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Abstract 

This thesis is about Sum Frequency Generation Spectroscopy (SFG) of proteins at different 

interfaces. The main goal was to obtain detailed structural information of proteins at interfaces 

gained by this method. To obtain protein structural information is important for the 

understanding of protein functions. But drawing a molecular picture of proteins at or in cell 

membranes remains a rarely reached holy grail in protein biophysics. Hence, finding ways for 

solving structures of those proteins can substantially deepen our understanding of the function 

of cell membranes. 

The results of this thesis are divided into three sections. In the first section, the tilt angle of a 

membrane binding protein is determined with SFG spectroscopy. The protein IM30 was 

injected below a lipid monolayer, the subsequent binding was followed by SFG spectroscopy. 

The protein’s tilt angle was then deduced from protein to lipid peak intensity ratios. 

The second section deals with the absolute orientation of peptides at interfaces. Since tilt 

angles of molecules measured with non-phase-resolved SFG exhibit a 180° phase 

uncertainty, the absolute orientation remains unknown. Phase-resolved SFG provides this 

missing information. Here, phase-resolved SFG was employed to study the absolute 

orientation of LK-peptides at the water air interface. 

And the last section approaches the holy grail of structural information of membrane proteins 

with atomic resolution. Here, we describe an approach combining Molecular Dynamic 

simulations with SFG spectroscopy to predict and verify structures of membrane proteins. 

Interestingly, the experimental ease and the structural information gained are working in 

opposite directions. The more the SFG response of a protein is canceled out due to inversion 

symmetry, the more information can be deduced from its SFG spectra. IM30, which consists 

of more than 50 parallel alpha helices, is experimentally easy to study. Yet, the spectral 

information is limited to a rough estimate of the overall tilt angle. On the other hand, GlpF 

which mainly consists of anti-parallel alpha helices exhibits an extremely low SFG intensity, 

but the spectral information suffices to verify MD-simulations. 
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 Abstract 

Das Thema dieser Arbeit ist Sum Frequency Generation Spektroskopie (SFG) von Proteinen an 

verschiedenen Grenzflächen. Das Hauptziel war, detaillierte Strukturinformationen von Proteinen an 

Grenzflächen zu erhalten. Diese Informationen sind für das Verständnis der jeweiligen Proteinfunktion 

wichtig. Aber trotz der Relevanz bleibt ein molekulares Bild von Proteinen an oder in Zellmembranen 

ein selten erreichtes Ziel in der Proteinbiophysik. Das Finden neuer Wege zur Erzeugung von Protein-

Strukturinformation könnte demnach das Verständnis der Funktion von Zellmembranen wesentlich 

bereichern. 

Die Ergebnisse dieser Arbeit sind in drei Abschnitte unterteilt. Im ersten Abschnitt wird der 

Neigungswinkel eines membranbindenden Proteins mit SFG-Spektroskopie bestimmt. Das Protein 

IM30 wurde unter eine Lipidmonoschicht injiziert, die anschließende Bindung wurde durch SFG-

Spektroskopie verfolgt. Der Protein-Neigungswinkel wurde dann aus Protein-zu-Lipid-Peak-

Intensitätsverhältnissen abgeleitet. 

Der zweite Abschnitt befasst sich mit der absoluten Orientierung von Peptiden an Grenzflächen. Da 

Neigungswinkel von Molekülen, die mit nicht-phasenaufgelöstem SFG bestimmt werden, eine 180 ° -

Phasenunsicherheit aufweisen, bleibt die absolute Orientierung unbekannt. Dieses lässt sich mit Phasen 

aufgelöster SFG Spektroskopie beheben. Hier wurde phasenaufgelöstes SFG verwendet, um die 

absolute Orientierung von LK-Peptiden an der Wasser-Luft-Grenzfläche zu untersuchen. 

Der letzte Abschnitt beschreibt einen Ansatz, der Strukturinformation von Membranproteinen mit 

atomarer Auflösung bestimmen kann. Hierbei wird das Ergebnis einer Molecular Dynamics Simulation 

mit experimenteller und gerechneter SFG-Spektroskopie verglichen, um Strukturen von 

Membranproteinen vorherzusagen und zu verifizieren. 

Interessanterweise sind die experimentelle Durchführbarkeit, und die dabei gewonnenen 

Strukturinformationen gegenläufige Eigenschaften. Je stärker die SFG-Antwort eines Proteins aufgrund 

von Inversions-Symmetrie ausgelöscht wird, desto mehr Informationen lassen sich aus seinen SFG-

Spektren ableiten. IM30, das aus mehr als 50 parallelen alpha-Helices besteht, ist mit SFG 

Spektroskopie verhältnismäßig einfach zu studieren. Jedoch ist die gewonnene Information auf eine 

grobe Abschätzung des Gesamtneigungswinkels beschränkt. Auf der anderen Seite weist GlpF, dass 

hauptsächlich aus anti-parallelen alpha-Helices besteht, eine extrem niedrige SFG-Intensität auf, aber 

die Daten reichen aus, um MD-Simulationen zu verifizieren.  



   

6 

Table of content 

1. Introduction ..................................................................................................................................... 8 

1.1 Protein Structures .................................................................................................................... 8 

Protein structure history and milestones ......................................................................................... 9 

Current Methods ........................................................................................................................... 10 

1.2 IR spectroscopy of proteins................................................................................................... 11 

1.3 Proteins at interfaces ............................................................................................................. 11 

Sum Frequency Generation spectroscopy of proteins ................................................................... 12 

1.4 Model membrane systems used for spectroscopies .............................................................. 14 

Lipid Monolayers .......................................................................................................................... 14 

Planar bilayer ................................................................................................................................ 15 

Supported bilayer: ......................................................................................................................... 15 

Tethered Bilayer Lipid Membrane (t-BLM) ................................................................................. 16 

Vesicles ......................................................................................................................................... 16 

1.5 Goals of this thesis ................................................................................................................ 17 

1.6 Content of this thesis ............................................................................................................. 17 

2. Theory ........................................................................................................................................... 18 

2.1 Nonlinear Optics ................................................................................................................... 18 

2.2 Second order nonlinear optics ............................................................................................... 18 

2.3 Sum Frequency Generation ................................................................................................... 19 

Phase resolved SFG ...................................................................................................................... 22 

Current state in literature............................................................................................................... 23 

2.4 Calculation of SFG spectra ................................................................................................... 24 

Theory ........................................................................................................................................... 24 

3. Experimental Methods and Experiences ....................................................................................... 26 

3.1 Lipid Monolayer Preparation ................................................................................................ 26 

3.2 Lipid Bilayer Preparation ...................................................................................................... 26 

3.3 SFG setup .............................................................................................................................. 27 



   

7 

3.4 SFG spectroscopy in the amide-I region ............................................................................... 28 

3.5 SFG spectroscopy of prism interfaces at near-total internal reflection ................................. 28 

3.6 Data collection and processing ............................................................................................. 29 

4. Results ........................................................................................................................................... 30 

4.1 IM30 triggers membrane fusion in cyanobacteria and chloroplasts ..................................... 30 

4.2 Refining the X-ray crystal structure of aquaporin with sum frequency generation spectroscopy

 50 

4.3 Orientation analysis of α-helices at interfaces using heterodyne detected SFG spectroscopy

 68 

4.4 ..................................................................................................................................................... 83 

5. Conclusion and Outlook................................................................................................................ 83 

6. References ..................................................................................................................................... 84 

7. Acronyms ...................................................................................................................................... 87 

8. Acknowledgements ....................................................................................................................... 88 

9. List of scientific contributions ...................................................................................................... 88 

9.1 Conference contributions ...................................................................................................... 88 

Talks .............................................................................................................................................. 88 

Posters ........................................................................................................................................... 88 

9.2 Publications ........................................................................................................................... 88 

 



1. Introduction 

Proteins play an important role in many biological processes (all basic biological information can be 

found in more detail in biochemical textbook like  refs. 1-2). Besides DNA, RNA, lipids and sugars, 

proteins are the basic fundament of all living organisms. Almost every biological process involves 

proteins. Important examples are enzymes, which catalyze biological reactions by providing a binding 

site as a micro environment for chemical reactions. This micro environment facilitates the catalyzed 

reaction by providing i.e. the perfect local pH, electron donors or acceptors, molecular orientation of the 

reaction partners or just enhances the reaction speed by keeping the educts close to each other. Other 

prominent examples of proteins are membrane proteins and the cytoskeleton of cells. 

Membranes of all organisms are almost fully covered with protein. Some of them are involved in 

processes of the immune system i.e. the recognition of healthy cells. Others are responsible for anchoring 

the cell in the surrounding tissue. Furthermore, membrane transport proteins are the gateway for every 

large or polar molecule which is inherently not able to cross the membrane. 

All living cells exhibit a protein-based cytoskeleton. These highly dynamic structures are involved in 

all proliferation processes. Malfunction is thus fatal.  

All these functions are determined by the protein´s 3D structure. Hence knowing this structure in detail 

is essential for understanding the protein’s function. Knowledge of the structure and function of proteins 

allows one to target proteins using pharmaceutical drug applications. Drug design would, for instance, 

be facilitated and quickened by specifically searching for compounds which perfectly match the desired 

binding site of the protein, which in turn can be inferred from its structure.  

1.1 Protein Structures 

Proteins are polymers consisting of 21 different amino acids3. The amino acids form a linear chain 

wherein the sequence determines the primary structure (Figure 1a). Depending on the chemical 

properties of their sidechains the amino acids are divided into several subgroups: electrically charged, 

polar uncharged and aliphatic. Depending on the environment and the amino acid sequence the protein 

may fold into a so-called secondary structure which are classified as alpha helices (Figure 1b), beta 

sheets, turns and unordered random coils. The chemical and steric properties of amino acid sidechains 

are the driving force for those secondary structures. A model peptide family which demonstrates the 

importance of the sidechain for its secondary structure is the family of the LK-peptides wherein peptides 

with repetitions of leucine (L) and lysine (K) form beta sheets at hydrophobic surfaces like the water/air 

interface. At these interfaces, peptides with LKK repetitions form alpha-helical structures4. As soon as 

the protein consists of more than one secondary structure unit, the protein adopts a tertiary structure 

(Figure 1c). Assemblies of multiple proteins are regarded as quaternary structures (Figure 1d). 
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Depending on the environment the protein is embedded in it is further classified as water soluble or a 

membrane protein. 

 

Figure 1: Different instances of protein structure: a) the primary structure represents the 
linear sequence assembled by the 21 different amino acids. b) the secondary structure is the 
basic structure  of a protein or peptide. It may be an alpha helix, beta sheet or a random coil. 
c) the tertiary structure represents the entire 3D structure of a protein or peptide which 
consists in most cases of many different secondary structures. d) the quaternary structure 
(human hemoglobin, black = α-subunit, grey = β-subunit) is an assembly of multiple proteins 
which are then called subunits. The protein structures have been depicted with UCSF Chimera 

Protein structure history and milestones 

The first 3D protein structure was derived from crystalized sperm whale myoglobin using X-ray 

diffraction in 19585 for which Sir John Cowdery Kendrew, among others, was awarded with the Nobel 

Prize in 1962. This has been followed by more than 100,000 protein structures up until now (Figure 2). 

Due to difficulties crystalizing membrane proteins – mostly caused by their hydrophobic part which is 

typically embedded in the inner core of the membrane – most of the solved protein structures are from 

soluble proteins6 (Figure 2). To overcome the crystallization issues, the membrane proteins were 

crystalized in detergent containing buffer, which shielded the hydrophobic parts of the proteins. The 
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first membrane protein was crystalized in 1984 by Deisenhofer et al.7, who was awarded a Nobel Prize 

in 1988.  
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Figure 2 Numerical progression of solved 3D structures of soluble proteins and membrane 
proteins in the protein data base (PDB8) 

Current Methods 

Most protein structures have been solved with X-ray diffraction of protein crystals (Figure 3a). But 

besides this method there are many other techniques available which can glean information about protein 

structures. The information gained varies between the different methods. Circular Dichroism (CD)9, 

Infrared (IR) spectroscopies10 and Raman scattering11 give a rough approximation of the amount and 

type of secondary structures. Small Angle Neutron Scattering (SANS)12, Small Angle X-ray Scattering 

(SAXS)13 and Electron Microscopy (EM)14 provide information about the protein shape. Only Nuclear 

Magnetic Resonance (NMR)15 and X-ray and Neutron diffraction of protein crystals7, 16 are able to solve 

protein structures with atomic resolution. In many cases, only the combination of different techniques 

yields an atomic picture of a protein14. 
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a  X-Ray 89.9%

 NMR 9.2%

 EM and others 0.87%

b  Water Soluble Proteins 97.14%

 Membrane Proteins 2.86%

 

Figure 3 a) methods used for solving protein 3D structures in the protein data base (PDB8) b) 
estimated percentages of water soluble proteins and membrane proteins available in the PDB. 

1.2 IR spectroscopy of proteins 

Proteins have been widely studied with different infrared techniques10. The main focus of IR 

experiments studying proteins lies in the amide-I region, which is in the frequency range between 1600 

cm-1 and 1700 cm-1. The IR signals of proteins in this region are mainly originating from their backbone 

amide C=O stretch vibrations. The strength of each amide bond determines its vibrational frequency 

which is called eigenmode. The strength of this bond is influenced by the hydrogen bond between the 

C=O backbone and N-H groups. This is further determined by the type of secondary structure of the 

protein. The frequencies of protein backbone oscillations are therefore characteristic for its type of 

secondary structure10. Furthermore, the vibrational frequency can be used to confirm proper folding of 

expressed or isolated proteins. Commonly used IR spectroscopies are transmission Fourier transform 

infrared (FTIR)17-18, Attenuated Total Reflectance(ATR)-FTIR19, Surface Enhanced Infrared Absorption 

spectroscopy (SEIRAS)20 and Infrared Reflection-Absorption spectroscopy (IRRAS)21. 

1.3 Proteins at interfaces 

Roughly 30% of  human proteins are membrane proteins22. These membrane proteins, among others, 

are involved in signaling processes, cell adhesion or cell respiration reactions. Being exposed to the 

surrounding medium membrane proteins are easily accessible for pharmaceutical drugs23. Furthermore, 

the drug must not cross the membrane barrier to target a membrane protein. 

Every component or particle which is incorporated into the human body must interact with human 

proteins. Those will start to adsorb  immediately and nonspecifically after incorporation of the artificial 

material and form the protein corona, which, from then on, is the particles interaction interface24, and 

determines how it interacts with its surroundings. Upon adsorption, the proteins in the adsorbed corona 

can undergo conformational changes, like clustering or aggregation. But the problem remains that the 
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predominant number of those interfacial processes are not yet understood. The design of the surface of 

an artificial particle requires therefore a better understanding of the interfacial processes to purposefully 

tailor the formed protein corona25. 

Studying those interfacial processes brings certain challenges. In most cases the main part of proteins 

will be dissolved and ‘inactive’ in bulk medium and must be differentiated from the ‘active’ population 

at the interface. Hence, following protein conformation at interfaces equals looking at an active 

population, which is hidden behind the vast majority of a similar looking but inactive population in bulk. 

There are different approaches dealing with this challenge. Removing the bulk solution after incubation 

which is typically used for methods in ultra-high vacuum like X-ray Photoelectron Spectroscopy (XPS), 

Secondary Ion Mass Spectrometry (SIMS) or Near Edge X-ray Absorption Fine Structure Spectroscopy 

(NEXAFS)26. Alternative strategies focus on narrowing the sampling depth of the method, to minimize 

the bulk contribution. This is the typical approach for optical methods like ATR-FTIR, IRRAS, SEIRAS 

or Sum Frequency Generation spectroscopy (SFG). The latter technique is central to the work described 

in this thesis, and will be explained in more detail in the following. 

Sum Frequency Generation spectroscopy of proteins 

Sum frequency generation (SFG) spectroscopy is an inherently interface specific vibrational technique. 

The interface specificity originates from the fact that the SFG response correlates with the sum over all 

molecular hyper polarizability vectors. In media, which possesses centrosymmetry or inversion 

symmetry, this sum will be zero and, as a consequence, so will be the SFG response. Hence, only ordered 

interfaces will give rise to SFG signals (more details can be found in the theory section)27. Due to the 

selection rules of this second order non-linear optical method, SFG spectra are challenging to analyze. 

The most basic information one can gain from an SFG peak is that an ordered interfacial layer exists. 

Understanding changes in peak intensities is less trivial. An increase in intensity of the peak can 

originate either from a higher degree of order, i.e. an increased degree of the collective orientation of a 

constant number of molecules, or from a higher density of equally ordered molecules at the interface.  

Hence, understanding changes in SFG intensities requires a second method which provides information 

about molecular concentration at interfaces. Such information can be obtained from, for example, 

measurements of the surface pressure at the water-air interface or by using XPS of solid substrates. 

A prominent application of SFG spectroscopy is studying the order of molecules with alkyl chains like 

i.e. lipids at interfaces. Here, the methyl and methylene groups are ordered in a very characteristic way. 

The methylene groups possess an inversion symmetry which leads to a decreasing SFG intensity of 

methylene related peaks with increasing order. On the contrary, the intensity of methyl related peaks is 

inversely correlated to the alkyl chain order. Therefore, the ratios of methyl to methylene peak intensities 

can be used to determine the molecular order and orientation of the interfacial layer (Figure 4)28-29. A 

more complex situation arises when doing SFG spectroscopy of proteins in the frequency region 

corresponding to the amide-I modes. Here, the SFG response originates from hundreds of different 
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amide bonds with different orientations, and different binding energies. Therefore, an amide-I peak 

consists of multiple overlapping spectral features of hundreds of different eigenmodes of the interfacial 

protein layer resulting in a complex pattern of peaks and dips within the spectrum.  
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Figure 4 Comparison of deuterated Methyl/Methylene SFG spectra and SFG spectra collected 
in the amide region. Both spectra were collected at the CaF2 – water interface of a CaF2-prism. 
A) SFG spectrum of a hybrid supported DPPC bilayer. One leaflet was protonated; one leaflet 
was deuterated. The SFG spectrum in SSP polarization of the deuterated leaflet is depicted 
here. The asymmetric and symmetric CD3 peaks are clearly separated. B) SFG spectrum of 
the glycerol facilitator protein GlpF in a supported bilayer membrane. CH3 scissoring modes 
between 1400 cm-1 and 1500 cm-1 are dominant making it difficult to differentiate between 
peaks and dips in the amide I region. 



 Introduction 

14 

Furthermore, the intensities of those amide-I peaks often do not exceed that of the non-resonant 

background, leading to many different peak shapes due to interferences of the resonant and non-resonant 

signals (Figure 4) and interferences between neighboring peaks. In sum: the interpretation of amide-I 

spectroscopy of proteins with SFG is challenging and, in most cases, delivers only a very rough 

indication of the secondary structure. 
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Figure 5 Calculated SFG spectra of a single alpha helix at phase differences from 0 to 2π. 
Here, the amplitude of the non-resonant part was set to a higher value than the amplitude of 
the resonant part. The broad variety of peak shapes demonstrates the strong influence of the 
non-resonant phase to the peak shape and the position of the peak maximum.   

The complexity can be reduced by using simplified model systems like small peptides which consist in 

most cases of only one single secondary structure. Alternatively, modeling the experimental SFG data 

with calculated SFG data of simulated protein structures helps to disentangle the convoluted information 

of an amide-I spectrum30-31. In a regular SFG experiment, the SFG intensity equals the response squared. 

Resolving the phase of the SFG response provides the real and the imaginary part of the SFG response. 

Thus, one can obtain additional information about the SFG response by constituting an experimental 

SFG spectrum and resolving the phase of the response. All three approaches were employed in this 

thesis. 

1.4 Model membrane systems used for spectroscopies 

Lipid Monolayers 

A lipid monolayer is a simplified model of a biological membrane. Here, the cell membrane is reduced 

to one leaflet which is spread at the water air interface. The fluidity of a lipid monolayer depends on the 
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lateral lipid packing density in addition to the temperature dependent phase of lipid molecules. The 

lateral lipid packing density is also denoted as surface pressure or surface tension32. 

The main advantages of lipid monolayers are: monolayers are easy to prepare; one only needs a syringe 

or pipette to add a controlled volume of a diluted lipid solution onto the surface of a water-filled trough. 

The lipid monolayer then forms automatically. Furthermore, lipid monolayers are very stable: it is 

possible to use a lipid monolayer even with high concentrations of membrane perturbing reactants like 

i.e. cell penetrating peptides or detergents33. 

The disadvantages of lipid monolayers are: There is no reasonable steady state: In binding experiments, 

the binding-molecule will bind to the membrane until an equilibrium surface tension is reached. This 

equilibrium state or stoichiometry depends on the strength of the binding-molecule / membrane 

interaction and is an arbitrary value which does not necessarily reflect a physiologically relevant 

stoichiometry.  Using a trough with moving barriers, which makes the surface area adjustable, allows 

for binding experiments with constant surface pressure. The drawback of this approach is that the 

concentration of binding-molecule will increase with time until the trough surface area reaches its 

maximum. Hence, for experiments in which a definite and constant lipid / binding-molecule ratio is 

crucial, a constant surface pressure approach is inappropriate. Furthermore, the monolayers lipids are 

completely exposed to the surrounding air and oxygen. Therefore, unsaturated lipids must be used in a 

nitrogen flushed reaction chamber to avoid oxidation34. 

Planar bilayer 

Planar bilayers are the gold standard for protein membrane interaction studies with infrared and laser 

based techniques35-37. They provide a more realistic model for cell membranes than lipid monolayers 

while still being comparatively easy to handle and prepare. Supported lipid bilayers can be prepared 

either as supported or as tethered bilayers38-40. In supported lipid bilayers, the lipids of the proximal layer 

are either cushioned by a 10-20 Ǻ water layer or directly in contact with the solid support41. In tethered 

bilayer membranes, tether molecules are covalently linked to the substrate and provide a stable link for 

the membrane to the substrate. A general drawback of two dimensional membranes is the small number 

of lipid molecules (one molecule per ~10-14 cm-2 ≈ 0.1 nM in a typical trough with 1 cm depth) in 

comparison to the number of binding-molecules which often makes it impossible to use physiologically 

relevant concentrations and stoichiometry. 

Supported bilayer: 

Advantages: With the Langmuir-Blodgett / Langmuir-Schaefer deposition it is possible to prepare 

heterogeneously supported lipid bilayers which allow for spectroscopical differentiation between both 

leaflets when one of them is isotopically labeled38, 42-43. 

Disadvantages: The proximal leaflet at the solid substrate is very inflexible. i.e. the diffusion constant 

for lateral mobility is reduced dramatically44. Additionally, supported lipid bilayers possess a low 
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stability towards membrane perturbing molecules. Therefore, it is difficult to find the right concentration 

of the interacting-molecule where an impact of the binding is observable and the supported bilayer 

remains intact35. 

Tethered Bilayer Lipid Membrane (t-BLM) 

Tether molecules for t-BLMs are typically thiol or silane functionalized molecules with a spacer region 

(i.e. PEG spacer) followed by a hydrophilic group to match the lipid head group and then terminated by 

a hydrophobic tail to match the fatty acids of lipid molecules40, 45. Alternatively, tethered membrane 

proteins can be used as tether molecules too. Then, the system is called protein tethered Bilayer Lipid 

Membrane (pt-BLM)46. 

The advantages of tethered lipid bilayers over supported lipid bilayers are: A higher stability towards 

membrane perturbing elements: Due to the strong interaction of the tether molecules with the substrate, 

a (p)t-BLM tolerates interactions with harsher binding-molecules. Also, the tether molecules increase 

the distance between proximal leaflet and solid substrate. This gives i.e. integrated membrane proteins 

more space so that the parts of the proteins which are sticking out of the membrane are not in contact 

with the solid support. 

Disadvantages, especially for SFG spectroscopy: The covalent attachment of tether molecules to the 

typical substrate for SFG measurements (CaF2) requires a thin layer of noble metal (i.e. Au, Ag or Pt) 

or SiO2. This thin layer modifies the optical parameters of the solid / water interface. A surface Plasmon 

resonance can be added by the noble metals. Furthermore, noble metals can add an imaginary part to the 

refractive index of the interface. Both issues are mostly trouble-free and partially even desirable as 

amplifying factors in linear optics studies, but can cause difficulties while analyzing results of a non-

linear spectroscopy. 

Vesicles 

Lipid vesicles are the model membrane system which is closest to a real cell membrane. The lipid 

density, lipid mobility, membrane curvature and phase behavior are comparable to those of cell 

membranes when appropriate lipids are chosen47. Depending on their size, lipid vesicles are categorized 

into small unilamellar vesicles (SUV, radius < 50nm), large unilamellar vesicles (LUV, radius < 1µm) 

and giant unilamellar vesicles (GUV, radius > 1µm). While SUVs and LUVs are used in spectroscopy, 

GUVs are mainly used in microscopy experiments.  

Advantages: Due to the 3-dimensional nature of vesicles in solution, it is possible to perform 

experiments with a physiological relevant stoichiometry. Here, an excess of lipids over the binding-

molecules can be used which mimics physiologically relevant conditions and prevents steric hindrance 

due to very high packing of binding molecules. 
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Disadvantages: IR light is - except for a few open spectral windows - strongly absorbed by 1H20 or 2H2O. 

Hence, the penetration depth of IR methods probing lipid vesicles is fairly short and the spectral range 

is limited to those spectral windows where the IR light is not absorbed by water. 

1.5 Goals of this thesis 

The aim of the research described in this thesis is to extract structural information gained from complex 

experimental SFG spectra of proteins. To achieve this, we combined experimental SFG spectra with 

calculated SFG spectra of modeled peptides and proteins. The main goal was to get a validated or 

improved 3D model of a membrane protein which was simulated by molecular dynamics simulation in 

its physiological environment. The motivation behind this question was to establish how reliable protein 

structures derived from crystalized proteins are in comparison with their structure in physiological 

environments, to introduce SFG as a structure solving technique and to inspire future projects using this 

technique for protein folding studies with picosecond time resolution.  

1.6 Content of this thesis 

This thesis consists of 5 chapters.  

The first chapter draws a very basic, general overview about the methods, samples and goals of this 

thesis.  

In chapter 2 the current state of research and theoretical backgrounds of the used methods are explained 

in detail. 

Chapter 3 is about experimental implementation of the experiments explaining in detail which 

difficulties may occur and how to handle them.  

In chapter 4 all results are described and discussed in detail. As all results presented here are either 

submitted or published in peer reviewed journals this chapter contains a collection of those articles. * 

Chapter 5 summarizes the results of this thesis, gives an overview on the goals, the achievements and 

an outlook of topics for further investigation. 

 

 

_________________________ 

*In accordance with the MPGC examination regulations §11.1.



2.Theory 

The theoretical background of this chapter is based on reference 48. All vectors in this thesis are 

represented in bold typeface. 

2.1 Nonlinear Optics 

When light interacts with matter it can induce a dipole moment (µ) which is proportional to the electric 

field (E) and the molecular polarizability tensor (α). 

 µ = 𝛼𝐄 Eq 
1 

 

Macroscopically this is summed up to the polarization of a molecular ensemble (P). 

 𝐏 = 𝜖0𝜒𝐄 Eq 
2 

 

Where ϵ0 is the permittivity of the free field and χ is the linear susceptibility which describes the 

macroscopic response of a material to the incoming electric field. 

When the strength of an electric field exceeds a certain threshold (typically ~2.5 kW/cm2) the response 

becomes nonlinear. In this case Eq 2 must be extended into a power series 

 𝐏 = 𝜖0(𝜒
(1)𝐄 + 𝜒(2)𝐄𝟐 + 𝜒(3)𝐄𝟑 + 𝜒(4)𝐄𝟒 + ⋯) Eq 

3 
 

Where χ(i) is the nonlinear susceptibility of ith order. 

2.2 Second order nonlinear optics 

In case of three wave mixing processes – two incoming and one generated wave - 𝜒(2)can give rise to 

the following five phenomena:  

 

𝐏(𝟐) = 𝜖0𝜒
(2)

[
 
 
 
 
 

2(𝐄1𝐄𝟏
∗)

+𝐄𝟏
𝟐𝑒𝑥𝑝(−2𝑖𝜔1𝑡)

+𝐄𝟐
𝟐𝑒𝑥𝑝(−2𝑖𝜔2𝑡)

+2𝐄𝟏𝐄𝟐
∗𝑒𝑥𝑝(−𝑖(𝜔1 − 𝜔2)𝑡)

+2𝐄𝟏𝐄𝟐
∗𝑒𝑥𝑝(−𝑖(𝜔1 + 𝜔2)𝑡)]

 
 
 
 
 

 

Eq 
4 

The first term corresponds to optical rectification, the second and third term to second harmonic 

generation (SHG), the fourth term corresponds to difference frequency generation (DFG) and the last 

term to sum frequency generation (SFG). Only SFG processes are considered in this thesis. They can be 

specifically separated from other effects by selecting the right angle and optical filters for the reflected 

light. 
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The SFG process is considered as a three-wave mixing process. Thus, the susceptibility 𝜒(2) must be a 

third order tensor. So, that  

 𝐏𝐒𝐅
(𝟐)

= 𝜖0𝜒
(2)𝐄𝟏𝐄𝟐 Eq 

5 
 

Can be written as 

 

𝐏𝐒𝐅
(𝟐)

= ∑ 𝐏𝐢,𝐒𝐅
(𝟐)

= 𝜖0 ∑   ∑   ∑ 𝜒𝑖,𝑗,𝑘
(2)

𝑥,𝑦,𝑧

𝑘

𝑥,𝑦,𝑧

𝑗

𝑥,𝑦,𝑧

𝑖

𝑥,𝑦,𝑧

𝑖

𝐄𝐣,𝐯𝐢𝐬𝐄𝐤,𝐈𝐑 

Eq 
6 

In a system, which possesses centrosymmetry or inversion symmetry, even order nonlinear 

susceptibilities (χ(2n)) are 0. The Neumann principle states: 

"The symmetry elements of any physical property of a crystal must include the symmetry elements of the 

point group of the crystal." 49 

Therefore, applying the inversion operator (Iop) to equation 6 leads to:  

 Iop (𝐏𝐒𝐅
(𝟐)

) = −𝐏𝐒𝐅
(𝟐)

= −𝜖0(−𝜒−𝑖,−𝑗,−𝑘
(2)

(−𝐄)2) Eq 
7 

 

As 𝜒𝑖,𝑗,𝑘
(2)

 is a polar tensor, 𝜒𝑖,𝑗,𝑘
(2)

= −𝜒−𝑖,−𝑗,−𝑘
(2)

 therefore, 

 Iop(𝐏) = −𝐏 = −𝜒𝑖,𝑗,𝑘
(2)

= 𝜒−𝑖,−𝑗,−𝑘
(2)

= 𝜒𝑖,𝑗,𝑘
(2)

= −𝜒−𝑖,−𝑗,−𝑘
(2)

 Eq 
8 

 

which is only true if 𝜒𝑖,𝑗,𝑘
(2)

= 0.  

2.3 Sum Frequency Generation 

Two temporally and spatially overlapped laser pulses of the frequencies 𝜔1and 𝜔2impinge on a 

nonlinear active material, and can generate a Sum Frequency Signal at the frequency 𝜔𝑆𝐹 = 𝜔𝑣𝑖𝑠 + 𝜔𝐼𝑅. 

This process can be described as an infrared absorption of one photon followed by an Anti-Stokes 

Raman scattering (Figure 6) of a second photon, or in other words an Anti-Stokes Raman scattering 

process of a vibrationally excited interface. Thus, a vibration must be both Raman and IR active to be 

SFG active. 
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Figure 6 Linear and nonlinear excitation of molecules. Infrared absorption and Rayleigh and 
Raman scattering processes belong to linear optical methods. Sum Frequency Generation 
combines the infrared and Raman processes. An infrared pulse generates a vibrational 
resonant polarization which is subsequently upconverted to a virtual state by a second pulse, 
so that the emitted photon yields the sum of the energy of both pulses. 

The generated SF signal is partially reflected and partially transmitted through the interface. In this 

thesis, only the reflected part was analyzed.  

 

Figure 7 reflection geometry of a standardly used homodyne detected Sum Frequency 
Generation spectroscopy setup. IR and visible laser pulses are overlapped in time and space 
to generate the SFG signal. 

The intensity of the reflected SF signal can be described as50 

 
𝐈𝐒𝐅 =

8𝜋3𝜔𝑆𝐹
2 𝑠𝑒𝑐2𝜃𝑆𝐹

𝑐3𝑛1(𝜔𝑆𝐹)𝑛1(𝜔𝑣𝑖𝑠)𝑛1(𝜔𝐼𝑅)
|𝜒𝑒𝑓𝑓

(2)
|
2
𝐈𝐯𝐢𝐬𝐈𝐈𝐑 

Eq 
9 

 

Where c is the speed of light, 𝑛1(𝜔𝑆𝐹)𝑛1(𝜔𝑣𝑖𝑠)𝑛1(𝜔𝐼𝑅) are the refractive indices of the bulk medium 

at the frequencies  𝜔𝑆𝐹 , 𝜔𝑣𝑖𝑠 𝑎𝑛𝑑 𝜔𝐼𝑅 respectively. 𝜃𝑆𝐹 is the angle of the SF signal in respect to the 

surface normal which is defined as: 

 

hν
vis

 

hν
IR

 

hν 
SFG

 

Virtual  

State 

v
0
 

v
1
 

SFG Raman scattering IR 

Rayleigh Stokes Anti-Stokes 
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𝑠𝑖𝑛𝜃𝑆𝐹

𝜆𝑆𝐹
=

𝑠𝑖𝑛𝜃𝑣𝑖𝑠

𝜆𝑣𝑖𝑠
+

𝑠𝑖𝑛𝜃𝐼𝑅

𝜆𝐼𝑅
 

Eq 
10 

The second order effective susceptibility χeff(2) must be related to the Fresnel factors 𝐿(𝜔), the unit 

electric field vectors ê(𝜔) and the second order susceptibility 𝜒(2). 

 𝜒𝑒𝑓𝑓
(2)

= [L(𝜔𝑆𝐹) ∙ ê(𝜔𝑆𝐹)] ∙ 𝜒(2): [L(𝜔𝑣𝑖𝑠) ∙ ê(𝜔𝑣𝑖𝑠)] ∙ [L(𝜔𝐼𝑅) ∙ ê(𝜔𝐼𝑅)] Eq 
11 

 

The third order tensor 𝜒𝑖,𝑗,𝑘
(2)

 contains 27 different tensor elements. In a non-chiral system, only 7 tensor 

elements are non-zero. Those can be further reduced to 4 different tensor elements due to symmetry 

reasons in an azimuthal symmetry. It can be probed by 4 different laser polarization combinations: 

  𝜒𝑆𝑆𝑃
(2)

=  𝜒𝑥𝑥𝑧
(2)

= 𝜒𝑦𝑦𝑧
(2)

 Eq 
11 

  𝜒𝑆𝑃𝑆
(2)

= 𝜒𝑦𝑧𝑦
(2)

= 𝜒𝑥𝑧𝑥
(2)

 Eq 
12 

  𝜒𝑃𝑆𝑆
(2)

= 𝜒𝑧𝑦𝑦
(2)

= 𝜒𝑧𝑥𝑥
(2)

 Eq 
13 

  𝜒𝑃𝑃𝑃
(2)

= − 𝜒𝑥𝑥𝑧
(2)

+  𝜒𝑥𝑧𝑥
(2)

+  𝜒𝑧𝑥𝑥
(2)

−  𝜒𝑧𝑧𝑧
(2)

 Eq 
14 

 

here, the subscript i.e. SSP stands for the laser polarization combination (S-polarized SFG, S-polarized 

vis and P-polarized IR; S = vertical, P = parallel). 

In a chiral system 𝜒𝑥𝑧𝑧
(2)

, 𝜒𝑦𝑧𝑧
(2)

, 𝜒𝑧𝑥𝑧
(2)

, 𝜒𝑧𝑦𝑧
(2)

, 𝜒𝑧𝑧𝑥
(2)

 and 𝜒𝑧𝑧𝑦
(2)

 are also non-zero. The remaining tensor elements 

are zero. 

The total SFG response 𝜒𝑒𝑓𝑓
(2)

 of an azimuthal, non-chiral system can thus be simplified to  

 𝜒𝑒𝑓𝑓
(2)

= 𝜒𝑆𝑆𝑃
(2)

+ 𝜒𝑆𝑃𝑆
(2)

+ 𝜒𝑃𝑆𝑆
(2)

+ 𝜒𝑃𝑃𝑃
(2)

 Eq 
15 

 

Combining Eq 10 - Eq 14 leads to 

 𝜒𝑆𝑆𝑃
(2)

= 𝐿𝑦𝑦(𝜔𝑆𝐹𝐺)𝐿𝑦𝑦(𝜔𝑣𝑖𝑠)𝐿𝑧𝑧(𝜔𝐼𝑅) sin 𝜃𝐼𝑅 𝜒𝑦𝑦𝑧
(2)

 Eq 
16 

 𝜒𝑆𝑃𝑆
(2)

= 𝐿𝑦𝑦(𝜔𝑆𝐹𝐺)𝐿𝑧𝑧(𝜔𝑣𝑖𝑠)𝐿𝑦𝑦(𝜔𝐼𝑅) sin𝜃𝑣𝑖𝑠 𝜒𝑦𝑧𝑦
(2)

 Eq 
17 

 𝜒𝑃𝑆𝑆
(2)

= 𝐿𝑧𝑧(𝜔𝑆𝐹𝐺)𝐿𝑦𝑦(𝜔𝑣𝑖𝑠)𝐿𝑦𝑦(𝜔𝐼𝑅) sin𝜃𝑆𝐹𝐺 𝜒𝑧𝑦𝑦
(2)

 Eq 
18 

 𝜒𝑃𝑃𝑃
(2)

= −𝐿𝑥𝑥(𝜔𝑆𝐹𝐺)𝐿𝑥𝑥(𝜔𝑣𝑖𝑠)𝐿𝑧𝑧(𝜔𝐼𝑅) cos 𝜃𝑆𝐹𝐺 cos 𝜃𝑣𝑖𝑠 sin𝜃𝐼𝑅 𝜒𝑥𝑥𝑧
(2)

− 𝐿𝑥𝑥(𝜔𝑆𝐹𝐺)𝐿𝑧𝑧(𝜔𝑣𝑖𝑠)𝐿𝑥𝑥(𝜔𝐼𝑅) cos 𝜃𝑆𝐹𝐺 sin𝜃𝑣𝑖𝑠 cos 𝜃𝐼𝑅 𝜒𝑥𝑧𝑥
(2)

+ 𝐿𝑧𝑧(𝜔𝑆𝐹𝐺)𝐿𝑥𝑥(𝜔𝑣𝑖𝑠)𝐿𝑥𝑥(𝜔𝐼𝑅) sin 𝜃𝑆𝐹𝐺 cos 𝜃𝑣𝑖𝑠 cos 𝜃𝐼𝑅 𝜒𝑧𝑥𝑥
(2)

+ 𝐿𝑧𝑧(𝜔𝑆𝐹𝐺)𝐿𝑧𝑧(𝜔𝑣𝑖𝑠)𝐿𝑧𝑧(𝜔𝐼𝑅) sin𝜃𝑆𝐹𝐺 sin 𝜃𝑣𝑖𝑠 sin𝜃𝐼𝑅 𝜒𝑧𝑧𝑧
(2)

 

Eq 
19 
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Phase resolved SFG 

To perform phase resolved SFG experiments some modifications to a regular SFG setup must be done. 

IR and visible beams are focused to a gold mirror which acts as local oscillator. Subsequently both 

beams and the generated sum frequency beam are reflected and refocused with a concave mirror to the 

sample. At that, the SFG beam is delayed with a fused silica plate so that the local oscillator and the 

sample generate an interference spectrum which contains the phase information of the SFG signal 

generated at the sample. The phase information can be extracted using the following equations. Here, a 

transformation from frequency domain into the time domain is necessary to deal with the introduced 

delay of the SFG response. This transformation is done by an inverse Fourier Transformation.  

After inverse Fourier transformation of the electric field into the time domain a conventional SFG signal 

can be described as 

 𝐈 = |𝐄𝐭𝐨𝐭𝐚𝐥(𝑡)|
2 Eq 

20 
The beforehand described modification to a regular SFG setup requires the introduction of the delay 𝑇, 

and the Local oscillator 𝐄𝐋𝐎(𝑡) to Eq 20: 

 𝐈 = |𝐄𝐭𝐨𝐭𝐚𝐥(𝑡)|
2 = |𝐄𝐬𝐚𝐦𝐩𝐥𝐞(𝑡 − 𝑇) + 𝐄𝐋𝐎(𝑡)|

𝟐
 Eq 

21 
 

According to the Fourier Shift Theorem, 𝐄𝐬𝐚𝐦𝐩𝐥𝐞(𝑡 − 𝑇) can be described as 𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(𝑖𝜔𝑇) in the 

frequency domain. Hence, Eq 21 can be expressed as 

 𝐈 = |𝐄𝐭𝐨𝐭(𝜔)|2 = |𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(𝑖𝜔𝑇) + 𝐄𝐋𝐎(𝑡)|
𝟐

= |𝐄𝐬𝐚𝐦𝐩𝐥𝐞|
2
+ |𝐄𝐋𝐎|2 + 𝑬𝐋𝐎𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(𝑖𝜔𝑇) + 𝑬𝐋𝐎𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(−𝑖𝜔𝑇) 

Eq 
22 

 

Now, in a time domain spectrum, |𝐄𝐬𝐚𝐦𝐩𝐥𝐞|
2
 and |𝐄𝐋𝐎|2 are well separated – by roughly 2ps – from their 

cross terms 𝑬𝐋𝐎𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(𝑖𝜔𝑇) and +𝑬𝐋𝐎𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(−𝑖𝜔𝑇). Hence, we can select one cross term 

specifically by applying a filter function which sets the temporally separated|𝐄𝐬𝐚𝐦𝐩𝐥𝐞|
2
, |𝐄𝐋𝐎|2 and 

𝑬𝐋𝐎𝐄𝐬𝐚𝐦𝐩𝐥𝐞 exp(−𝑖𝜔𝑇) to zero. After Fourier transforming the spectrum back to the frequency domain, 

the remaining signal can be expressed as 

 𝐈 = �̃�𝐬𝐚𝐦𝐩𝐥𝐞�̃�𝐋𝐎
∗ exp(𝑖𝜔𝑇) Eq 

23 
 

Here, the electric fields �̃�𝐬𝐚𝐦𝐩𝐥𝐞 and �̃�𝐋𝐎
∗  are representing 𝐄𝐬𝐚𝐦𝐩𝐥𝐞 and 𝐄𝐋𝐎 after the filter function. 

�̃�𝐬𝐚𝐦𝐩𝐥𝐞 and �̃�𝐋𝐎
∗  can be further described as 
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 �̃�𝐬𝐚𝐦𝐩𝐥𝐞 = 𝑖𝑎𝑠𝑎𝑚𝑝𝑙𝑒𝜒𝑠𝑎𝑚𝑝𝑙𝑒
(2)

�̃�𝐯𝐢𝐬�̃�𝐈𝐑 Eq 
24 

 

And 

 �̃�𝐋𝐎 = 𝑎𝐿𝑂𝜒𝐿𝑂
(2)

𝑟𝑣𝑖𝑠
𝑠𝑎𝑚𝑝𝑙𝑒

�̃�𝐯𝐢𝐬𝑟𝐼𝑅
𝑠𝑎𝑚𝑝𝑙𝑒

�̃�𝐈𝐑 Eq 
25 

 

Here, 𝑎𝐿𝑂 and 𝑎𝑠𝑎𝑚𝑝𝑙𝑒 are real and positive constants and 𝑟𝑣𝑖𝑠
𝑠𝑎𝑚𝑝𝑙𝑒

 and 𝑟𝐼𝑅
𝑠𝑎𝑚𝑝𝑙𝑒

 are the samples 

reflectivities for the IR and vis pulses.  

Dividing Eq  by a gold reference spectrum which was collected using the same settings yields  

 �̃�𝐬𝐚𝐦𝐩𝐥𝐞�̃�𝐋𝐎
∗ exp(𝑖𝜔𝑇)

�̃�𝐠𝐨𝐥𝐝�̃�𝐋𝐎
′ exp(𝑖𝜔𝑇)

=
𝑎𝑠𝑎𝑚𝑝𝑙𝑒𝑟𝑣𝑖𝑠

𝑠𝑎𝑚𝑝𝑙𝑒
𝑟𝐼𝑅

𝑠𝑎𝑚𝑝𝑙𝑒

𝑎𝑔𝑜𝑙𝑑𝑟𝑣𝑖𝑠
𝑔𝑜𝑙𝑑

𝑟𝐼𝑅
𝑔𝑜𝑙𝑑

𝜒𝑔𝑜𝑙𝑑
(2)

𝜒𝑠𝑎𝑚𝑝𝑙𝑒
(2)

 
Eq 
26 

 

𝜒𝑔𝑜𝑙𝑑
(2)

 is considered to be a real constant because of its non-resonant origin. Hence, 

 �̃�𝐬𝐚𝐦𝐩𝐥𝐞�̃�𝐋𝐎
∗ exp(𝑖𝜔𝑇)

�̃�𝐠𝐨𝐥𝐝�̃�𝐋𝐎
′ exp(𝑖𝜔𝑇)

∝ 𝜒𝑠𝑎𝑚𝑝𝑙𝑒
(2)

 
Eq 
27 

 

Proving that 𝜒𝑠𝑎𝑚𝑝𝑙𝑒
(2)

 can be deduced by normalizing the sample spectra with a non-resonant gold 

spectrum. 

Current state in literature 

SFG spectroscopy is a specialized method used for analyzing the interfacial order and orientation of Self 

Assembled Monolayers (SAMs)29, 51, lipids52, proteins53-54 and many more. It is an important tool to infer 

molecular structures at interfaces like, for example, ion concentrations at the water air interface or the 

orientation of molecules at the air water interface55. Orientational studies can be further improved by 

using heterodyne SFG which directly yields the imaginary and real part of the SFG spectrum56: 

specifically, the sign of the imaginary part directly reflects the orientation of the transition dipole. SFG 

has been used to analyze and to understand interfacial processes like  water surface tension or water 

shearing forces57-58. SFG has also obtained some importance in studying biological systems. Here it can 

be used to study the impact of different effectors on membranes59. It can also be used to explore working 

mechanisms, orientations or conformations of peptides at interfaces33, 60-61. More recently SFG has also 

been employed to study the conformation of larger proteins.31 
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2.4 Calculation of SFG spectra 

Theory 

The VSFG spectra are calculated using the formalism described in ref. 60.  

Protein SFG spectra were calculated based on their structure and orientation, which is given by the input 

PDB file. In this method, we assume that the amide-I modes originate completely from the protein 

backbone amide bonds. This allows us to neglect any sidechain contribution. First, we constructed the 

amide I excitonic Hamiltonian. Here the Hamiltonian has the following form: 

 

𝐻 =

(

 
 

ℏ𝜔1
0 𝐾12 𝐾13 𝐾14 ⋯

𝐾12 ℏ𝜔2
0 𝛽23 𝐾24  

𝐾13

𝐾14

⋮

𝐾23

𝐾24

 

ℏ𝜔3
0

𝐾34

 

𝐾34  

ℏ𝜔4
0

 

 
⋱)

 
 

 

Eq 
28 

 

Here, 𝜔𝑖
0 are the frequencies of the local modes, i and 𝐾𝑖𝑗 are the couplings between the local modes i 

and j. Couplings between nearest neighbor amide modes were calculated using an ab initio 6-31G +(d) 

B3LYP- map. Here, the coupling represents a function of the dihedral angle between the amide groups. 

Non-nearest neighbor couplings were calculated using the transition dipole coupling model which 

approximates the coupling with a Coulomb-like interaction of the transition-dipole-moments. 

The eigenvalues of each amide-I mode depend on the local environment of each amide bond. For 

example, a downstream neighboring proline residue induces a red-shift of the eigenvalue. Also, 

hydrogen bonds induce amide-I red-shifts. 

Now, eigenvalues ωv and eigenvectors cσv of the delocalized eigenmodes |v⟩ are calculated by 

diagonalizing the one-exciton Hamiltonian. The eigenmodes can be described as: 

 |v⟩ = ∑cσv

σ

|σ⟩ Eq 
29 

Here, |σ⟩ is the localized v = 1 state of each peptide unit’s (σ) amide-I mode. The IR and Raman 

responses, µ𝑘
𝑣  and 𝛼𝑖𝑗

𝑣  respectively, of each eigenmode are now calculated by replacing the localized 

eigenmode with either the transition-dipole-moment µ𝑘
𝜎 or the Raman tensor 𝛼𝑖𝑗

𝜎 : 

 µ𝑘
𝑣 = ∑cσv

σ

µ𝑘
𝜎 Eq 

30 

 𝛼𝑖𝑗
𝑣 = ∑cσv

σ

𝛼𝑖𝑗
𝜎  Eq 

31 

Here, i, j, k = x, y, z is the axis of the molecular frame. Now, IR and Raman intensities can be calculated. 

By assuming homogeneous broadening, each eigenmode is represented with a Lorentzian line shape. 
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𝐼𝐼𝑅 ∝ ∑|

µ𝑣

𝜔𝑣−𝜔𝐼𝑅 − 𝑖Γ
|

2

𝑣

 
Eq 
32 

 
𝐼𝑅𝑎𝑚𝑎𝑛 ∝ ∑|

𝛼𝑣

𝜔𝑣−(𝜔𝑙𝑎𝑠𝑒𝑟 − 𝜔𝑆𝑡𝑜𝑘𝑒𝑠 − 𝑖Γ
|

2

𝑣

 
Eq 
33 

 

Here, 𝜔𝐼𝑅, 𝜔𝑙𝑎𝑠𝑒𝑟 and 𝜔𝑆𝑡𝑜𝑘𝑒𝑠 are the frequency of the IR field, the frequency of the excitation laser and 

the frequency of the Stokes field respectively. 𝑖Γ represents the linewidth of the Lorentzian which is 

equal for all eigenmodes. 

Now, the molecular SFG hyper polarizability 𝛽𝑖𝑗𝑘
(2)

 is deduced from the tensor product of the IR and 

Raman responses  

 𝛽𝑖𝑗𝑘
(2)𝑣 = µ𝑘

𝑣  ⨂  𝛼𝑖𝑗
𝑣  Eq 

34 

Finally, the effective nonlinear susceptibility 𝜒𝐼𝐽𝐾
(2) in the lab frame I, J, K = X, Y, Z can be constructed. 

To transform the molecular frame x, y, z to the lab frame X, Y, Z an Euler transformation over the 

orientation distribution of all molecules has to be performed: 

 𝜒𝐼𝐽𝐾
(2) = 𝑁 ∑〈(�̂� ⋅ 𝑥)(�̂� ⋅ �̂�)(�̂� ⋅ �̂�)〉

𝑥,𝑦,𝑧

𝛽𝑖𝑗𝑘
(2)

 Eq 
35 

Here, �̂�, �̂�, �̂� and 𝑥, �̂�, �̂� are the unit vectors in the lab frame and molecular frame respectively. 

Now, that we have calculated the frequency dependent, second order nonlinear susceptibility, we can 

apply the formalism described in equation 11-19 to account for Fresnel factors and different laser 

polarization combinations. 



3.Experimental Methods and Experiences 

3.1 Lipid Monolayer Preparation 

Lipid monolayers were spread on top of buffer solutions using a Hamilton syringe with a repeating 

dispenser (PB600-1, Hamilton Company, U.S). Lipids were dissolved in chloroform to a final 

concentration of 0.1mg/ml and added dropwise until the desired surface tension was reached. The 

surface tension was measured using a tensiometer (DeltaPi, Kibron Inc., Finland). Protein solutions were 

injected into the aqueous sub-phase using syringes with steel needles. The latter is important to minimize 

withdrawing of lipids due to Langmuir deposition of lipids to larger areas of e.g. pipette tips. A 

permanent, small water inflow into the sub-phase was realized using a syringe pump (NE-500, New Era 

Pump Systems Inc., U.S.) to compensate for water evaporation. The flow rate was fine-tuned to match 

exactly the evaporation rate. This step must be done after preparation of the lipid monolayer because the 

evaporation rate is altered due to the presence of the lipids on the surface. The height was controlled 

either by following the height of the SFG signal at the CCD camera or by a displacement sensor in case 

of phase resolved SFG where a constant height level is crucial. 

3.2 Lipid Bilayer Preparation 

Lipid bilayers were formed at the solid water interface of CaF2 prisms which were mounted on a flow 

cell. The leaking in of air bubbles was avoided by keeping the container for the effluent flow at a higher 

height than the flow cell. Formation of the lipid bilayer was induced by adding lipid vesicles at a final 

concentration of 12 µM into the water or buffer filled flow cell. According to literature, bilayer spreading 

and the formation of a proper lipid bilayer takes approximately 30 minutes. After an incubation period 

of 2 hours the remaining lipid vesicles were removed by rinsing the flow cell with 10ml buffer (D2O) 

solution. To allow a complete NH to ND exchange the supported bilayer was exposed to D2O over night. 

The latter step is necessary to minimize the H2O bending mode contribution at the water-CaF2-interface. 

It should be noted that the amide-II band shifts towards lower frequencies due to the NH to ND exchange 

which leads to one large combined peak of CH2 and CH3 scissoring and amid-II modes between 1450 

cm-1 and 1500 cm-1. All lipid bilayer experiments were performed in a flow cell (Figure 8) which was 

designed as part of this thesis (in cooperation with Johannes Franz). 
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Figure 8 Flow cell for SFG measurements at the solid / water interface of CaF2-prisms. The 
mountable bridge (blue and yellow) allowed performing a Langmuir-Schaefer deposition in the 
trough which helps during the preparation of lipid bilayers with the Langmuir-Blodgett / 
Langmuir-Schaefer method. The advantage of this trough is that it helps to protect the lipid 
bilayer from contact with air, which would destroy it. 

3.3 SFG setup 

The SFG setup used in this thesis (Figure 9) is powered by a femtosecond (fs) regenerative amplifier 

(Spitfire Ace, Spectra-Physics) which is pumped by a Nd:YLF laser (Empower, Spectra-Physics) and 

seeded by a Ti:sapphire oscillator (Mai Tai, Spectra-Physics). The resulting broadband laser pulses, 

centered at 791.8nm, have pulse energies of 5 mJ with 40 fs pulse duration. 1.7 mJ is branched out to 

pump the optical paramagnetic amplifier (TOPAS-C, Spectra-Physics) which generates the IR pulse by 

difference frequency generation (DFG) between the signal and idler beams out of the TOPAS. The 

remaining visible beam is guided through a Fabry-Perot Etalon (SLS Optics Ltd.) which narrows the 

frequency of the visible pulse to 15 cm-1 and reduces the pulse power to 25 µJ. The IR (2 J, =6.1 µm, 

FWHM 300 cm-1) and visible (25 µJ, =791.8 nm, FWHM 15 cm-1) pulses are focused (focal lengths: 

IR: 5 cm, vis: 25 cm) to the sample where they are spatially and temporally overlapped to generate the 

SF light. The generated SF signal is guided through a short-pass filter (SP720), a half-wave plate, a 

polarizer and finally focused by a lens into a spectrometer (Acton instruments) and recorded with a CCD 

camera (Newton, Acton instruments). 
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Figure 9: Homodyne SFG Setup: Part of an 800nm visible pulse pumps an optical 
paramagnetic amplifier (OPA) which generates broadband IR pulses. The remaining visible 
pulse is narrowed by an Ethalon and subsequently overlapped in space and time with the IR 
pulse. The generated Sum Frequency signal is spectrally dispersed by a spectrometer and 
detected by a CCD camera 

3.4 SFG spectroscopy in the amide-I region 

To acquire SFG spectra in the amide-I region the IR path must be purged with dry air or nitrogen to 

avoid absorption of the IR beam due to water vapor. Due to the small differences in wavelength between 

the SFG signal (700 nm-710 nm, this depends on the frequency of the visible pulse and may vary 

between different SFG setups) and the visible laser pulse (791.8 nm 15 cm-1 FWHM) the short-wave 

pass filter (SP 720) in front of the CCD camera might need to be fine-tuned to cut off all residual visible 

contributions while completely passing the SFG signal. This can be achieved by rotating the filter around 

its central axis.  

3.5 SFG spectroscopy of prism interfaces at near-total internal reflection 

SFG spectroscopy using a CaF2-prism as solid support requires some adaptations of the SFG setup. It 

might be necessary to reduce laser intensities to avoid the generation of white light in the prism. 

Furthermore, it might occur that residual intensities of the signal or idler beams from TOPAS induce 

bulk four-wave-mixing χ(3) processes. This can be avoided by placing additional filters in the IR pathway 

which reduces the intensities of residual signal and idler contributions and separates the IR pulse from 

residual signal and idler pulses in time. Reference spectra can be obtained either by coating a narrow 

silver or gold film at one side of the prism or by using a separate reference prism. Employing the latter 

method brings advantages but also requirements. It must be assured that the reference prism and the 

experimental prism are mounted at the same position. Using an uncoated prism for the experiments 

decreases the non-resonant background in PPP polarization significantly. This is probably due to leaked 

silver or gold atoms even at the uncoated clean spots of CaF2-prisms with narrow coated stripes. 
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3.6 Data collection and processing 

Spectra were collected for 10 minutes at the water/air interface or, for longer timescales, in kinetic mode 

for CaF2 water interface. The kinetic mode (or accumulation) is important for longtime measurements 

to avoid saturation of the CCD camera which occurs above ~20,000 counts.  

For all samples and laser polarization combinations a background must be collected. The IR path was 

blocked to allow only the visible pulse.  

At the beginning of each measurement a reference spectrum for each polarization combination must be 

acquired. For water air interface measurements, this could be either a clean gold or silver mirror or a z-

cut quartz crystal. For CaF2 water interface a gold or silver coated prism was used for reference spectra. 

After subtraction of the background the spectra were divided by the reference spectrum of the according 

polarization combination.  

If needed the data were fitted using Eq 4 in which the second order susceptibility 𝜒(2) is considered to 

have a non-resonant and a resonant part which is considered as a set of Lorentzians: 

 
𝜒(2) = 𝜒𝑁𝑅

(2)
𝑒𝑖𝜙 + ∑

𝐴𝑞

𝜔𝐼𝑅 − 𝜔𝑞 − 𝑖Γ𝑞
𝑞

 
Eq 4 

 

Here, 𝜙 is the phase of the non-resonant background, 𝐴𝑞, 𝜔𝑞 and Γ𝑞 are the qth normal mode’s amplitude, 

frequency and damping factor respectively. 

 

 

 

 

 



4.Results 

4.1 IM30 triggers membrane fusion in cyanobacteria and chloroplasts 

The experimental SFG part of the following publication was part of this thesis. This publication was 

submitted to Nature communications in October 2014 and accepted in March 2015. The work was a 

cooperation between the Institut für Pharmazie und Biochemie which initiated it, the Institut für 

Zoologie and the Institut für Biophysik (all at the Johannes Gutenberg University in Mainz), the Max 

Planck Institute for Polymer Research in Mainz and the Van’t Hoff Institute for Molecular Science at 

the University of Amsterdam. 
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4.2 Refining the X-ray crystal structure of aquaporin with sum frequency generation 

spectroscopy  

The experimental and calculated SFG spectra were part of this thesis. This manuscript was submitted to 

Proceedings of the National Academy of Sciences in October 2016. The proteoliposomes used for 

generating the supported lipid bilayer were produced by Margareta Trefz and Dirk Schneider at the 

Institut für Pharmazie und Biochemie (at the Johannes Gutenberg University in Mainz) the Mathematica 

script and the theory for calculating the SFG spectra were provided by Steven Roeters and Sanders 

Woutersen from the Van ’t Hoff Institute for Molecular Science at the University of Amsterdam and the 

MD simulation of GlpF in a lipid bilayer membrane was done by Wesley Beckners and Jim Pfaendtner 

at the Department for Chemical Engineering at the University of Washington.  
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4.3 Orientation analysis of α-helices at interfaces using heterodyne detected SFG 

spectroscopy  

The following manuscript was submitted to The Journal of Physical Chemistry Letters in November 

2016. Here, the experimental and the calculated SFG spectra were part of this thesis. The MD 

simulations of the peptides at the water / air interface have been done by Helmut Lutz at the Max Planck 

Institute for Polymer Research in Mainz. 
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5.Conclusion and Outlook 

The goal of the work presented in this thesis was to establish a way to maximize the information gained 

from complex SFG spectra of proteins in the amide-I region. The comparison of the experimental SFG 

spectra with calculated spectra helped with the interpretation of the experimental SFG spectra. 

Furthermore, phase resolved SFG was employed to obtain information on the absolute orientation of 

proteins at interphases. Both approaches were employed successfully and have led to publications or 

submissions to peer reviewed journals. 

For the future, these methods could be further improved by extending the MD simulations to multiple 

proteins to account for intermolecular couplings and further intermolecular interactions. This would 

require significantly higher computational power for the MD simulation and for calculating the SFG 

spectra. This is mainly because of the slow data processing of an interpreter language like the currently 

used Mathematica. Translating the current script to a compiler language like C, C++ or Fortran would 

increase the calculation speed dramatically. 

In this thesis, the used lipid model systems evolved from a very basic lipid monolayer system to a more 

advanced supported lipid bilayer. However, both membrane model systems cannot be considered as a 

perfect choice for protein membrane interactions since in both cases only one lipid monolayer exhibits 

the full flexibility of a physiological membrane. Furthermore, the extremely low number of lipid 

molecules in a two-dimensional membrane renders it impossible to work in a physiological relevant 

stoichiometry. Over time, all binding sites will be occupied by proteins or the membrane will be even 

partially replaced. A completely covered membrane could possibly prevent refolding or reorientation 

events of the bound proteins due to steric hindrance62. Therefore, a three-dimensional model membrane 

system like vesicles, in which a physiological protein to lipid ratio can be achieved, would be the next 

logical step towards more physiological conditions. 

A structural picture of a protein says more than a thousand words – imagine what a movie could do. The 

Holy Grail remains a molecular movie of protein folding, refolding or membrane interaction confirmed 

with time resolved SFG spectroscopy with ps or even sub-ps time resolution. This must be achieved 

with pump probe SFG setup, where an arrested state of a protein is optically activated (pump) followed 

by a probe pulse with an adjustable time delay. A possible intermediate step for protein membrane 

interactions could be the implementation of a stopped-flow mechanism which would allow for sub-ms 

time resolutions. 
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7.Acronyms 

 

ATR-FTIR Attenuated total internal reflection Fourier transform infrared spectroscopy 

CD Circular Dichroism 

DNA Deoxyribonucleic acid  

DFG Difference frequency generation 

DPPC Dipalmitoylphosphatidylcholine 

FWHM Full width at half maximum 

fs Femtosecond 

GUV Giant Unilammellar Vesicle 

IR Infrared 

IRRAS Infrared reflection absorption spectroscopy 

K Lysine 

L Leucine 

LO Local oscillator 

LUV Large Unilammellar Vesicle 

MD-Simulation Molecular dynamics simulation 

ms Millisecond  

MPGC Max Planck Graduate Center 

NEXAFS Near edge x-ray absorption fine structure spectroscopy 

ps Picosecond 

RNA Ribonucleic acid 

SAM Self-Assembled Monolayer 

SANS Small Angle Neutron Scattering 

SAXS Small Angle X-ray Scattering 

SEIRAS Surface enhanced infrared absorption spectroscopy 

SFG Sum frequency generation 

SHG Second harmonic generation 

SUV Small Unilammellar Vesicle 

t-BLM Tethered Bilayer Membrane 

XPS X-ray photoelectron spectroscopy 
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