical repertoire for studying DNA-ligand 

interactions is broad and ranges from methods with high structural resolution but low 

throughput such as 2D-NMR, to techniques with low structural information but high 

throughput such as DNA footprinting. 2D-IR experiments provide a balance of these 

two cases and offers a complementary analysis approach to study DNA-ligand binding 

from a different perspective.  

Most of these observations could be reproduced using FT-IR spectroscopy, raising 

confidence in the analytical approach presented. The 2D-IR method in particular 

however offers an additional layer of spectral insight and temporal information at little 

or no additional time overhead for data collection. 

The temporal information available from 2D-IR experiments can be analysed 

separately by the corresponding factors from the ANOVA decomposition. Analysis via 

PCA however only provides limited information regarding the principal vibrational 

relaxation across all observed modes in the 2D-IR spectrum. Higher principal 

components provide additional temporal information, but the extraction of meaningful 

kinetic traces is obstructed by the purely covariance-based transformation of the PCA. 

Alternative regression methods that impose additional assumptions on the data in form 

of model functions may be more effective for extraction of subtle processes such as 

energy transfer or spectral diffusion. The following chapter will use a global fit analysis 

to extract temporal information from a 2D-IR dataset. 

These results exemplify, how the use of ANOVA-PCA could facilitate large-scale 

screening tests of ligands or drugs using time-resolved 2D-IR spectroscopy: An 

increasing number of sequences will lead to more densely populated score plots, 

providing a more nuanced analysis of interactions across sequences. The number of 

ligands can be extended to cover a wider range of interactions. Such an extension is 
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outlined in the following chapter. Provided that a ligand has a profound effect on the 

principal vibrational relaxation of the modes observed, ANOVA-PCA will also be able to 

identify these effects using the factor of the waiting time. Covering a broader spectral 

window will allow for a better coverage of potential spectral markers and will provide 

a better understanding how the inter-connected network of vibrational modes in a 

system is affected by perturbations. This multivariate approach can utilize the time 

resolution and abundance of structural information in 2D-IR spectroscopy to its full, 

analytical potential and could help assessing the selectivity of novel ligands by 

understanding the underlying binding mechanisms. 

 

6.6 Appendix 

 

Fig. A-6.1 FT-IR melting experiments on all 24 samples. Blue to red colours indicate temperatures from 20°C 
to 100°C.  Responses from samples without H33258 are indicated A PCA was used to extract the 
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Fig. A-6.2 PC1 scores for each of the 12 dsDNA sequences without H33258 in black and in presence of the 
ligand in red. To improve clarity of the plot, each sigmoid was normalised rise from zero to one. Each trace 
was fitted to a sigmoidal function as defined in equation (6.1) to obtain the dsDNA melting point Tm. 

 

Fig. A-6.3 Fluorescence spectra of H33258 in equimolar ratio with s1 to s12. Emission values at 450 nm are 
used to calculate the fluorescence enhancement factor compared to free H33258 in buffer. 
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Fig. A-6.4 ANOVA-PCA results from FT-IR absorption data. A) PCA scores plot of subset ╢ Ⱡ. b) PC1 scores 
show a good correlation to the GC percentage of the sequences measured. Comparison of raw FT-IR data 
(black) of all A/T sequence s1 in c) and all G/C sequence s8 in d) with reconstructed spectra (red) using the 
minimum and maximum PC1 score observed for this subset. The peak assignment is the same as for 2D-IR 
data, according to literature7,12. 










































































































































































