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Abstract 

Aqueous interfaces are omnipresent in nature. Some of them are visible: droplets in clouds, aero-

sols, and surfaces of oceans, lakes, and rivers. Many more surfaces are hidden: water in contact 

with cell membranes, proteins, and the surface of droplets in emulsions. The hydrophobic interac-

tion plays a key role in many biological and industrial processes; hence understanding of water 

structure at the hydrophobic interfaces is needed. To elucidate molecular-level water structure at 

these interfaces and to learn about the molecular-level mechanisms behind hydrophobicity we use 

sum frequency and second harmonic scattering spectroscopy. We apply these techniques to probe 

the molecular structure (orientational order and strength of the hydrogen bonds) at the interfaces of 

droplet and liposomes. First, we demonstrate a way to use the focusing properties of a liquid jet for 

nonlinear scattering experiments. As the jet surface is continuously refreshed, reduced heating 

effects and cleanliness are advantages of this technique. Then, investigating water structure in 

water droplets in oil, we find that hydrogen bonds of water at the surface of the droplet resemble 

that of planar oil/water interface made of the same chemicals at 50°C lower temperature. Using 

water droplets dispersed in CCl4 we show that second harmonic scattering data has a high sensi-

tivity to the ionic strength of the solution. We estimate the concentration of free charge carriers 

(reverse micelles and hydrated ions) and discuss changes in the surface water ordering and the 

surface potential, which reflect the formation of reversed micelles at the droplet interface. Finally, 

we study water and lipid transmembrane asymmetry using liposomes composed of neutral and 

charged lipids, which are a good model system of a phospholipid bilayer of a cell membrane. We 

calculate the distribution of the phosphate tilt angle and quantify lipid transmembrane asymmetry. 

Furthermore, we discuss a mechanism responsible for the observed lipid asymmetry that involves 

intermolecular hydrogen bonding between phosphate and amine groups of adjacent lipids.  

Keywords 

Water, hydrophobicity, nanoscale interfaces, droplets, membranes, lipid, liquid jet, sum frequency 

generation, second harmonic generation, nonlinear light scattering 
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Résumé 

Les interfaces aqueuses sont omniprésentes dans la nature. Certaines d'entre elles sont visibles : 

les gouttelettes dans les nuages, les aérosols, et les surfaces des océans, des lacs et des rivières. 

Beaucoup plus de surfaces sont cachées : l'eau en contact avec les membranes cellulaires, les 

protéines, et la surface des gouttelettes dans les émulsions. L'interaction hydrophobe joue un rôle 

clé dans de nombreux processus biologiques et industriels; la compréhension de la structure de 

l'eau aux interfaces hydrophobes est donc nécessaire. Pour élucider cette structure au niveau mo-

léculaire et pour connaître les mécanismes liés à l'hydrophobicité, nous utilisons la spectroscopie 

de diffusion de la fréquence somme et de second harmonique. Nous appliquons ces techniques 

pour sonder la structure moléculaire (ordre orientationnel et force des liaisons hydrogènes) aux 

interfaces des gouttelettes et des liposomes. Tout d'abord, nous démontrons un moyen d'utiliser 

les propriétés de focalisation d'un jet de liquide pour des expériences de diffusion lumineuse non 

linéaire. Comme la surface du jet est continuellement renouvelée, cette technique a pour avantage 

de réduire les effets de chauffage et de contamination. Ensuite, en étudiant la structure de l'eau 

présente en gouttelettes dans l'huile, nous constatons que les liaisons hydrogène de l’eau à la 

surface des goutelettes sont similaires à celles d’une interface planaire huile/eau faite des mêmes 

produits chimiques maintenue à une température de 50°C plus basse. En utilisant des gouttelettes 

d'eau dispersées dans du tétrachlorométhane (CCl4), nous montrons que les données de diffusion 

de second harmonique présentent une forte sensibilité à la force ionique de la solution. Nous esti-

mons la concentration des porteurs de charge libres (micelles inverses et ions hydratés) et discu-

tons des changements dans l'ordre des molécules d’eau à la surface et du potentiel de surface, qui 

reflètent la formation de micelles inversées à l'interface des gouttelettes. Enfin, nous étudions 

l'asymétrie transmembranaire de l'eau et des lipides en utilisant des liposomes composés de li-

pides neutres et chargés, qui constituent un bon modèle de membrane cellulaire avec une bi-

couche phospholipidique. Nous calculons la répartition de l'angle d'inclinaison du groupement 

phosphate des lipides, et quantifions leur asymétrie transmembranaire. En outre, nous discutons 

d'un mécanisme responsable de l'asymétrie lipidique observée, impliquant une liaison hydrogène 

intermoléculaire entre les groupes phosphate et amine de lipides adjacents. 
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 Introduction Chapter 1: 

1.1 Water and hydrophobicity 

Water is the most important liquid on our planet. Water in the form of white clouds, blue ocean or 

shiny glaciers covers most of Earth’s surface visible from space. But even more water surfaces can 

be found in living organisms: cell membranes, and the surfaces of proteins or other macromole-

cules. Water is one of the main components of cells, and it interacts with organic compounds, 

which contain an enormous amount of non-polar groups (in particular CH2 and CH3 groups). 

Hydrophobicity is the association of non-polar groups or molecules in an aqueous environ-

ment which arises from the tendency of water to exclude non-polar molecules  [1]. Interactions and 

interfaces between hydrophobic liquids and water play a key role in biological [2] and chemical 

processes [3]. In biology, processes such as enzyme activity, protein folding, catalysis, and mem-

brane formation depend on hydrophobic/water interactions [2]. In chemistry [3, 4], the same holds 

for processes such as wetting, drug design, aerosol formation and stabilization, nanoparticle and 

droplet formation and stabilization, and emulsification.  

Although a hydrophobic interaction is a common term to describe the interaction of polar 

water molecules with non-polar molecules, as such, the hydrophobic interaction does not exist. It is 

used for simplicity to describe the combination of interactions: dipole-dipole interaction in water, 

dispersion interaction, and hydrogen bonding (H-bonding). In the presence of ions (or dissociated 

water species H+ or OH-) more interactions start to play a role, such as ion-dipole interaction or 

forces involving induced dipoles. These interactions have different characteristic energy and length 

scales, but the one that is particularly important for the hydrophobicity is the H-bonding. Apart from 

that, H-bonding gives rise to unexpectedly high boiling and melting points, a higher density of liquid 

state compare with solid state, and many more anomalies of liquid water [5]. 

How can we describe the structure of water? In bulk water there are an average 3.6 H-

bonds per water molecule [6] (each water molecule can form up to 4 H-bonds, see Figure 1.1). 

Moreover, there is a short-range correlation in the spatial distribution of water molecules which can 

be described with an oxygen-oxygen pair distribution function [5]. Another important parameter is 

water-water orientational correlations, which may have a long range in the presence of ions [7]. 

Liquid water is not static: there is a lot of dynamics in bulk water, such as rotational, vibrational, 
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translational, and librational movement (with characteristic time scales of typically 10-100 fs) as 

well as diffusion, and proton transfer [8].  

 

Figure 1.1. A. Water molecules can form up to 4 hydrogen bonds. Water molecules which form all 4 H-bonds are called 

strongly H-bonded (2), and the ones which form less then 4 H-bonds are called weakly H-bonded molecules (1). B. IR 

absorption spectrum of water in OH symmetric stretch vibrational region. The strongly H-bonded molecules are 

responsible for the red side of the spectrum while weakly H-bonded molecules are responsible for the blue part.  

At the interface, the situation becomes even more complex. As for the bulk water, the num-

ber and strength of H-bonds, as well as preferential orientation of water dipoles are key parameters 

to describe water structure at the interfaces. The absence of H-bonding or breaking of H-bonds is 

an essential part of the hydrophobic interaction. The hydrophobic interfaces typically carry negative 

charge [9, 10]. Their electrostatic surface potential induces water order in the extended region from 

the interface [3], called diffuse layer. Therefore, the structure of water at hydrophobic interfaces 

depends on characteristics such as charge, dielectric constant and dipole moment, as well as the 

molecular shape / geometry and related molecular and interfacial corrugation [11, 12]. The 

presence of hydrated molecules or hydrated parts of molecules (e.g. headgroups of surfactants) 

also changes the structure of the surface. Elucidation of water structure in the presence of hydro-

phobic molecules, ions, surfactants, proteins, and lipids will help to understand the surface chemis-

try of biointerfaces.  

Many types of structures can be formed due to hydrophobic interactions. These structures 

include droplets standing on a hydrophobic support, emulsions, micelles, bilayers, etc. Some of 

them are sketched in Figure 1.2. Two immiscible liquids form an emulsion in which droplets of one 

liquid are dispersed in the second liquid. There are two most common types of emulsions: oil-in-

water (milk, mayonnaise) and water-in-oil (butter, creams). Other organic molecules (surfactant 

and lipids) may stabilize emulsions and form micelles and bilayers in water. Surfactants are organ-

ic molecules containing hydrophilic and hydrophobic parts. Depending on the ratio between these 

two, they may stabilize either oil-in-water or water-in-oil emulsions. Phospholipids are organic mol-

ecules which are one of the main constitutes of the eukaryotic cell membrane. They often assem-
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ble in bilayers or liposomes in water solutions. A sphere of a bilayer is called a phospholipid vesicle 

or a liposome. The diameter of liposomes is typically larger than 30 nm. All above mentioned struc-

tures are omnipresent in our organisms and their surface properties define functions of 

biointerfaces.  

 

Figure 1.2. Sketch of different types of model hydrophobic systems: a hydrophobic solute dispersed in water (A), oil 

nanodroplet in water (B), phospholipid liposome (C), water nanodroplet in oil (D) and planar oil/water interface (E). In this 

thesis, the nanodroplets (both of water-in-oil and oil-in-water), liposomes and planar interfaces were studied. Scale bars 

indicate the characteristic size of the systems; molecules are not to scale. Oil is shown in yellow and water in blue. Dark 

blue indicates water molecules affected by hydrophobic groups. 

In the next section of this chapter, we present currently open questions in the literature. 

Then we discuss the possible type of samples and techniques to study them and give a short de-

scription of second-order nonlinear scattering spectroscopy that is mainly used in this work. Finally, 

we provide the outline of the thesis. 

1.2 Open questions 

There are still many open questions concerning the relationship between the molecular structure 

and the chemical properties of the interfaces. Answers to these questions are relevant for many 

applied and fundamental problems: the development of drug delivery systems based on liposomes 

or water droplets, mechanisms of cell signaling, freezing of ice on hydrophobically coated surfaces, 

and the phase diagram of water. 
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1. Can we study water/air interface using optical nonlinear scattering spectroscopy, and mini-

mize heating effects and chemical impurities which might influence studies of water/air inter-

faces? 

2. Is the length scale relevant for the molecular structure of interfacial water? Is the molecular 

structure of water around a small hydrophobic solute (<1 nm), at the nanoscopic droplet inter-

face (~100 nm) or at the macroscopic water/oil interface the same? Does the curvature of the 

surface play a role here? 

3. How to investigate properties of water droplets dispersed in a non-polar solvent? Can we 

develop techniques to study droplets resembling real life systems? 

4. Does water structure and hydration play a role in organization and self-assembly of cell 

membranes?  

1.3 How to probe hydrophobic interactions? 

Hydrophobic interactions can be probed using samples with different characteristic length scale: 

from hydrophobic solutes (water around dissolved hydrophobic molecule or non-polar group of a 

molecule), nanoscaled interfaces (e.g. water ordering around oil nanodroplet or in the water 

nanodroplet), or on macroscopic level (at planar oil/water interfaces or surfaces of crystals coated 

with hydrophobic layers). Figure 1.2 shows examples of such structures. As all these samples 

have different chemical properties, they can be studied with different techniques. Below we briefly 

describe the techniques and some findings reported in the recent literature. 

1.3.1 Studies of hydrophobic solutes 

When a hydrophobic solute is dissolved in water, it certainly affects water structure and H-bonds 

around it. But do hydrophobic solutes increase or decrease water ordering around them? Are they 

structure-making or structure-breaking [13]? This is a long standing question and different results 

have been obtained by different research groups.  

Historically, the explanation of hydrophobicity was given using the concept of tiny “icebergs” 

of water near small hydrophobic solutes [14]. The term “iceberg” means here the enhancement of 

water H-bonds around the solute (e.g. larger number of H-bonds and/or an increase of their 

strength). This interpretation is derived from classical thermodynamic measurements performed in 

the 1940s [14] and 1960s [15]. Later on, this explanation was questioned: studies using techniques 

such as X-ray spectroscopy [16] or neutron diffraction [17, 18] reported that water around hydro-

phobic solutes is not different from the bulk. Besides, small hydrophobic solutes were studied with 

vibrational spectroscopy methods. In the group of Prof. Dor Ben-Amotz, the combination of Raman 

spectroscopy with multivariate curve resolution analysis (Raman-MCR) was developed [19]. Then 
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this technique was applied to study the solvation shell structure of hydrophobic groups of alcohols 

by analyzing spectra of water around these groups [20]. However, the results about hydrophobic 

hydration were obtained using hydrophilic samples (alcohols) which are completely mixable with 

water. The reason for this is that hydrophobic molecules have a very low solubility in water and one 

needs to increase the concentration of the solutes to measure the weak Raman signal. IR spec-

troscopy can also be used to study solvation shell of solutes [21, 22]. Grdadolnik et al. [22] used a 

more sophisticated way: they measured IR spectra of water with dissolved gases at high pressure. 

It helped to increase the concentration of the solutes. Both groups [20, 22] confirmed the classical 

view of the hydrophobic hydration. 

The characteristic size is an important parameter in the hydrophobic interactions [23]. Pla-

nar interfaces and small hydrophobic solutes are hydrated differently. Thus there must be a cross-

over between the behavior of the small hydrophobic solutes and planar hydrophobic interfaces. 

Such characteristic length scale was estimated by Chandler as 1 nm [23, 24]. Solutes smaller than 

this size are expected to increase water ordering around them, whereas larger ones destroy the 

ordering.  

1.3.2 Studies of planar interfaces and droplets 

Liquid/liquid interfaces are perhaps the most difficult interfaces for experimental studies. Many sur-

face sensitive techniques require a vacuum to probe the first interfacial molecules since they use 

electrons or ions (such as X-ray photoelectron spectroscopy) and thus are not compatible with liq-

uid/liquid interfaces, need a crystalline order (X-ray reflectivity and scattering) or have too large 

penetration depth (Attenuated Total Reflectance IR absorption). Optical spectroscopies do not re-

quire vacuum and thus can be applied to study liquid/liquid interfaces. The field of nonlinear optics 

quickly established itself after the invention of the first laser. Later on, with the improvement of high 

power short pulse laser sources, vibrationally sensitive sum frequency generation spectroscopy 

was developed [25, 26]. Due to specific selection rules the vibration sensitive sum frequency gen-

eration (SFG) spectroscopy [27-31] probes to the interfacial structure and charge of 2-3 monolay-

ers below and above the interface. With SFG spectroscopy vibrational modes active both in Ra-

man and IR absorption spectra can be studied. Thus SFG and its simplified version, second har-

monic generation (SHG) became very common tools for surface studies. Nevertheless, the current 

understanding of the molecular structure of water at hydrophobic interfaces is controversial and 

limited due to the difficulties associated with probing it. We provide below some details of the cur-

rent state-of-the-art in the field, highlighting aspects that are not well understood as well as contro-

versy and challenges. 

Hydrophobic droplets, particles, or gas bubbles have been repeatedly measured to have a 

negative charge [9, 10]. The origin of this charge is still debated [12, 32-37]. The ζ-potential of oil 



6 
 

droplets and air bubbles decreases with the increase of pH. The most intuitive and long standing 

explanation for the negative charge of the hydrophobic/water interface is that OH− ions from the 

water autoprotolysis reaction preferentially adsorb in the surface region (e.g. Refs. [37, 38]). The 

surface tension of the air/water interface (which is considered as a hydrophobic liquid/water inter-

face) increases with increasing pH, apparently in contradiction with the favorable adsorption of 

small ions. The interpretation of this data suggests that OH- is excluded from the interface [39]. 

Thus electrophoretic mobility data and surface tension data are in disagreement. To resolve this 

problem many spectroscopic experiments have been performed recently. A search for spectro-

scopic signatures that are directly attributable to OH− ions in the interfacial region has been per-

formed. OH− could be detected in the interfacial region by means of its 2p valence excitation, using 

X-ray photoelectron spectroscopy (XPS) on a liquid jet. XPS is interface-sensitive over a length 

scale of a few nm. Using this method, OH− ions were, however, not detected in the surface region 

[40]. Another direct route is the detection of a resonant second harmonic generation (SHG) signal 

of the optical charge transfer-to-solvent transition of interfacial OH− ions at a wave-length of 190 

nm [41, 42]. Petersen et al. [42] did not detect any preferential adsorption of OH− ions at the 

air/water interface. Alternatively, the OH/OD stretch vibration of OH−/OD− ions could be detected 

[43, 44]. However, the SF spectra do not change with increasing pH and do not contain any evi-

dence for the presence of interfacial hydroxyl ions [12]. Taking into account that the electrokinetic 

mobility increases drastically with pH, a charge transfer scenario is most in accord with the present 

data to explain the negative charge at the water/oil interface [12]. However, since most experi-

ments compare structures measured on planar surfaces to mobility measurements of droplets 

<100 nm, it could be a matter of comparing apples with oranges. 

But even when apples are compared to apples problems may arise. Data obtained with the 

same technique sometimes give different results: Oil/water interface SFG spectra from the Rich-

mond group show a weakening of H-bonds [45] while SFG data from the same interface taken by 

the Bakker group [46, 47] show an enhancement of H-bonds (see Figure 1.3). The results reported 

in Ref. [46, 47] show that the intensity of the broad water band increases drastically when going 

from air/D2O to the hexane/D2O or heptane/D2O interface and decreases when the temperature is 

raised. The authors suggested that the original experiments from the Richmond lab were influ-

enced by heating effects from the IR laser pulses that interact with the bulk water. This indeed oc-

curs in many surface film experiments on H2O (and in a much lesser extent on D2O) [48]. In addi-

tion, the oil film on water might be non-uniform and this may affect SFG results: The microscopy 

image of a pentane film on water [49] that shows different film thicknesses, with rafts, clefts, and air 

exposed water pockets is very insightful.  
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Figure 1.3. SFG spectra of water/hexane interface reported by 2 different groups: Bakker (red) [47] and Richmond (blue) 

[45]. The scaling of D2O to H2O wavenumbers was done using a scale factor of 1.35 [50]. The SFG spectra from the 

water/air interface using H2O and D2O from these two groups are similar. 

Another contradiction is concerning the shape and pH dependence of 

octadecyltrichlorosilane (OTS) / water interface SFG spectra measured by Tian et al. [51] and Ye 

et al. [52]. In [51] the reported spectral changes are attributed to originate from effects induced by 

the adsorption of hydroxide ions, whereas in [52] the observed spectral changes are interpreted as 

coming from the interplay of water molecules at the OTS/water interface and the water molecules 

between quartz and OTS layer . Furthermore, there is an ongoing debate in the literature concern-

ing the analysis of water/air SFG spectra with different interpretations initially proposed by Shen 

[53], Bonn [54] and Skinner [55]. In some experiments, the impurity of the interfaces [12], thermal 

effects [48] or inherent inhomogeneity or preparation of the interface [56] may alter the conclu-

sions. In addition to the large amount of the experimental work, many theoretical efforts have been 

made to describe hydrophobic phenomena, including works of Stillinger employing the concept of 

the vapor-like layer between hydrophobic surface and bulk water [57] and following papers by Pratt 

and Chandler [11, 23, 24, 58, 59]. 

Therefore, new avenues are needed to probe liquid hydrophobic interfaces. Ideally these 

methods use stable reproducible interfaces, with less sensitivity to experimental artefacts and in-

fluences. 

1.4 Nonlinear spectroscopy techniques 

1.4.1 Sum frequency and second harmonic generation 

In this thesis, we use second-order nonlinear spectroscopy to obtain molecular level information of 

the interfaces. The first second harmonic generation experiment was reported in 1961 [60] shortly 

after the invention of a ruby laser in 1960. Later the theory of the surface second harmonic genera-

tion was developed [61]. The first studies of monolayers using second harmonic generation were 
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performed in 1969 [62]. The surface sensitive sum-frequency spectroscopy was developed in 1987 

[25, 26]. We give below a brief description of second harmonic and sum frequency generation.  

The polarization P can be expanded in a power series around E = ( ( )) + ( ( )) + ( ( )) +… 

where second and higher order terms are significant if the driving electric field E is strong enough. 

Refraction, reflection, and linear scattering are driven by the first term in this series. The second 

term can be used to describe second order nonlinear effects, such as Second Harmonic Genera-

tion (SHG), Sum Frequency Generation (SFG) or Difference Frequency Generation (DFG). Figure 

1.4 shows energy diagrams for SHG and SFG processes. 

 

Figure 1.4. Energy diagram for SFG (A) and SHG (B) and the scheme of the experimental geometry for the reflection 

SFG experiment (C). 

Because of symmetry considerations, in the electric dipole approximation [29], second har-

monic light can be generated only when inversion symmetry is broken. There are two important 

consequences of this rule. First, only crystals with no inversion symmetry are used to generate 

efficiently SHG, SFG or DFG beams. Such crystals are used in optical parametric amplifiers to 

change the wavelength of the laser pulse. Second, in ideal liquids, an average inversion symmetry 

is present and no second harmonic generation can be observed. Nevertheless, at the interface of 

two centrosymmetric materials inversion symmetry is broken, thus second harmonic or sum fre-

quency light can be generated. At a planar interface, this light may be transmitted or reflected in 

the direction given by the sum of wave vectors of incoming beams (the phase matching direction).  

The polarization of the sum frequency light can be written as 

( )( + ) = ( ) ( ) ( ) 
where, generally speaking, χ(2) is the second order tensor containing 27 elements. For an isotropic 

surface, the number of non-zero components is 7 and only 4 are independent [29]. 

The second order susceptibility ( ) depends on the molecular hyperpolarizability ( ), the 

density of molecules at the interface and their orientational distribution [31]. On resonance, for the 

case of infrared-visible SFG (or vibrational sensitive SFG) the strength of the second order hy-

perpolarizability  ( ) is given by 
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( ) = ( ) + − + γ  

where the first term ( ) represents non-resonant contributions (small for dielectric interfaces not in 

electronic resonance), ,  and γ  are the sum frequency factor tensor, resonant frequency and 

damping constant of the qth molecular vibrational mode, respectively. The tensor elements of  

are related to the IR and Raman properties of the vibrational mode 

∝  

in which  and  are the partial derivatives of the Raman polarizability tensor and the IR transi-

tion dipole moment of the qth vibrational mode; and  is the normal coordinate of the same mode. 

As a result, any non-zero sum frequency vibrational mode has to be both IR and Raman active. In 

other words, the inversion symmetry has to be broken at both molecular and interfacial levels. Us-

ing different frequencies of the IR pulse and fixed frequency of the visible pulse, different vibration-

al modes can be probed. Therefore, sum frequency generation spectroscopy has chemical sensi-

tivity. In addition, with selective replacement of certain H atoms with D atoms one can choose vi-

brational mode of interest. 

The SFG or SFS experiments are performed in particular polarization combinations denot-

ed as, for example, SSP where P refers to the horizontally and S to the vertically polarized light (all 

experiments were performed in the horizontal plane). The letters are in the order of increasing 

wavelength of the beams: The first letter corresponds to the polarization of the SF beam, the sec-

ond letter corresponds to the polarization of the VIS beam and the last letter corresponds to the 

polarization of IR beam. In SH experiments there are only two beams. In this case, the first letter 

corresponds to the polarization of SH beam and second letter corresponds to the polarization of 

the incoming (fundamental) beam. The SFG response is only allowed in PPP, SSP, SPS and PSS 

polarization combinations. 

1.4.2 Sum frequency and second harmonic scattering 

In this section, we provide a brief description of SFS and SHS and discuss some advantages of the 

scattering technique, e.g. reduced sensitivity for impurities. The SFS spectroscopy was developed 

in 2003 by Roke et al. [30] and used for studies of nanoparticles [30, 63], surfactants on oil droplets 

[64, 65], and self-assembled surfactant vesicles [66]. When visible (VIS) and infrared (IR) beams 

are overlapped in a suspension or in an emulsion, a second-order polarization cannot be excited 

from the homogeneous centrosymmetric bulk. However, at the interface of the particles, centro-

symmetry is broken and the second order polarization is excited. This polarization is the source of 
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SF photons (SH photons if two beams are same). At the far field, they interfere and give rise to a 

scattering pattern. The amplitude of the sum frequency signal from a single nanoparticle is propor-

tional to the second order polarization P(2): 

( )( , + ) = Γ( )( ) ( ) ( ) 
where θ is the scattering angle with respect to the phase matching direction, and Γ( ) is the effec-

tive particle susceptibility, containing all information on the scatter and the scattering geometry. Γ( ) depends on the second order susceptibility ( ) and the scattering form factor functions [67]. 

Figure 1.5 A shows a scheme of the SFS experiment. The selection rules for small spherical parti-

cles in SFS are similar to the selection rules for planar SFG: the SFS is allowed in PPP, SSP, SPS 

and PSS polarization combinations [68]. For non-spherical particles these selection rules are not 

valid and the SFS response can be observed in all polarization combinations [69, 70]. In the small 

particle limit, SFS intensity is related to the radius of a single particle R as: ∝  

 

Figure 1.5. Scheme of the experimental geometry for the SFS (A) and SHS (B) for colloidal particles. SFS experiments 

were performed in the fixed angle geometry while SHS experiments were performed using the photomultiplier tube 

mounted on the rotation stage. 

The SF scattering pattern for emulsions with droplet radii from 100 to 200 nm has a maxi-

mum intensity for scattering angle around 55° [71]. In this work, the detector was set to this posi-

tion to measure the SFS spectra. Indeed, at low densities of particles, the SFS intensity is propor-

tional to the number of particles in the probed volume. At higher concentrations, multiple scattering 

may play a role. The optimal concentration of droplets was discussed in [72].  

Sum frequency and second harmonic generation are similar phenomena and can be de-

scribed using the same mathematical basis. The main difference is that in the SHS the incoming 

beams are degenerate. A scheme of the SHS experiment is shown in Figure 1.5 B. In a non-

resonant second harmonic generation experiment, the chemical sensitivity is less pronounced be-

cause the SHS signal depends only on the strength of the non-resonant molecular hyperpolariza-

bility, the amount of molecules and their ordering [73]. Non-resonant SHS experiments are typically 

performed with the fundamental beam wavelength of ~ 1 µm. In this case, when dipolar water is in 
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contact with the organic phase, the SHS signal originates from water molecules (see for example 

Ref. [73-75]). Organic molecules, found in the studied samples, such as alkanes, surfactants or 

phospholipids typically do not have strong molecular hyperpolarizability values, because of the 

absence of dipole moments. The concentration of these molecules is also much smaller than that 

of water.  

In this work, second harmonic scattering data were recorded at different detection angles, 

e.g. angular scattering patterns were measured. These patterns can be simulated using the 

nonlinear light scattering theory which can provide the absolute value of surface potential using 

molecular hyperpolarizabilities of water [76], dielectric constant, radii and number density of parti-

cles. The theoretical basis of SHS and SFS is described in a number of papers [30, 67, 68, 71, 73, 

77, 78]. With this technique, a very high degree of counterion condensation on charged mem-

branes in water was found [75].  

SHS and SFS can thus be used to measure the molecular interfacial structure from parti-

cles and droplets and facilitating our fundamental understanding of hydrophobicity at nanoscale. In 

addition small sample volumes (60 µL) can be used and effects of impurities can be drastically 

reduced, as explained below. 

1.4.3 Impurities at planar interfaces and in nanodroplets 

One of the main advantages of scattering techniques is that they are less sensitive to impu-

rities because of the much larger surface-to-volume ratio of nanodroplets compare with a planar 

surface [12]. Indeed, the presence of chemical impurities at the interface, caused by the inherent 

purity restrictions to available chemicals, can be a source of the signal. For example, a 1 mL 1 mM 

solution of a 99.5 % pure chemical may contain enough impurity molecules to cover 15-30 cm2 of 

surface area (assuming a worst case scenario that all impurities are surface active and that the 

molecular area is 50 -100 Å2). Typical planar or reflection mode SFG measurements have a prob-

ing area of ~1 × 10-2 mm2, and if they are performed in (e.g.) a Langmuir trough, the liquid volume 

and surface area are respectively 18 – 336 mL and 150 – 841 cm2 [79]. Under worst case scenario 

conditions the Langmuir trough surface will be fully covered with impurities. To be absolutely sure 

that impurities do not cover more than 1 % of the available surface area, chemicals with a purity of 

at least 99.9995 % are therefore needed, which are not always available. Table 1.1 summarizes 

the result of this simple computation. This restriction is much reduced in nonlinear light scattering 

experiments performed on a nanodroplet system: A nanodroplet dispersion can be prepared in-situ 

using only a small volumes of chemicals. A 4 mL 4 vol% nanodroplet dispersion of droplets with a 

radius of 100 nm contains ~12000 cm2 of surface area. For the above worst case scenario, if this 

solution contains 1 mM of a 99.5 % pure chemical, only 1 % of the available surface area can at 

most be covered with impurity molecules, even if all impurity molecules adsorb on the surface (i.e. 
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irrespective of the chemical equilibrium). Therefore, SFS (SHS) is significantly less sensitive to the 

amount of impurities than conventional SFG (SHG) using planar interfaces. 

Parameters Small Langmuir trough Nanodroplets 

Liquid Volume (mL) 

Total interfacial area (cm2) 

Droplet radius (nm) 

Volume fraction of droplets (%) 

18 

150 

- 

- 

4 

11936 

100 

1 

Purity: 
Interfacial Coverage of Impurity 

Small Langmuir trough Nanodroplets 

99.5 % 

99.95 % 

99.995 % 

99.9995 % 

> 100 % (360 %) 

36 % 

3.6 % 

0.36 % 

1 % 

0.1 % 

0.01 % 

0.001 % 

Table 1.1. Available interfacial area, volume, and maximum possible interfacial coverage for a hypothetical impurity mol-

ecule with a projected surface of 1 nm2 at the surface of a small Langmuir trough and a nanodroplet system. 
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1.5 This thesis 

The remainder of this thesis is organized as follows: 

In this thesis, in Chapter 2, we first describe methods, sum frequency and second harmonic 

scattering spectroscopy, as well as dynamic light scattering and ζ-potential measurements. Then 

we provide experimental details of SHS, SFS, and describe the designed temperature cell for the 

SFS measurements and generation of the broad-band IR pulse. We also provide some details of 

the data analysis used in the next chapters. 

In Chapter 3 we describe a way to measure the SHG and SFG data from a liquid/air inter-

face using a liquid jet. This experimental approach allows for an enhancement of the signal as well 

as minimizing heating effects and constantly refreshing the surface. 

In Chapter 4 we elucidate the interfacial water structure of water droplets dispersed in a hy-

drophobic solvent. We show that water at the surface of a nanoscale droplet is more ordered than 

at the planar interface made of the same chemicals. From a comparison of spectra of supercooled 

and frozen droplets, we conclude that this finding is specific for liquid water. 

In Chapter 5 we further continue and extend our study to the charged surface of water drop-

lets dispersed in CCl4. We determine the surface potential, ion pairing in non-ionic solvent and sur-

face structure of water. Formation of micelles at the surface of water droplets is discussed. 

In Chapter 6 we show the presence of lipid asymmetry in liposomes composed of certain 

binary mixtures of lipids and importance of water-mediated interactions for this process. We quanti-

fy lipid asymmetry and propose a possible underlying mechanism based on the H-bonding be-

tween the headgroups of the neighboring lipids. 

Finally, we conclude with the summary and outlook for future developments. Each result 

chapter of this thesis is based on a separate publication/manuscript. A detailed list of publications 

is given at the end of the thesis. 
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 Methods and experimental de-Chapter 2: 

tails 

This chapter aims at providing the reader with background information about the employed meth-

ods including sum frequency and second harmonic generation and scattering, dynamic light scat-

tering and ζ-potential measurements. The experimental details and some details of the analysis 

are given. 
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2.1 Theoretical background 

Here we briefly describe a theoretical basis of sum frequency and second harmonic generation and 

scattering spectroscopy. More details about nonlinear optics are given in the book [1] and a de-

tailed review of sum frequency generation is given in, for example, [2]. Then, we describe dynamic 

light scattering [3] and ζ-potential measurements [4] used to characterize emulsions and lipo-

somes. Finally, we provide experimental details of the used methods.  

2.1.1 Sum frequency scattering 

In this section, we describe the relation between the molecular properties (molecular hyperpolar-

izability ( )) and observed sum frequency scattering intensity, which was first reported by Roke et 

al. [5] and a more detailed description was given in [6]. The geometry and coordinate systems for 

nonlinear light scattering are shown in Figure 2.1. 

 

Figure 2.1.  A: The geometry of an SHS/SFS experiment. Incoming visible (VIS, k1) and IR (k2) beams generate SFS (k0) 

scattered light because of the presence of a non-zero surface susceptibility χ(2). The scattering wavevector q is defined 

as the difference between k0 and k1+k2. The external (x,y,z) coordinate system and surface coordinate systems (r’,θ’,φ’) 

are shown. B: Top view on the horizontal scattering plane. The scattering angle and opening angles are θ, α, and β, 

respectively. The q coordinate system is also shown. 

In an NLS experiment θ is the scattering angle, which is the angle between the k vector of the scat-

tered (detected) light (k0) and the sum of the incoming k vectors (k1+k2). The opening angles 	  and 

 are defined as shown in Figure 2.1. All angles correspond to counterclockwise rotations. In the 
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SHS experiments the geometry is the same. For collinear SHS there are two wave vectors, k1  (in-

coming along z) and outgoing k0 (same as for nonlinear scattering). Thus in this case the opening 

angles are zero (α=0 and β =0). 

The principle equations for the emitted E-field at a distance r0 from the particle and the ef-

fective susceptibility for second-order scattering in SI units are: 

( , ) = | ̂|| | ∑ Γ( ) ( )∏ ( ∙ , )                        (2.1) 

Γ( ) ( ) = ∑ χ( ) ( ) (| | − ) ∙ ∏ ( ∙ ) , (2.2) 

where and | ̂ | are unit current and distances, respectively. The coordinates ai represent the axes 

system of q/Γ(2), and ci represent the coordinates of the particle surface. For a spherical particle we 

chose spherical coordinates (r’, θ’, φ’) which have the range: = [0, ]; = [0, ]; = [0, 2 ] and = ′ ′ sin ′ ′ ′. The index l represents the polarization directions of all beams and can 

take value of P or S. The beam are indicated with the index i which numerical values 0,1,2 corre-

spond to  SFG, VIS and IR beams in case of the SFS experiment.  

The scattering wave vector q is defined as: 

q= k0 - (k1+ k2) and ( ) = | | = 2 sin	( /2) 
The out of plane scattering is described in detail in Ref. [7]. For in-plane scattering the di-

rection of the k-vectors are defined as follows: = (sin , 0, cos ) = (− sin( − ) , 0, cos( − )) = (sin( ) , 0, cos( )) + = | + |(0,0,1) 
For in-plane scattering the unit polarization vectors of the scattered and incoming beams 

are given as follows: 

, = (cos , 0, −sin ) 
, = (cos( − ) , 0, sin( − )) 

, = (cos( ) , 0, −sin( )) 
, = , = , = (0,1,0) 
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Below we continue the calculation for spherical particles. Non-spherical particles are de-

scribed in Ref. [8]. For scattering from a spherical particle, the axis system around q is a rotated 

Cartesian coordinate system. This is needed in order to evaluate the integral in (2.2) analytically. = (−sin /2 , 0, −cos( /2)) = (0,1,0) 
= (cos( /2) , 0, −sin /2) 

which is the same as (− , , ) and then rotated over an angle θ/2 

The spherical coordinate system ( , , ′) is defined with its polar axis along qz, so that we 

can write for the coordinates: = sin( ′)cos	( ′) + sin( ) sin( ) + cos	( )  

= cos( ′)cos	( ′) + cos( ) sin( ) − sin( )  

= −sin( ′) + ( )  

Then we can write Eqs. (2.1) and (2.2) as follows  

= [cos 2 cos 2 − cos 2 − + Γ( ) + cos( − + ) + cos( − ) + cos( ) ], 
= [cos 2 − Γ( )], 

= [cos 2 − + Γ( )], 
= [cos Γ( )],                                                              (2.3) 

using	 = | ̂|| |  and Γ( ) = Γ( ) − Γ∥∥( ) − Γ∥ ∥( ) − Γ ∥∥( ), Γ( ) = Γ∥∥( ), Γ( ) = Γ∥ ∥( ), and Γ( ) = Γ ∥∥( ). 
The indices ∥ and ⊥ denote parallel and perpendicular directions with respect to the relevant coor-

dinate system. In the case of scattering from a spherical particle ⊥ represents the direction parallel 

to qz ∥ and ∥’ are orthogonal to that (parallel to qx and qy). 

In the Rayleigh-Gans-Debye approximation [6] we assume that the size of particles is small and 

the difference in refractive index between the two media is negligible. In this case the transfor-

mation from χ( ) to Γ( ) is given by the matrix: 
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Γ( )Γ( )Γ( )Γ( )
= 2 − 5 0200

0020
0002

χ( )χ( )χ( )χ( )
,                              (2.4) 

where χ( ) = χ( ) − χ∥∥( ) − χ∥ ∥( ) − χ ∥∥( ) , χ( ) = χ∥∥( ) , χ( ) = χ∥ ∥( ) , and χ( ) = χ ∥∥( ) . The form factors are: 

( ) = 2 sin( )( ) − cos( )
 

( ) = 4 3 ( )( ) − 3 ( )( ) − ( )( )                                  (2.5) 

where  is the radius of the spherical particle. These equations have to be modified in the pres-

ence of an electric double layer surrounding the particle [9]. This and the case where interference 

between the interfacial responses from the inner part of the droplet and the media surrounding the 

droplet is relevant are described in Chapter 5. 

The surface susceptibility ( ) is derived from the molecular hyperpolarizability ( ) provid-

ed that the interface is azimuthally isotropic and non-chiral. We also average here over the twist 

angle (which is valid for simple symmetric molecules), the formula for a non-averaged twist angle is 

given in Section 6.2.3. The equation for ( ) can be written similarly as follows: 

χ( )χ( )χ( )χ( )
= 〈 〉 5 − 31 −1 −1 −

0200
0020

0002
β( )β( )β( )β( )

,   (2.6) 

in which β( ) = β( ) − β( ) − β( ) − β( ), β( ) = β( ) + β( ) /2, β( ) = β( ) + β( ) /2, and β( ) = β( ) + β( ) /2, using (a,b,c) as the local coordinate system of the molecule.  is the sur-

face number density of the probed chemical group. The tilt angle  is between the c axis of the 

molecule and the ^ (r’) direction of the surface. The orientation parameter D is: = 〈cos 〉 〈cos 〉⁄ . 

Thus, the combination of Eq. (2.2) – (2.6) can be used to describe the relative amplitude of the 

SFS/SHS signal which is determined by the tilt angle  and the molecular hyperpolarizability ( ).  
The tensor elements of  are related to the IR and Raman properties of the vibrational mode: 

∝                 (2.7) 
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 in which  and  are the partial derivatives of the Raman polarizability tensor and the IR tran-

sition dipole moment of the qth vibrational mode; and  is the normal coordinate of the same 

mode. The symmetry properties of hyperpolarizability tensor reduce the number of non-zero and 

independent elements. Index permutations are possible for beams that are off resonance. These 

are visible (800 nm) and SFG beams for SFS experiments and all three beams for non-resonant 

SHS. Furthermore, the number of elements can be reduced more using the spatial symmetries of a 

molecule and the selected vibrational mode. The relative values for chemical groups such as CH2 

or CH3 can be calculated using the Raman polarizability ratio [10]. These molecular groups do not 

participate in H-bonding and these values can be used in many experimental studies (for example, 

for fitting of SFG or SFS data). In contrast, for water molecules this approach does not work. Water 

molecules participate in H-bonding and thus its hyperpolarizability values are constantly changing 

in the dynamic environment of water at the surface [11]. The calculation of the hyperpolarizability 

using Eq. (2.7) is a challenging task because normal modes and vibrational levels have to be cal-

culated and then averaged over time. Typically a time-dependent approach is used to simulate 

SFG spectra and surface susceptibility is calculated directly [12]. This approach involves a lot of 

computational parameters which have to be verified using reference samples. However, differ-

ences in reported experimental data, such as the heterodyne-detected SFG spectra of water/air 

interface, limit this approach [13]. For the SHS experiments (e.g. off resonance) the values of water 

hyperpolarizability are fluctuating because of the heterogeneity of solvent fluctuations and quantum 

mechanical fluctuations [14]. 

2.1.1.1 Normalization and correction for the difference in size distribution  

In order to get a comparable value for the scattered SHS or SFS light from different samples we 

normalized measured SHS (SFS) intensity by the number of droplets (Nd) or liposomes (Nlip), ob-

tainable from the amount of lipid used and the DLS distribution and correct for the difference in the 

radius (R).  

For a monodisperse solution of droplets or liposomes that are smaller than ~200 nm in ra-

dius the total scattered signal (S) from a solution with Np particles that each scatter an intensity I(θ) 

scales as follows [15]: ( ) = 	 ( ) 	∝ ( )      (2.8) 

The factor α contains all the information about the surface response per droplet / liposome, 

independent of its size. Thus, if we want to compare the lipid or water response per droplet or lipo-

some we have to compute the following:  

6

S( )( ) ( , )norm
p

I R
N R

θα θ θ= =      (2.9) 
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which is what we have used in Chapter 6, and plot on the y-axis in Figure 6.2 A. Note that for the 

SFS data we plot the measured spectrum (ISF/IIR) and then use the procedure outlined in 6.2.3 to 

compute the average asymmetry per liposome in lipid number density using the fitted amplitudes of 

the symmetric P-O stretch and the symmetric CH3 stretch mode as input. For both the SHS and 

SFS experiments we correct for polydispersity by replacing the radius R in Eq. (2.9) with an effec-

tive radius (Reff). The procedure to calculate Reff is described below. 

2.1.1.2 Calculation of an effective radius  

Since all particles contribute in the same way to the overall intensity of any light scattering experi-

ment, we can use the DLS data to compute an effective radius that can be used for SHS and SFS 

experiments on polydisperse samples. DLS uses the temporal autocorrelation of scattered light to 

measure an intensity-weighted particle size distribution histogram. The output of such a measure-

ment is a (normalized) distribution D(R), which we will use here to correct the SHS and SFS signal 

for variations in the droplet / liposome size distribution, which affects both the scattered intensity 

per scatterer and the number of scatterers. In other words, we want to replace the total DLS inten-

sity from a polydisperse distribution ∑ ( ) by an intensity Inorm(θ,Reff) from a ‘monodisperse’ solu-

tion. The obtained effective radius can then be used to normalize the SH intensity according to Eq. 

(2.9). In this way, we exclude intensity differences based on different sample sizes and obtain the 

surface scattering contribution α(θ), which contains information about surface packing, hydration, 

and orientation of water molecules of a single scatterer. Explicitly we have from Eq. (2.9): 

    6 6

( )
( )( ) ( )

i
i

norm
p p eff

I
S I

N R N R

θ θα θ θ= = =


    (2.10) 

In the RGD limit, which is applicable here [7], the intensity of scattered light in a DLS measurement 

also scales with R6
, so that: 

 
6

6

( )( )
( )
P R RD R
P R R dR

=


      (2.11) 

The particle size distribution P(R) is a normalized probability distribution, such that ( ) 1P R dR = . 

We can calculate the particle size distribution from the DLS intensity-weighted distribution by: 

 6 6

( ) ( )( ) /D R D RP R dR
R R

=       (2.12) 

Using the particle size distribution we then calculate the effective radius for the liposomes 

using the following general expression: 
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( )
1 ( )( ( ) )
2

eff lip

P R R dR
R

P R R R d dR

 
 

=  
+ − 

 




    (2.13) 

where the denominator takes into account that with changing radius the number of lipids per lipo-

somes changes too (i.e. size and number density are related).  For nanodroplets we have the fol-

lowing expression: 

1/3
6

, 3

( )

( )eff d

P R R dR
R

P R R dR

 
 =
  




     (2.14) 

where the denominator is now representing a sphere rather than a hollow shell. 

2.1.2 Dynamic light scattering (DLS) measurements 

Dynamic light scattering (DLS) measurements [3] (also known as photon correlation spectroscopy 

or quasi-elastic light scattering measurements) were used to characterize size distribution of drop-

lets in studied samples. The sample is illuminated with the red HeNe laser (632 nm) and the scat-

tered light is detected at the back-scattering geometry (175°) with the fast photodiode. The analy-

sis of fluctuations of the intensity of the scattered light using correlation function G(τ) provides the 

value of the diffusion coefficient.  ( ) = 〈 ( ) ( + )〉 
The decay rate Γ (first cumulant) is obtained by fitting a third-order polynomial to the loga-

rithm of the intensity correlation function. Second and third cumulants give information about the 

width of the size distribution [16]. The decay rate is linearly proportional to the diffusion coefficient 

D and scattering vector q: =  

The diffusion constant is related to the particle hydrodynamic radius R by the Stokes-

Einstein formula: 

= 6  

where kB is the Boltzmann constant, T is the temperature, and η is the solvent viscosity.  
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2.1.3 ζ-potential measurements 

Charged particles or droplets dispersed in the ionic solution attract ions of opposite charge. All sur-

face charge is screened by a Stern layer and diffuse layer of ions. When a charged particle moves, 

part of solvent molecules and ions from the diffuse layer move with the particle because of the vis-

cosity of the solution. A plane dividing the volume of solvent which is firmly attached to the particle 

from that which is called the slipping plane. The electrophoretic mobility µ of particles can be ex-

perimentally measured when the particle moves with constant speed v in the uniform electric field 

E. 

=  

The speed can be measured using a technique based on the Doppler effect and called la-

ser Doppler velocimetry. The change in frequency of a back-scattered laser beam ∆f can be 

measured and related to the speed v, scattering angle θ and laser wavelength λ:  

Δ = 2 sin 2⁄
 

The relationship between the electrophoretic mobility and electrokinetic potential at the slip-

ping plane Φζ (called ζ-potential) is given using Smoluchowski approximation [4]: 

=  

where η is the viscosity of the solvent, ε is the dielectric constant of the dispersion medium, and ε0 

is the permittivity of free space. 

 

2.2 Experimental details 

In this section, we describe details of dynamic light scattering, ζ-potential, FTIR, sum frequency 

and second harmonic scattering measurements. 

2.2.1 Sample characterization 

DLS measurements were performed using Malvern zeta-sizer Nano ZS and disposable polysty-

rene or quartz cuvettes for chlorinated solvents. ζ-potential measurements were performed using 

the same device in disposable polystyrene electrophoretic cell with gold electrodes. For measure-

ments of water droplets in chlorinated solvents or in oil, we used a dip cell made from polyether 

ether ketone (PEEK) with palladium electrodes in a quartz cuvette which allows using larger E-

fields.  
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FTIR measurements were performed using a Bruker Vertex 70 spectrometer equipped with Ag 

mirrors. Spectra used for SFS normalization purposes were collected in transmission mode using 

the same cuvette as for SFS measurements (52 µL 0.2 mm light path 106-QS quartz cuvette from 

Hellma). The detachable window was replaced with 1.3 mm thick CaF2 window from CeNing Op-

tics.  

2.2.2 Temperature-dependent sum frequency scattering 

Vibrational sum frequency spectra were measured using the setup for sum frequency generation 

experiments described in Ref. [17-19]. An 800 nm regeneratively amplified Ti:sapphire system 

(Spitfire Pro, Spectra physics) seeded with an 80 MHz 800 nm oscillator (Integral 50, Femtolasers) 

was operated at a 1 kHz repetition rate to pump a commercial optical parametric generation/optical 

parametric amplification/difference frequency generation (OPG/OPA/DFG) system (HE-TOPAS-C, 

Light Conversion), which was used to generate IR pulses. The visible beam was split off directly 

from the amplifier and spectrally shaped with a home-built pulse shaper. The angle between the 

10 μJ visible (VIS) beam (800 nm, FWHM <15 cm-1) and the 6 μJ IR beam (~9400 nm or 3200-

5000 nm, FWHM ~160 cm-1) was 20° as measured in air. The focused laser beams were over-

lapped in a sample cuvette with a path length of 200 µm. The size of the focus of IR beam is 

~70 µm and of VIS beam is ~150 µm. At a scattering angle of 55°, the scattered SF light was colli-

mated using a plano-convex lens (f=15 mm, Thorlabs LA1540-B) and passed through two short 

wave pass filters (3rd Millenium, 3RD770SP). The SF light was spectrally dispersed with a mono-

chromator (Acton, SpectraPro 2300i) and detected with an intensified CCD camera (Princeton In-

struments, PI-Max3) using a gate width of 10 ns. A Glan-Taylor prism (Thorlabs, GT15-B), a half-

wave plate (EKSMA, 460-4215) and a polarizing beam splitter cube (CVI, PBS-800-050) and two 

BaF2 wire grid polarizers (Thorlabs, WP25H-B) were used to control the polarization of the SFG, 

VIS, and IR beams, respectively. The recorded intensity was baseline subtracted and normalized 

to the SFG spectrum of a gold mirror (z-cut quartz) in PPP (SSP) polarization that was recorded 

before each measurement. Typical acquisition times are given in Table 2.1 and the setup is 

sketched in Figure 2.2. 

Type of samples Vibrational region Acquisition time, min 

Water droplets OD-stretch and CH-stretch 90 

Planar CaF2/SDS/D2O interface OD-stretch and CH-stretch 25 

Water droplets, oil droplets CH-stretch 3 

Liposomes PO2
--stretch 10-20 

Liposomes CH-stretch 40 

Oil droplets stabilized with lipids PO2
--stretch 3 

Table 2.1. Typical acquisition times for SFS measurements of different samples described in the thesis. 
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Figure 2.2. Scheme of the SFS setup (not to scale). The setup consists of a Ti:Sa oscillator, two stage amplifier which is 

pumped with 2 Nd:YAG lasers, and a commercial OPG/OPA/DFG system (HE-TOPAS-C). The 800 nm beam that exits 

the laser is split, then stretched in time in the pulse shaper and then overlapped with IR beam in time and space in the 

sample using a delay stage. The scattered light from the sample is collimated, polarization selected, filtered, and guided 

to the intensified CCD camera. 

Temperature controlled SFS measurements were performed using a custom made sample 

cell (Quantum Northwest, Figure 2.3). The sample cuvette was placed in a metallic holder cooled 

with a single Peltier element. The sample chamber was closed and filled with N2 gas to avoid con-

densation of air. The windows of the temperature cell were made from CaF2 (for the incoming 

beams) and quartz (for the scattered SF beam). The temperature cell itself was thermally isolated 

and also placed inside a box purged with N2 gas. The hot side of the Peltier element was cooled 

with a flow of cold liquid ethanol (223 K, using a peristaltic pump, Ismatec ISM1200). The cold eth-

anol was obtained by cooling ethanol inside a copper coil that was placed in a bath containing a 

mixture of dry ice and ethanol. The IR beam path outside the laser source was purged with N2 gas. 

The setup in working condition is shown in Figure 2.4. 

 

Figure 2.3. Illustration of the temperature cell used in the SFS experiments. The yellow beam indicates the IR pulses, the 

red beam indicates the VIS pulses and the blue line indicates the scattered SF light. 
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Figure 2.4. A photo of the temperature cell inside the setup. The cell is wrapped in polyurethane foam. The hot side of 

the Peltier element in the temperature cell is cooled with the flow of cold ethanol which is passing through a copper tube, 

that is placed in an ethanol-dry ice cooling bath. The setup is purged with N2 to avoid absorption of the IR pulses by CO2 

and condensation of water or ice on the cold surfaces. The saturation of the box with N2 is controlled with a humidity 

meter and the thermocouple measures the temperature of the cooling bath. 

2.2.3 Generation of broad spectral IR pulses 

In order to probe the whole frequency range of the D2O stretch mode region, we stepped our 160 

cm-1 FWHM IR pulses through the spectral window between 2000 cm-1 and 3400 cm-1 using 50 nm 

steps by automatically adjusting the HE-TOPAS-C options (leading to a total acquisition time of 

5400 s per spectrum). Figure 2.5A shows SF spectra for the different IR center frequencies rec-

orded in reflection mode from a z-cut quartz crystal. The summed spectrum for one of the runs is 

shown in Figure 2.5B. The SFS (or reflection SFG) data is recorded at these wavelengths, then 

each of these spectra is baseline subtracted, and then all of them are added up and divided by the 

spectrum of quartz. The reflection SFG spectrum for a planar D2O/CaF2 interface with 10 mM SDS 

in shown in Figure 2.6 and has good agreement with the literature [20]: all peaks from strongly H-

bonded water (2370 cm-1) to weakly H-bonded water (2520 cm-1), free OD (2740 cm-1) and CH 

modes (2800-3000 cm-1) are present. 
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Figure 2.5. IR spectra. A: SFG reflection mode spectra from a z-cut quartz crystal reflecting the spectral shape of the 

used IR pulses. B: The total IR spectrum resulting from the scan in panel A. 

 

Figure 2.6. Reflection SFG spectrum from a planar CaF2/10 mM SDS/D2O interface measured in SSP polarization com-

bination. The peak assignment is given in the figure. 

2.2.4 Fitting of sum frequency spectra 

The SFS signal intensity ( , ) can be described by the following Lorentzian line shape ex-

pression [21]:  

                                         ( , ) ∝ ( ) ( ) + ∑ ( )
,   (2.15) 
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where ( ) is the amplitude and ( ) is the spectral shape of a weakly dispersive (‘non-

resonant’) background,  is the phase of the background signal relative to that of the resonant 

signal, ( ) is the amplitude of the th vibrational mode with the resonance frequency  and lin-

ewidth . The strength of the vibrational mode is proportional to  ( = ). The SFS spectra 

(ISFS/IIR) were fitted using Eq. (2.15), employing IGOR Pro 6 (WaveMetrics) and using Levenberg-

Marquardt iterations. The SFS spectra that do not show any detectable features are fitted with a 

3rd order polynomial.  

2.2.5 Second harmonic scattering 

Second harmonic scattering measurements were performed, as previously described in detail [22], 

using 190 fs laser pulses at 1028 nm with a 200 kHz repetition rate (Pharos, Light Conversion). 

The input polarization is controlled by a Glan-Taylor polarizer (GT10-B, Thorlabs) and a zero-order 

half wave plate (WPH05M-1030). The filtered (FEL0750, Thorlabs) input pulses with a pulse ener-

gy of 0.3 μJ (incident laser power P = 60 mW) were focused into a cylindrical glass sample cell (4.2 

mm inner diameter) with a beam waist diameter of ~32 μm and a Rayleigh length of 3.2 mm. The 

scattered SH light was collected and collimated with a plano-convex lens (f = 5 cm), polarization 

analyzed (GT10-A, Thorlabs), filtered, (ET525/50, Chroma) and finally focused into a gated photo-

multiplier tube (PMT H7421-40, Hamamatsu). Data points for scattering patterns were acquired in 

steps of 5° from -90° to 90° and an acceptance angle of 3.4°. Typically, measurements settings 

were 20 x 2 s acquisition time and a gate width of 10 ns. To correct for incoherent hyper Rayleigh 

scattering (HRS) from the aqueous phase, both the SHS response from the sample solution and 

the HRS response from the solution without particles are detected under the same conditions. The 

HRS is then subtracted from the SHS. The obtained difference is then normalized to the isotropic 

SSS signal of pure water so that we correct for any form of aberration due to differences in the 

beam profile and obtain a value that can be compared to any other measurement done in the same 

procedure.  
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θ
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    (2.16) 

Figure 2.7 shows the scheme of the second harmonic scattering setup. 
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Figure 2.7. The scheme of SHS setup. The focused polarized laser beam illuminates the sample in the cylindrical cu-

vette. The scattered SH light is detected with the PMT mounted on the rotation stage, after passing through the SHG 

filter and the polarization analyzer. 

The reproducibility of the SHS measurements is 1-2 % (for aqueous solutions) and 5-6 % 

for the used liposome and droplet solutions. The latter number reflects the uncertainty in the repro-

ducibility of the preparation of the samples. All measurements were performed at 25°C. 
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 Sum frequency and second har-Chapter 3: 

monic generation from the surface of a liq-

uid microjet 

The use of a liquid microjet as a possible source of interest for Second Harmonic Generation 

(SHG) and Sum Frequency Generation (SFG) spectroscopy is examined. We measured non-

resonant SHG scattering patterns from the air/water interface of a microjet of pure water and ob-

serve a strong enhancement of the SHG signal for certain scattering angles. These enhancements 

can be explained by the optical properties and the shape of the liquid microjet. SFG experiments at 

the surface of a liquid microjet of ethanol in air show that it is also possible to measure the coher-

ent vibrational SFG spectrum of the ethanol/air interface in this way. Our findings are useful for 

future far-UV or X-ray based nonlinear optical surface experiments on liquid jets. In addition, com-

bined X-ray photoelectron spectroscopy, and SHG/SFG measurements are feasible, which will be 

very useful in improving our understanding of the molecular foundations of electrostatic and chemi-

cal surface properties and phenomena. 

 

This chapter is based on the paper by Nikolay Smolentsev, Yixing Chen, Kailash C. Jena, Matthew 

A. Brown, and Sylvie Roke “Sum frequency and second harmonic generation from the surface of a 

liquid microjet” published in the Journal of Chemical Physics, 2014, 141 (18), p. 18C524 
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3.1 Introduction 

Liquid and aqueous interfaces in particular are intimately connected to many biological, chemical 

and physical processes, such as protein folding and aggregation [1, 2], biological membrane for-

mation [3, 4], catalysis [5, 6], emulsion and aerosol processing [7, 8]. Knowledge of the molecular 

surface structure is crucial for the understanding of these processes. Molecular level information of 

an interface can be obtained by using nonlinear surface spectroscopy. The two most common 

methods are Second Harmonic Generation (SHG) and Sum Frequency Generation (SFG) that 

were first applied to probing surfaces in 1969 by Brown and Matsuoka [9] and in 1987 by Guyot-

Sionnest et al [10, 11], and Harris et al. [12], respectively. In a surface SHG or SFG experiment 

two intense electromagnetic fields from a pulsed laser source (two beams with identical, often 

near-infrared or visible frequency (SHG) or an infrared and visible pulse pair (SFG)) are reflected 

from an interface, where they induce a second-order polarization that oscillates at the second har-

monic or sum frequency. The magnitude and spectral shape are determined by the second-order 

susceptibility tensor (χ(2)) of the material, which represents an averaged response of all molecular 

responses. Since χ(2) is a physical property of the material, it must also reflect the spatial symmetry 

properties of that material (Neumann's principle). As a consequence, (in the electric-dipole approx-

imation) χ(2) vanishes in centrosymmetric bulk media [13]. This means that SHG and SFG can of-

ten be applied as surface sensitive techniques, with which only the first few molecular layers situ-

ated at the interface are probed. Vibrationally resonant SFG can be used to measure the coherent 

vibrational surface spectrum from the interface, which contains information about molecular com-

position, order, and chirality. Since the initial experiments, thousands of studies have been per-

formed to elucidate the molecular complexity of a large variety of interfaces (reviewed in e.g. [14-

27]). The most commonly employed geometry is the reflection geometry from a planar interface, 

but other geometries are also used. Scattering SHG or SFG, for example, can be used to probe 

the interfaces of micron and nanometer sized particles and droplets [28, 29]. Such a geometry, 

aside from allowing access to the interface of small particles in a buried liquid or solid media, also 

has advantages in decreasing the inherent challenges that are caused by chemical contamina-

tions, which are present in every sample [30]. Scattering experiments thus form an attractive alter-

native for studying liquid/liquid interfaces [31]. Liquid jets are another alternative for reducing impu-

rity induced artifacts [32, 33], as the interface is continuously refreshed, or avoiding the use of win-

dows [34-36] when the optical excitation demands such applications. Heating effects are also elim-

inated in the liquid jet, and it allows to study kinetics at interfaces [37-39]. Liquid jets are mostly 

used in X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy experiments 

[40-44], but have been used as well in kinetic resonant second harmonic experiments [37]. Recent-

ly, a microflow system based on a liquid microjet combined with a fluorescence microscope was 

employed to study interfacial reactions [38, 39]. Cooling and freezing of bulk water in droplets have 
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been studied using femtosecond X-ray spectroscopy on a liquid microjet [45]. Liquid microjets can 

also be used to study adsorption kinetics of surfactants on millisecond and submillisecond 

timescales [46-49] which is important for stabilizing foams, spreading of droplets on solid surfaces, 

inkjet printing, the coalescence of droplets and the breakup of jets. Furthermore, recent studies 

show that the ordering of water molecules can be different with flow and without flow [50].  

Here, we explore the use of a liquid jet to perform non-resonant elastic second harmonic 

generation and vibrationally resonant sum frequency generation. We measure non-resonant SHG 

scattering patterns from the air/water interface of a microjet of pure water and observe a strong 

enhancement of the SHG signal for certain scattering angles. This enhancement can be explained 

by the optical properties and shape of the liquid microjet. SFG experiments at the surface of a liq-

uid microjet of ethanol in air show that it is also possible to measure the coherent vibrational SFG 

spectrum of the ethanol/air interface. Based on our experiments, it should be possible in the future 

to use liquid jets to perform far-UV or X-ray based surface experiments employing SHG and SFG. 

In addition, combined X-ray photoelectron spectroscopy and SHG/SFG measurements are feasi-

ble, which will be very useful in improving our understanding of the molecular foundations of elec-

trostatic and chemical surface properties and phenomena [51]. In what follows, we first describe 

experimental details of the jet and the optical setups. Then we present SHG angular patterns from 

the liquid microjet and investigate the optical properties of the scattering geometry with ray optics. 

Finally, we present the results of the SFG experiments that were performed on a liquid microjet of 

ethanol. 

3.2 Experimental procedures 

We used the liquid microjet setup described in Ref. [52, 53]. Briefly, this liquid jet source consists of 

an HPLC pump operating with a flow rate of 0.4 ml/min that is connected to a quartz nozzle (Micro-

liquids GmbH) with an inner diameter of 35 μm. Pure water or ethanol was continuously pumped 

through an injection loop made of perfluoroalkoxyalkane (PFA) that is connected to a 2 μm inline 

PEEK filter that connects to the nozzle. The nozzle was mounted using a 3D translation stage 

(SmarAct piezo motors), such that the jet flow was vertical. The liquid flow is stable in air and re-

mains intact for at least 2 mm downstream after exiting the nozzle. The jet eventually breaks up 

due to Rayleigh instabilities to yield aerosols. Consequently, the first 2 mm of the liquid flow is opti-

cally transparent (corresponding to laminar flow). Figure 3.1A shows a photograph of the liquid jet 

in operation.  
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Figure 3.1: Illustration of the experiments A: Photograph of the liquid microjet in operation next to the collecting lens of 

the SFG setup. The microjet is illuminated by a red diode laser at the boundary between the laminar flow (top, transpar-

ent) and turbulent (bottom, white) sections of the liquid microjet. B: Schematic layout of the horizontal plane of the SHG 

experiment. C: Schematic layout of the horizontal plane of the SFG experiment.  

The system used for non-resonant SHG is described in detail in the Section 2.2.5. Figure 

3.1B shows a sketch of the setup. The gate width of the PMT was set to 10 ns, the acquisition time 

was 1.5 seconds and 20 acquisitions were averaged for each data point. The scattered SHG signal 

was measured with angular steps of 5° and an angular resolution of 3.5°.  

Broad-band vibrational sum frequency spectra were measured using the setup for sum fre-

quency generation experiments described in the Section 2.2.2. The angle between the 10 μJ visi-

ble (VIS) beam (800 nm, FWHM 15 cm-1) and the 10 μJ IR beam (3200 nm, FWHM 163 cm-1) was 

20°. The SFG signal was detected at 45° with respect to the IR beam (see Figure 3.1 C for a 

sketch). The angular resolution was 22°. The SFG and VIS beams were polarized in the vertical 

(S) direction, and the IR beam was polarized in the horizontal plane (P), leading to the polarization 

combination SSP. The recorded intensity was baseline subtracted and normalized by the SFG 

spectrum of a z-cut quartz crystal that was recorded before each measurement. 

Ethanol (99.9 %) was purchased from Sigma-Aldrich. Ultra-purified, filtered and UV treated 

H2O with an electrical resistance of at least 18.2 MΩ⋅cm was obtained from a Milli-Q direct-Q-3UV 

system (Millipore, Inc.). For a typical measurement ~10 mL of liquid was needed. 

3.3 Results and discussion 

We investigate the use of a liquid jet by measuring angular SHS intensity patterns in multiple polar-

ization combinations, and for different incident powers. SHS can originate from bulk water in the 

form of hyper Rayleigh scattering (HRS) as well as from the air/water interface. HRS is a weak 

incoherent SHG process that originates from the electronic non-centrosymmetry of isotropic liquid 

molecules [54, 55]. The HRS intensity in the polarization combination SS is the largest (approxi-
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mately 8 x larger than the intensity in the combination PP) and the angular intensity is uniform [56]. 

In contrast, non-resonant SHG signal that is reflected from a water/air interface is strongly peaked 

around the phase-matched direction and is emitted preferentially in the PP polarization combina-

tion. Both HRS and surface SHG processes are characterized by a quadratic dependence on 

power of the incoming beam. 

3.3.1 The liquid jet as a micro-lens 

Figure 3.2A shows typical SHG scattering patterns in PP and SS polarization combinations from a 

water jet. The PP signal displays two sharp peaks at ~35° on top of two broader less intense 

peaks. The SS signal is also shown, which does not display much intensity. The shape of the pat-

tern was the same for the laminar and the turbulent parts of the liquid jet. It can be seen that the 

PP signal is 20 x more intense than the SS signal. In addition, the maximum intensity of the PP 

SHG signal from the liquid jet is 15 x larger than hyper-Rayleigh scattering in SS polarization from 

bulk water in a cuvette [57]. Given the difference between surface SHG and HRS, it is thus likely 

that the signal originates from the air/water interface and not from the bulk water. It is of further 

interest to note that the signal at 35° is ~ 50 x larger than the signal in the direction of the sum of 

the incoming wave vectors (phase matched direction, without refraction in the jet). In what follows 

we explain this behavior. For understanding the scattering pattern we use a simplified approach 

based on ray optics and Gaussian beam optics. We use Mie theory to qualitatively confirm our find-

ings. 

To explain the observed angular intensity pattern and to arrive at a reasonable estimate of 

the found curve, we first consider the intensity characteristics of the fundamental beam with ray 

optics [45] and Mie scattering [58], and subsequently consider the resulting SH emission. A central 

parameter in ray optics is the distance of a ray that enters or exits the jet with respect to the optical 

axis (in the horizontal plane and perpendicular to the optical axis). We assign this parameter with x 

for the entering beam and y for the emitted beam (see Figure 3.2B). The jet can be modeled as a 

water cylinder with radius r and refractive index n. The relationship between x and y is given by: 

= sin 2 arcsin − arcsin .    (3.1) 

The emission or scattering angle θ is given by: 

= 2(arcsin − arcsin ).     (3.2) 

The intensity of the fundamental beam  at the back side of the cylinder can be expressed as a 

function of the incoming intensity:  
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= ( ) .      (3.3) 

It can be shown that this function goes to infinity at a scattering angle of θ=39.2°, which 

means that there will be strong focusing effect at the back of the cylinder. This angle agrees well 

with the maximum angle in Figure 3.2A. Our data, however, is not very sharply peaked as the 

above consideration suggests. Since the size of the ‘focus’ at 39.2° is limited by diffraction effects it 

cannot be smaller than the fundamental wavelength (1.028 µm) so that the peaks in the angular 

pattern will be broadened. The actual size of the focus of the fundamental beam can be estimated 

more accurately by using linear Mie scattering theory. Figure 3.2B shows the calculated E-field 

distribution for a plane wave of 1028 nm illuminating a water (n=1.33) cylinder with a 35 µm diame-

ter [58]. 

 

 

Figure 3.2. Second harmonic generation from a water jet. A: Scattering pattern from the laminar part of the liquid water 

jet. The polarization combinations were PP (red curve) and SS (blue curve). The dashed lines indicate the angles at 

which the power dependence measurements of Figure 3.3 were performed. The black solid line shows two Gaussian 

peaks with an angular FWHM width of 18.2° centered at 39.2°, which represents the result of the considerations de-

scribed in the text. B: Linear Mie calculation electric field amplitude of the fundamental beam in P-polarization for a pla-
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nar wave scattered from a cylinder of water. The drawing shows a scheme of refraction of one ray at the front and back 

side of the liquid jet.  

At the back surface of the jet, the focused beam generates second harmonic photons in ei-

ther reflection or transmission mode. Only the transmitted part reaches the detector. The reflected 

SHG light travels back through the liquid and then exits the jet in the direction of the incoming fun-

damental beam. The intensity of the transmitted second harmonic radiation can be written as: ∝ ( )      (3.4)  

where ( )  is the second-order susceptibility, which represents the response of the surface. For 

the polarization combination SS, the signal only relies on the ( )  elements (with x’,y’,z’ defined 

as a coordinate system with z’ along the radially directed surface normal and x’ along the azimuthal 

angle and y’ along the length of the cylinder). Since this element vanishes for isotropic surfaces 

[27], Eq. (3.4) leads to = 0 for SS polarization. For the polarization combination PP, SHG sig-

nal arises from the elements ( ) ;	 ( ) = ( ) ;	 ( ) = ( ) ;	 ( ) = ( ) 	 which are 

non-zero. 

Assuming that the beams are Gaussian in shape, the broadening of the peaks in the angu-

lar pattern can be estimated. The divergence ∆θ of the Gaussian SHG beam is given by Δθ =  

=18.2° where b is half the beam waist, i.e. 2b=1.028 µm, and λ is the SH wavelength (514 nm). 

This estimated size of the area of the generated SH light is in agreement with theoretical values 

[59]. A normalized representation of   that consists of two Gaussian peaks centered around 

39.2° and with a FWHM width of 18.2° is plotted in Figure 3.2A. This curve can be seen to capture 

the essentials of the observed PP scattering pattern. Thus, the angular pattern can be explained by 

focusing of the incoming beam on the backside of the liquid jet in combination with subsequent 

surface second harmonic generation in transmission from the air/water interface. We note that this 

model is valid when the jet size (35 µm) is smaller or comparable with the fundamental beam waist 

(35 µm) and it is much larger than the wavelength (1.030 µm). Nonlinear Mie scattering theory can 

provide a more rigorous description of the angular pattern [60]. 

In Figure 3.2A the SH intensity at θ = 40° is much larger than the intensity that appears at θ 

= 0°, i.e. the phase matching direction (without refraction in the jet). We can now see that this is 

caused by the focusing properties of the liquid jet that depend only on the wavelength, the shape of 

the jet and the refractive index of the liquid. With such high intensities being generated at the 

backside of the liquid jet, it is valid to investigate to what extent this high intensity is damaging the 

material or altering its response. We have therefore measured the SHG response at two different 
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scattering angles as a function of increasing incident pulse power. If there are no higher order ef-

fects or thermal lensing [61] we expect that the intensity scales quadratically with the incident pow-

er (P). Figure 3.3 displays the emitted SHG intensity for two different scattering angles that are 

highlighted with dashed lines in Figure 3.2 A (θ=15° and θ=35°) versus power of the incoming 

beam. The solid lines are fits to a quadratic power dependence. Since the data can be described 

well by a quadratic dependence, we conclude that there is little influence of the higher order pro-

cesses on the signal. An explanation for this observation can be found by considering the beam 

size and the flow speed of the jet: The jet flows with 7 m/s (or 35 μm for every 5 μs, which is the 

interval between the laser pulses). Thus, for every new pulse (with a 35 μm beam waist at the front 

plane, and a focus of 2 μm in horizontal and 35 μm in the vertical direction) at the back plane) the 

interface is continuously refreshed. Thus, there is no sign of photodamage or changes in surface 

structure due to laser induced heating [62] and one can use almost unlimited laser power.  

 

Figure 3.3. Power dependence of the SHG intensity (data points) from the liquid jet of water for different scattering 

angles:  θ = 15° (A) and, θ = 35° (B). The iris size was 3 mm, corresponding to 3.5° angular resolution. The solid black 

line is a quadratic fit. The power was measured just before the beam hits the jet.  

3.3.2 SFG from a jet of ethanol 

To test whether the observed intensity increase and angular dependence can also be exploited 

with sum frequency generation, we have performed an SFG experiment using a liquid microjet of 

ethanol (C2H5OH). Ethanol is an ideal reference solution because of its well-established spectral 

resonance in the 3 micron region of the IR spectrum, which was used in these experiments [63]. 

The experiment was performed in the geometry sketched in Figure 3.1 C. Figure 3.4 shows the 

SFG spectra recorded in the polarization combination SSP, and acquired with an integration time 
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of 900 s. The spectrum displays three resonances: The CH3 Fermi resonance at 2940 cm-1, the 

CH3 symmetric stretch mode at 2875 cm-1, and the CH2 symmetric stretch mode at 2850 cm-1. 

These resonances were also observed in SFG experiments from a planar ethanol/air interface [63]. 

Compared to Refs. [63, 64], the spectrum in Figure 3.4 has a larger symmetric CH2 peak stretch 

mode. The difference can be explained either by slight differences in the chemical surface struc-

ture or by the difference in spectral resolution. As with the SHG experiments, no signal was rec-

orded in the forward direction. Compared to the SHG data in Figure 3.2 it does appear that the 

comparative enhancement of the signal is smaller for the SFG experiment. This can be explained 

by the difference in the wavelength of the two incoming beams: The 800 nm beam has a much 

narrower focus at the back plane of the jet (~1 μm) than the IR beam (~3 μm). This could in princi-

ple be improved by reshaping the beam size of the visible and IR beams so that they have the 

same size at the back plane of the jet. Nevertheless, Figure 3.4 does show that it is possible to 

perform SFG experiments from the surface of a liquid jet. This opens up the possibility to incorpo-

rate liquid jets in X-ray or UV resonant SFG experiments that require a vacuum environment. It 

also means that comparative measurements can be performed with both XPS [51] and SHG or 

SFG, which will be beneficial in understanding the complex chemical nature of liquid interfaces. 

 

Figure 3.4. SFG spectrum from the ethanol/air interface of a 35 μm liquid jet. The spectrum was averaged for 15 minutes 

using SSP polarization combinations. 

One possible application of SHG/SFG on a liquid microjet is to study the kinetics of adsorp-

tion on a gas/liquid interface, similar to studies with an overflowing cylinder [46-49]. Measurements 

on different vertical positions can be used here but are limited by the stability of the laminar part of 

the microjet. To estimate the time resolution and duration of such a kinetic experiment we need to 

consider the length of the laminar part, the flow speed, and the beam size. The flow speed in our 

setup was 7 m/s (but can be increased up to 70 m/s). The laminar height is approximately 2 mm, 

which results in a time window of 28-280 μs for the flow speed range 7-70 m/s. The size of focus is 
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35 μm in diameter, which means we can probe time intervals of ∆t=0.5-5 μs for 70 or 7 m/s respec-

tively.  

3.4 Conclusions 

SFG and non-resonant SHG experiments were performed from the surface of a liquid microjet. We 

have measured non-resonant SHG scattering patterns from a water microjet and observe a strong 

enhancement of the SHG signal for certain scattering angles. We explain the enhancement by in-

serting the optical properties and shape of the liquid microjet in a ray optics computation that 

shows the fundamental beam is focused on the back side of the liquid jet (in the case that the jet 

and the beam have comparable dimensions). The resultant focused optical field produces SHG 

signal from the air/water surface that is peaked at an angle of ~ 40o with respect to the optical axis.  

A polarization analysis shows that there is a negligible contribution of bulk processes. The power 

dependence shows that even up to very high laser powers the process remains second-order in 

nature, which is undoubtedly caused by the high refreshment rate of the jet surface. SFG experi-

ments from the surface of a liquid microjet of ethanol in air show that it is also possible to measure 

the coherent vibrational spectrum of the ethanol/air interface in this way. In the future, it should be 

possible to use liquid jets to perform far-UV or X-ray based nonlinear optical surface experiments 

[65]. In addition, combined XPS/SHG/SFG measurements are feasible which will be very useful in 

understanding molecular foundations of electrostatic and chemical surface properties and phe-

nomena. 
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 The interfacial structure of water Chapter 4: 

droplets in a hydrophobic liquid 

Nanoscopic and microscopic water droplets and ice crystals embedded in liquid hydrophobic sur-

roundings are key components of aerosols, rocks, oil fields and the human body. The chemical 

properties of such droplets critically depend on the interfacial structure of the water droplet. We 

report the surface structure of 200 nm sized water droplets in mixtures of hydrophobic oils and sur-

factants as obtained from vibrational sum frequency scattering measurements. The interface of a 

water droplet shows significantly stronger H-bonds than the air/water or hexane/water interface 

and previously reported planar liquid hydrophobic/water interfaces at room temperature. The ob-

served spectral difference is similar to that of a planar air/water surface at a temperature that is 

~50 K lower. Supercooling the droplets to 263 K does not change the surface structure. Below the 

homogeneous ice nucleation temperature a single vibrational mode is present with a similar mean 

H-bond strength as for a planar ice/air interface. 

 

This chapter is based on the paper by Nikolay Smolentsev, Wilbert Smit, Huib Bakker, and Sylvie 

Roke “The interfacial structure of water droplets in a hydrophobic liquid” published in Nature 

Communications, 2017, 8, 15548. 

  



Chapter 4:  The interfacial structure of water droplets in a hydrophobic liquid  

54 
 

4.1 Introduction 

Aqueous hydrophobic interfaces play a defining role on nano- and microscopic length scales. 

Pockets and droplets of water in a hydrophobic environment are omnipresent in the atmosphere 

(as ice particles and cloud droplets [1]),  the earth [2, 3] (in oil fields and inside internal pores of 

many geological materials), and in chemical [4, 5] and biological processes [6-8] (as vehicles for 

medicine delivery [9]). For all of these processes the nanoscopic water droplet/hydrophobic inter-

face plays a critical role in determining the fate of the system. The reactivity of confined water is 

crucial for atmospheric science [1], earth science [3] and biology [10]. The molecular surface prop-

erties of water droplets are commonly inferred from data obtained from the macroscopic air/water 

interface [11-16] or from aqueous solutions of solvated hydrophobes [17], systems that are very 

different in both their size, chemical composition and temperature dependence from actual droplet 

surfaces. As such, the surface structure and reactivity of water droplets and confined water re-

mains elusive, despite its relevance.  

Here, we present temperature controlled sum frequency scattering experiments on nano-

scopic water droplets in a liquid hydrophobic environment. We find that compared to planar wa-

ter/air or water/hexane interfaces the spectrum reveals a greater order corresponding to that of a 

planar water surface at a ~50 K or 40 K lower temperature. This increase in order is explained by 

the formation of an extended hydrophobic network, which does not exist on planar interfaces and 

in solution. In addition, upon supercooling the droplets, the surface spectrum does not change 

shape. Cooling the water droplets below the homogeneous ice nucleation temperature results in a 

spectrum with a single symmetric peak that is similar to the one found for the basal ice/air inter-

face.  

4.2 Methods 

Chemicals. Prior to use all glassware was cleaned with a 1:3 H2O2:H2SO4 solution, after which it 

was thoroughly rinsed with ultra-pure water (H2O, Milli-Q UF plus, Millipore, Inc., electrical re-

sistance of 18.2 MΩ cm). Hexadecane (Fluka, 99.8%), decane (Fluka, 99.8%), cyclohexane (Sig-

ma, >99.7%), Span80 (Sigma, GC quality), Tween80 (Sigma, GC quality), sodium dodecyl sulfate, 

SDS (99% BioMol), d34-hexadecane (C16D34, 98% d, Cambridge Isotope Laboratories), fluorinated 

oil (Novec HFE7500, 3-Ethoxy-dodecafluor-2-trifluormethyl-hexan), sulfuric acid (95-97%, ISO, 

Merck), H2O2 (30%, Reactolab SA) were used as received. The purity of alkanes was verified with 

a Zisman test [18, 19]. All samples for SFS measurements were prepared using D2O (99.8% 

Armar, >2 MΩ cm). The D2O for the water/air SFG experiment is obtained from Cambridge Isotope 

Laboratories (99.9%). 
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Water nanodroplets were prepared using a sonication procedure with 1 v.v.% D2O in oil 

concentration and 5 mM Span80 (or Span80:Tween80 mixture), according to the procedure de-

scribed in Ref. [20]. For some samples 10 mM SDS was added to the water phase before the 

emulsification. For all samples the droplets have a mean diameter of ∼200 nm with a polydispersity 

index (PDI) of ∼0.2.  

Monocrystalline ice was grown following the manual of Basu et al.[21]. Five pieces of a 

PVC pipe with small notches at the bottom were placed in an aluminum pan which was chilled from 

underneath with a cooling liquid. Millipore water (18.2 MΩ cm) was degassed and added until the 

bottoms of the molds were covered. The temperature in the pan was set to -0.5°C and after equili-

bration ice nucleation was initiated by adding a small piece of ice to the middle of the pan. The 

small notches at the bottom of each PVC mold allow only one ice crystal to propagate through, 

resulting in a single ice crystal in each mold. For three subsequent days, 1 cm water was added to 

each mold and the temperature was lowered by 0.3°C. At day four, the ice was pushed outside of 

the pipe pieces and stored in a freezer, where all further handling was done. The crystal orientation 

was determined using a Rigsby-type universal stage [22] and cut to the basal plane with a band 

saw. The ice surface was polished by a microtome and a 4 mm thick slice was cut off for the exper-

iment.  

Vibrational sum frequency reflection mode spectra were recorded in the SSP polariza-

tion combination using the experimental setup described in Ref. [23]. The setup was purged with 

N2 gas. The VIS beam with a pulse energy of 14 µJ was centered at 798.6 nm with a FWHM 

bandwidth of 13 cm-1. The D2O/air measurements were performed with the 10 µJ 300 cm-1 FWHM 

IR beam centered at a wavelength of 4 µm. The procedure for measuring hexane/water is given in 

Ref [23]. To measure the water/Span80 interface 0.16 µM Span80 was dissolved in 0.1 mL hexane 

and added to liquid D2O. Subsequently, the hexane was evaporated off. The diameter of the teflon 

tray for this experiment was 3.5 cm. The basal ice/air measurements were performed with a 3 µJ 

550 cm-1 FWHM IR beam centered at 3 µm. The angles of incidence with respect to the surface 

normal were 35° (VIS) and 40° (IR). The D2O/air and basal ice spectra were recorded with acquisi-

tion times of 30 s and 300 s respectively. The spectral intensities were baseline subtracted and 

normalized with the IR and VIS pulse energies, and the (normalized) SFG spectrum recorded from 

z-cut quartz. 

The ice measurements were performed using a temperature cell that was cooled with liq-

uid N2 and equipped with a CaF2 window. The temperature was monitored by a thermocouple 

welded on the edge of the ice surface with a drop of water and the desired temperature was set by 

a heating foil resistance, covered by a copper plate. 
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Spectral shape and IR absorption. The scattered SF spectra recorded from the water 

droplets were baseline subtracted and summed to obtain the spectral intensity for the entire spec-

tral region of the OD stretching mode. The resulting spectrum was then divided by the energies of 

the IR and VIS beams and normalized to the summed SFG spectrum of a z-cut quartz crystal. 

Since SF scattering experiments are performed in transmission mode we have to take into account 

that the oil phase is absorbing part of the IR spectrum, leading to a transmission spectrum μFTIR. To 

correct for absorption effects we divide the obtained SFS spectrum by an FTIR transmittance spec-

trum measured from the same sample in the same cuvette. Figure 4.1 shows the results of this 

correction as the blue spectra. It can be seen that this procedure results in significant spectral 

changes in the red spectral side since here the SFG spectrum overlaps with the CD modes of the 

deuterated main phase (d34-hexadecane). The CH modes in the SFS spectrum originate from the 

Span80 molecules that are present on the oil side of the interface (Span80 is insoluble in 

water [24]). 

 

Figure 4.1. Normalization procedure. The SFS spectra of water droplets in the hydrophobic solvent (A) and frozen ice 

nanocrystals (B) with (blue) and without (black) correction with the FTIR spectrum. 

Discontinuity in the interfacial electric fields. Frequency dependent refraction modifies 

the incident electromagnetic field at the interface, which can lead to significant frequency depend-

ent distortions in the obtained water spectra [25, 26]. The sum frequency reflection mode spectra 

are therefore divided by the Fresnel factors [14], whereby we use the refractive indices of D2O and 

ice from Refs. [27-29]. The effective refractive index of the interfacial layers is calculated using a 

simple slab model [30]. For linear light scattering experiments such effects are captured by linear 

Mie theory [31] and thus for sum frequency scattering experiments by nonlinear Mie theory [32]. 

Using nonlinear Mie theory, we calculated a frequency dependent correction factor for the SFS 

spectra using the input parameters fromTable 4.1. The refractive index values for oil and D2O are 

taken from Refs. [33, 34]. Figure 4.2 shows the effects of the correction on the spectral data re-

ported below, where it can be seen that the influence of refraction effects is minimal. The reason 
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for the small difference is that the droplets are small compared to the wavelength. For simplicity, in 

the text below we refer to the corrected SFS intensity / μ 	 as Normalized SFS Intensity. 

Parameter Value 

Opening angle between IR/VIS beams 15° 

Scattering angle in the oil phase 45° 

Number of expansion terms in the numerical algorithm 10 

Effective orientation angle of the water molecules as represented by a δ distribution 39.2° 

Non-zero independent β(2) components and their relative values [35, 36] βccc=1; βaac=0.92 

Particle diameter 200 nm 

Polarization combination (SF,VIS,IR) SSP 

Table 4.1. Parameters used for the nonlinear Mie calculation to correct the SFS spectra of D2O droplets in oil for chang-

es in the amplitude of the electromagnetic fields as they cross the droplet interface. 

 

Figure 4.2. Discontinuity in the interfacial electric fields. Comparison of normalized SFS spectra ( / μ ) with 

(black) and without (blue) nonlinear Mie correction for D2O droplets in d34-hexadecane at room temperature (A) and D2O 

ice nanocrystals in a decane:cyclohexane mixture (B). 

4.3 Results and discussion 

Nanoscopic (100 nm radius) water droplets are prepared via sonication in d34-hexadecane (Figure 

4.3) or in a 1:1 mixture of decane and cyclohexane (Figure 4.5), both with 5 mM of a hydrophobic 

surfactant molecule that partially covers the interface (Span80, Figure 4.3A). The water-

hexadecane partitioning coefficient for these hydrophobic liquids is 5.5×10-4 (Span80 [24]), 

>1.6×10-6 (decane), and 1.6×10-4 (cyclohexane) [37], providing a liquid hydrophobic/water interface 

in all systems. The interfacial structure of the water droplets and ice nanocrystals is measured with 

vibrational sum frequency scattering (SFS) [38, 39], a method that combines interface specific sum 

frequency generation (SFG) [11, 12, 14, 15, 40, 41] with light scattering [42] (illustrated in Figure 

4.3B). The scattered vibrational spectra report on the average orientational order and H-bond net-

work structure of water molecules in the first few monolayers of water at the interfacial region [39].   
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Figure 4.3. Surface structure of water droplets. A: Chemical structure of hexadecane, hexane and Span80 B. Illustration 

of a vibrational sum frequency scattering experiment. A femtosecond infrared (IR) and a picosecond visible (VIS) laser 

beam overlap in space and time in the sample and generate scattered sum frequency light from the water droplets. The 

inset illustrates the surface hydrogen-bond structure of a water droplet embedded in a hydrophobic liquid. In this figure 

we sketch a possible molecular arrangement of the water molecules at the surface of a droplet surrounding an alkane tail 

that protrudes into the water phase (looking from the inside of the droplet). Please note that the surfactant is not present 

in the illustration. C SFS spectra of D2O droplets in d34-hexadecane with 5 mM Span80 (black) and reflection SFG spec-

tra of the planar D2O/air interface (blue), D2O/Span80 interface (green) and planar D2O/hexane interface (red). The 

SFS/SFG spectra are collected with horizontally (P) polarized IR and vertically polarized (S) VIS and SF beams. The 

normalization procedure takes into account the IR pulse shape in the sample as well as discontinuities of the electro-

magnetic fields at the interface (see Methods). The top axis shows the corresponding frequencies axis for H2O (×1.35 

[15]). D. The ratio between the low and high frequency bands of the SFG spectrum of the planar water/air and wa-

ter/hexane interface [23] (blue and red markers) and an extrapolation with a quadratic polynomial fit to a lower tempera-

ture range (blue and red lines). The ratio for the room temperature water nanodroplet spectrum is shown as a black 

marker. 

Figure 4.3 C shows the scattered SF spectrum of D2O nanodroplets in oil (296 K) and re-

flection SFG spectra of a planar liquid D2O/air and a planar D2O/hexane interface. The spectra 

were normalized taking into account linear absorption effects as well as discontinuities in the nor-

mal component of the electromagnetic fields as they cross the droplet interface (see Methods sec-

tion). The SFG spectra of the two planar interfaces of Figure 4.3C have three main features: A 

peak at 2370 / 2400 cm-1, a peak at 2500 cm-1, and a peak at 2745 / 2725 cm-1. The frequency of 

the OD stretching vibrations is correlated to the strength of the interfacial H-bond interaction: the 
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OD frequency decreases with increasing H-bond strength. Hence, the feature at 2500 cm-1 reports 

on water molecules that are more weakly H-bonded than the ones that attribute to the feature at 

2370 / 2400 cm-1. The peak at 2745 / 2725 cm-1 originates from interfacial OD bonds that are not 

H-bonded [43]. The 296 K droplet/hydrophobic interface spectrum contains the same 2370 cm-1 

and 2500 cm-1 features (indicated by the dotted lines), but the higher frequency components are 

significantly less intense than they are in the planar interface spectra. This indicates that there are 

relatively more strongly H-bonded water molecules at the water droplet interface than at the 

air/water and hexane/water interface recorded at the same temperature. The SFG spectrum of the 

Span80/water interface is similar to that of D2O/hexane and D2O/air and shown in Figure 4.3. 

The peak ratio of the 2370 cm-1 and 2500 cm-1 modes is temperature dependent. This tem-

perature dependent ratio is plotted in Figure 4.3D for the air/water and hexane/water interfaces. 

Lowering the temperature increases [23] the ratio, indicating that the population of stronger H-

bonds increases over that of weaker H-bonds. The peak ratio obtained for the water droplets is 

also plotted (black marker). Extrapolating the ratios found for the air/water and hexane/water spec-

tra (blue and red lines) the same ratio as for the water droplets would be found at a hypothetical 

planar water/air or water/hexane interface of ~245 / 260 K (that is, ~50 / 40 K colder). Thus, the 

water molecules of the water droplet/hydrophobic interface appear to be much more structured 

than the water molecules at a planar water/air or water/hexane interface. Note that this conclusion 

was arrived at by comparing amplitudes at particular frequencies. The spectrum of water is known 

to be highly complex, involving strong inhomogeneous broadening [44, 45], excitonic coupling ef-

fects [46], and a Fermi resonance with the overtone of the bending vibration [47]. As such, aside 

from the feature that high frequency modes generally refer to more weakly H-bonded water mole-

cules than low frequency modes, there are many ways to interpret the spectral information [15, 16, 

23, 43, 45, 48-52]. Our analysis addresses the temperature dependence of the ratio of weakly and 

strongly H-bonded water molecules, and is as such quite model independent. 

Very similar SFS spectra are obtained for other combinations of hydrophobic oils (mixtures 

of decane and cyclohexane, fluorinated oil) and surfactants (Tween80, tri-block PEG 900, Figure 

4.4), which indicates that the observed red-shift of the spectrum is a common phenomenon for 

water droplets in various hydrophobic liquids. The absence of unbonded OD groups in the droplet 

spectrum can be partially explained by the presence of OH groups on the Span80 molecule that 

can form H-bonds with interfacial water molecules that would otherwise be unbonded (see Appen-

dix). As a result, the peak at 2745 cm-1, corresponding to OD groups that are not H-bonded, van-

ishes. From the detection limit of the SFS system [53], it follows that the imbalance between OD 

groups that point in or out of the water droplet surface is less than 1 free OD group per 27 nm2. 

The difference with the droplet spectrum probably arises from a difference in structure, which we 
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will discuss in more detail further on. Note that impurities are not expected to be a problem here 

[53] as the sample volume is small (~50 μL), and the surface to volume ratio is large (~105 cm-1; 

which is at least three orders of magnitude larger than in standard planar reflection SFG measure-

ments). 

 

Figure 4.4. Additional SFS data. SFS data for water droplets in different solvents (A): D2O droplets in hydrogenated hex-

adecane (dark green) and deuterated hexadecane (green) and D2O droplets in a mixture of cyclohexane and decane 

(light green). The concentration of D2O was 1% and emulsions were stabilized with 5 mM Span80. The spectra are very 

similar to the one reported in Figure 4.3 C. SFS data for stabilized water droplets stabilized with with different surfactants 

(B): 5 mM Span80 mixture in deuterated hexadecane (green), a 5 mM mixture of 84:16 weight fraction Span80:Tween80 

in deuterated hexadecane (cyan), and a mixture of 10 mM SDS with 5 mM Span80 (purple). The addition of both anionic 

(SDS) and hydrophilic non-ionic surfactants (Tween80) does not result in significant changes of the SFS spectrum. 

Changing both the oil and the surfactant, using D2O droplets prepared in HFE7500 fluorinated oil stabilized with a tri-

block PEG-900 surfactant (dark blue) also yields a similar spectrum. Aqueous micro-sized drops dispersed in a perfluori-

nated oil, HFE-7500 (3M, USA), containing 1 wt% of a triblock co-polymer surfactant were produced according to the 

protocol in [54]. Air/water planar SFG spectrum is shown in black. 

Next, we repeat the experiment at reduced temperatures, supercooling the droplets (Figure 

4.5A) and ultimately freezing them by cooling below the homogeneous nucleation point of D2O 

(237 K [55], Figure 4.5B). Figure 4.5A shows SFS spectra recorded at different temperatures 
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(296 K, red, 273 K, green, and 263 K, blue) using a mixture of decane and cyclohexane as the 

main phase. The droplet spectrum from Figure 4.3C is also shown (black line). It can be seen that 

despite the different hydrophobic phase the water spectrum does not show a significant difference. 

In addition, reducing the liquid temperature below 273 K does not result in any spectral changes. 

Figure 4.5B shows the SF spectrum of D2O nanocrystals (233 K) and the ice/air interface for differ-

ent temperatures (170 K, 200 K, and 230 K) in the frequency range around the strongly H-bonded 

mode at ~2350 (3170) cm-1. The resonance in the SF spectrum of the ice nanocrystals has a simi-

lar frequency as is observed for the planar ice surface of the same temperature. This indicates that 

the difference in surface structure observed for the liquid interface is not present in the solid phase.  

 

Figure 4.5. Supercooled water droplets and ice nanocrystals. A. SFS spectra of D2O droplets at room temperature (296 

K, in a mixture of decane and cyclohexane (red) and in d34-hexadecane (black)) and under supercooled conditions 

(green, 273 K and blue, 263 K, both in a mixture of decane and cyclohexane). B. SFS spectra of D2O droplets at 233 K, 

below the homogeneous ice nucleation temperature (black) and SFG spectra of the basal H2O/air interface at 170 K 

(blue), 200 K (green) and 230 K (red). All droplets samples contain 5 mM Span80. Spectral data from H2O and D2O are 

interchangeable [15]. Frequency conversion between H2O and D2O was obtained by multiplying the D2O frequencies by 

1.35 [15]. The SFG spectra are collected with horizontally polarized IR and vertically polarized VIS and SF beams.  

The absence of the effect for the frozen droplets can be understood from the fact that when 

the droplets freeze, the mutual water-water interactions become relatively more important for the 
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resulting water SFG spectrum (and the detected H-bond strength) than the interactions with the 

hydrophobic oil molecules. For crystalline planar ice, the observed SF ice/air spectrum originates in 

part from OH groups connecting the different layers in the ice crystal [56]. These deeper layers of 

water molecules are much less influenced by the hydrophobic groups at the interface. Hence, for 

planar ice and frozen water droplets of the same temperature the H-bonds of the probed OH 

groups are of similar strength. 

Thermodynamic [57, 58] and Raman MCR measurements on solvated alkanols [17] show 

water molecules hydrating a hydrophobic solute are more tetrahedrally ordered and thus more 

constrained in configurational space than water molecules in bulk liquid water (as sketched in the 

inset of Figure 4.3B). These solutes are very small and fulfill the criterion of Chandler [4] that states 

that hydrophobic solutes/surfaces lead to an enhancement of the tetrahedral ordering of water if 

the radius of the solute/surface is < 1 nm [4]. In this perspective, the present observations of an 

enhanced ordering of water molecules at the surface of water nanodroplets embedded in oil is per-

haps surprising, as the droplet radius (100 nm) is much larger than 1 nm. However, we can con-

sider the oil surrounding the water droplet surface as an extended curved array of hydrophobic 

perturbations, i.e. hydrophobic groups protruding into the surface of the water droplet. The water 

molecules near the hydrophobic protrusions will fold their H-bond network around these (<1 nm) 

protrusions. We speculate that a high density of hydrophobic protrusions in combination with a 

modest overall curvature of the water surface (corresponding to a diameter of a few hundred na-

nometers), leads to a strong structuring of the water hydrogen-bond network, resulting in an ex-

tended highly-structured corrugated droplet surface. For smaller droplets (e.g. within mi-

celles/solutes), the surface is too strongly curved to display such a favorable interplay between 

short-range and long-range interactions. For larger droplets, and flat surfaces, the curvature is too 

weak to get such a favorable interplay, leading to local disruptions of the hydrogen-bond network 

and an enhanced inhomogeneity. This picture of the enhanced ordering of curved water surfaces 

will require support from high-quality molecular dynamics simulations. 

4.4 Conclusions 

In summary, vibrational sum frequency scattering spectra from 100 nm radius water droplets em-

bedded in a hydrophobic liquid at different temperatures show that the H-bond network of the inter-

facial water possesses a much enhanced (in-plane) tetrahedral structure compared to a planar 

air/water interface. This greater order manifests itself as a red shifted spectrum that has a 100 % 

increased peak ratio of the 2370 cm-1 and 2500 cm-1 modes. This increase is much larger than ob-

served in previous studies of planar liquid hydrophobic/water interfaces. The observed structure of 

the water droplet interface corresponds to that of an air/water interface that is ~ 50 K colder. This 

increase in order is explained by the formation of an extended network of hydrophobic protrusions 
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into the water droplet surface, which does not exist on planar interfaces and in solution. Upon su-

percooling the droplets, the surface spectrum does not change shape. Cooling the sample below 

the homogeneous ice nucleation temperature results in a spectrum with a single symmetric peak at 

a comparable frequency as that of a planar basal ice/air interface of the same temperature.  

The presented experiments demonstrate the possibility of quantifying the interfacial struc-

ture of water droplets and illustrate the effect of nanoscopic hydrophobic surfaces on the H-bond 

structure of water. With a reduction of the effective ‘surface temperature‘ we expect that the reac-

tivity of water droplets embedded in a hydrophobic environment [59], such as in cloud droplets, 

atmospheric ice particles [1], rocks [3] or medicine carriers [9] is lower than what one might think 

based on the actual temperature. Future studies on such nanoscopic systems may reveal im-

portant information on the role and reactivity of interfacial water in aerosol formation, protein fold-

ing, pore functioning [4, 6, 7, 60] and the charging and stabilization of hydrophobic interfaces. 

4.5 Appendix: Analysis of Span80 surface structure 

In order to estimate the surface structure of the Span80 molecules we fitted the C-H mode region 

of the Span80 spectra and derived the molecular orientation from the tilt angle of the single methyl 

group present in the molecule. Figure 4.6A displays the SF spectrum of Span80 at the water drop-

let / d34-hexadecane oil interface using the same polarization combination as used in the main text. 

The obtained fit is shown as the black line in Figure 4.6A and the fit parameters are given in Table 

4.2. 

 

 

Figure 4.6. Analysis of Span80 surface structure. Experimental (blue) and fitted (black) spectra in the CH region of water 

droplets stabilized with Span80 in d34-hexadecane. The inset shows the orientation of the Span80 molecule at the 

oil/water interface as discussed in the text. B: dependence of Ar-/ Ar+ ratio on the tilt angle.  
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mode (cm-1) Υ (cm-1) A  r  2883 11 1 

d+ 2857 14 0.42 d  2928 14 0.45 r  2965 20 -0.26 d  2905 11 -0.25 

Table 4.2. Fitted resonance frequency, amplitude, and linewidth of the SFS spectrum in the CH region of water droplets 

stabilized with Span80 in d34-hexadecane. 

To determine the average tilt angle of the CH3 group with respect to the droplet surface 

normal we used the r-/r+ ratio amplitude ratio. The details of this analysis, as well as the used input 

values for the oil/water interface, are described in the Supporting Information of Ref. [61]. The r-/r+ 

scattered amplitude ratio was calculated using a hyperpolarizability ratio of β(2)
aac/β(2)

ccc = 1.8. The 

result is plotted as a function of the tilt angle in Figure 4.6 B. The experimental amplitude ratio ob-

tained from the fit to the data (blue) in Figure 4.6A is 0.27 and indicated in Figure 4.6B as a rectan-

gle (which includes the error bar). This value translates to a methyl group tilt angle of 10°±10°, i.e. 

the CH3 group is oriented approximately parallel to the surface normal. Since there are no vibra-

tional modes present in the SFS spectrum above 3000 cm-1, the unsaturated =C-H mode is likely 

adopting an orientation that is nearly parallel to the interfacial plane. The structure is sketched in 

the inset of Figure 4.6A and results in a surface that is partially covered with CD groups (from the 

oil phase), CH modes from the Span80, and 6(3) groups that can act as H-bond acceptors (do-

nors) per Span80 molecule. Given the derived methyl group orientation, the H-bond acceptors and 

donors are likely pointing towards the water phase providing enough groups for the unbound OD 

water groups to H-bond with. Such a structure results in an absence of the free OD mode at 2745 

cm-1 in Figure 4.3, Figure 4.4 and Figure 4.5.  
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 Surface potential, ion pairing and Chapter 5: 

surface water order on water droplets dis-

persed in non-polar solvent 

Water micro- and nanodroplets are important components of many environmental, medical, catalyt-

ical, industrial and technological systems. Within these systems the water droplet interface greatly 

determines the physicochemical properties and reactivity. Interfacial droplet properties are tradi-

tionally inferred from results obtained from experiments performed on a solution or planar extended 

interfaces, even though confinement and curvature may result in completely different circumstanc-

es. Here, we use sum frequency scattering and second harmonic scattering to determine the water 

orientation and surface potential of charge stabilized water droplets in the hydrophobic solvent 

CCl4. The method also allows us, uniquely, to extract the amount of free ions in the oil phase from 

the optical process. The interfacial water restructures upon addition of docusate sodium (AOT) 

amphiphiles, due to the enhanced interaction of the charged head groups with the water. Upon 

increasing the concentration of AOT molecules this favorable interaction constitutes a mechanism 

for interface-facilitated micellization. 
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5.1 Introduction 

Water droplets are omnipresent in nature as clouds, aerosols [1], in oil fields and in geological ma-

terials [2, 3]. In biotechnological applications water droplets are used as nanoliter reaction vessels 

for the mixing [4-7] and delivery [8] of chemicals in life inspired or medical systems. The chemical 

properties and reactivity of water droplets are strongly determined by the surface structure of the 

water droplet and the role it plays in the delivery of chemicals to the interior or exterior, or the 

transformation in surface chemical reactions. 

The molecular properties of water droplet interfaces are elusive and are thus inferred from 

studies on solutes, such as alcohols [9] or dissolved gases [10] or studies of extended planar 

oil/water interfaces [11, 12]. However, as we showed in the previous chapter, 100 nm water drop-

lets dispersed in a hydrophobic liquid have a surface structure that corresponds to an equivalent 

planar interface that is 50 K colder. The water surface of such a droplet in contact with a hydro-

phobic liquid has substantially more ordering in the hydrogen bond network. In addition sum fre-

quency scattering studies on charged surfactant stabilized oil droplets in water showed that surfac-

tant coverage is at least a factor of ten lower than on equivalent planar interfaces [13, 14]. The 

nanoscale dimension of the aqueous droplet interface therefore has a significant influence on the 

chemical properties and surface chemical properties cannot be inferred from observation done on 

planar interfaces or in bulk solution. 

To further chart the unknown interfacial nanoscale properties of water droplets we have 

performed sum frequency and second harmonic scattering measurements on ~100 nm water drop-

lets in CCl4 stabilized with the charged amphiphile molecule docusate sodium (AOT). AOT is pre-

sent at the interface and distorts the hydrogen bond network of interfacial water, resulting in a larg-

er population of more weakly hydrogen bonded water molecules, presumably through the hydro-

gen bond interaction with the charged SO3
- head group. Polarimetric angle resolved SHS meas-

urements are recorded for different concentrations of AOT (0.1-15 mM) and are modeled with an 

adapted nonlinear light scattering theory, from which the amount of orientational order at the water 

interface can be extracted, as well as the surface potential and the number of free charges in the 

oil phase, which is in the nanomolar range. The rest of the charges are ion-paired or self-

assembled in micelles. Below the cmc, with increasing concentration, AOT molecules adsorb in-

creasingly to the interface, reduce the surface potential and enhance the water ordering. Above the 

cmc the surface potential reduces and the orientational ordering of water inverts, which suggests 

that the surface water molecules play an active role in the conversion of AOT into micelles. Thus, 

we observe that the droplet interface acts as a nucleation site for micelles. 
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5.2 Materials and methods 

5.2.1 Sample preparation and chemicals 

Sample preparation was performed using constant size approach described previously [13]. First, a 

stock emulsion of 1% H2O with 2 mM AOT was prepared using sonication in Badelin Sonorex 

Digiplus DL156BH ultrasonic bath for 10 min. Then the sample was diluted to 0.05% for SHS 

measurements adding appropriate amounts of CCl4 and AOT. The size distribution was measured 

using a Malvern Zetasizer Nano. The z-average radius was 72.5 nm and the polydispersity index 

was 0.17. To get sufficient intensity in the SFS measurements we used 1% D2O droplets stabilized 

with 4 mM AOT. AOT (98%) and CCl4 (for HPLC >99.9%) were provided by Sigma-Aldrich. Since 

CCl4 might be corrosive to normal pipette tips, all handling of the solutions of CCl4 was performed 

using glass Pasteur pipettes or solventsafe pipette tips as well as glass vials with caps for chloro-

form solutions. 

5.2.2 Partitioning experiment 

Partitioning experiment was performed using a FTIR Bruker Vertex 70 spectrometer. 10 mM of 

AOT was dispersed in water and added to the equal amount of pure CCl4 and equilibrated for 3 

days in closed vials. The spectra are shown in Figure 5.1 indicating that AOT has slightly larger 

propensity to water phase.  

 

Figure 5.1. FTIR spectra of water phase (black) and CCl4 phase (red) with AOT in the partitioning experiment. 

5.2.3 Analysis of the SHS data 

To determine the surface potential and the relative number of oriented water molecules as well as 

the amount of free ions in the oil phase we measured angle resolved SHS patterns of a range of 

AOT concentrations, from 0.1 mM up to 15 mM. The cmc for AOT in CCl4 is 0.6 mM [15]. Polari-
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metric angle resolved SHS has been used recently to determine the surface potential of oil drop-

lets [16] and liposomes [17] in aqueous solutions. This method relies on the mixing of the interfa-

cial electrostatic field (generated by the charges, and the polarization of the medium) with the opti-

cal fields into second harmonic photons. The angle resolved scattered SH field can be expressed 

as a function of the surface potential (Φ0) and the effective surface susceptibility of the interface 

(χ( )) and the ionic strength in the aqueous phase. In this implementation the water molecules ro-

tate in response to the electrostatic field and are effectively used as a reporter of the surface po-

tential via their non-zero second-order hyperpolarizability tensor β(2). Here, the situation is different 

as the main phase that is used as a reporter of the electrostatic field is CCl4, a centrosymmetric 

molecule that cannot be reoriented by an electrostatic field and has no second order hyperpolar-

izability tensor. However, the third-order hyperpolarizability tensor of CCl4 is non-zero, which effec-

tively results in a second harmonic polarizability that can be used to read out the surface potential 

of the interface.  

The algorithm that allows extracting a unique value of the surface potential without making 

any assumptions on the surface chemistry is described in detail in Refs. [18, 19]. First, we describe 

general consideration and then the corrections made to apply this formalism in the current study. 

The algorithm to obtain the surface potential is based on nonlinear light scattering theory using the 

Rayleigh-Gans-Debye-(RGD) approximation with a first-order correction for the jump in the elec-

tromagnetic field amplitude across the interface [20, 21]. The scattered polarized light is a function 

of the geometry of the illuminating electromagnetic fields and their respective polarization state, the 

shape and size of the particles, and the effective nonlinear particle susceptibility, a material proper-

ty. Within the RGD approximation, an analytical solution [22] is obtained for normalized SHS inten-

sity SPPP(θ) from a sphere (or shell): 

( )( ) = ( ) ( ) ( ) ( ) ( ( ) )	 ⁄ = ( )    (5.1) 

in which Γ( ) and Γ( )  are the only non-zero elements of the nonlinear effective particle susceptibil-

ities (defined in Ref.[23]),  is the averaged induced dipole moment; is the number droplets, and 

 is the density of bulk water (3.34 ·1028 molecules/m3). The elements of the nonlinear effective 

particle susceptibility are linked to the surface susceptibility according to the expressions in Table 

5.1. ⁄  is the number of bulk water molecules per droplet. Water, with a known [24] nonlinear 

optical response, is used here as a reference.  
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Equation (5.1) is derived assuming that the liquid interface is spatially isotropic in the azimuthal 

direction, the optical process is lossless, and that water possesses a broad orientational distribu-

tion. These assumptions were validated in previous studies [18, 19, 25]. Although we employ the  

Susceptibility elements for water Susceptibility elements for CCl4 Γ( ) = 2 ( ) − 5 ( ) χ ,( )  Γ( ) = ( )χ ,( ) + 2 ( )χ ,( )  Γ( ) = 0 

χ ,( ) = 27η χ ,( )η + 3χ ,( )(η − 1)(2 + η)  

χ ,( ) = 27	η	 χ ,( )(2 + η)  

Γ( ) = 0 Γ( ) = 0 Γ( ) = 	2	χ( ) Φ ( ) + ( , )  

χ( ) = 27	η 	χ( )(2 + η)  

χ( ) = Nϵ ̅( ) 
Constants and equalities μ =8.97 × 10-30 Cm ̅ ( )=3.09 × 10-52 C3m3J-2 

μ =0;          ̅ ( )=0 ̅ ( ) =122 × 10-65 C4m4J-3 

χ ,1(2) = χ ,⊥⊥⊥(2) − χ ,∥∥⊥(2) − χ ,∥⊥∥(2) − χ ,⊥∥∥(2)  

χ ,2(2) = χ ,∥∥⊥(2)  (⊥: surface normal direction; || tangential direction) 

χ ,( ) → 0 χ ,( ) = χ ,( ) = χ ,( ); χ( ) = χ( ) = χ( )  =  

Form factor functions and scattering vector [18, 21]

( ) = 2 sin( )( ) − cos( )
 

( ) = 4 3 sin( )( ) − 3 cos( )( ) − sin( )( )  

(κR, qR) = 2 cos( ) + κR	sin( )( ) + ( )  

≡ − 2 ; = 	 sin  

Table 5.1. Susceptibility elements, constants, and equalities as used in Eq. 5.2 to describe the water normalized scatter-

ing patterns. 

RGD assumption for the linear interaction, the nonlinear interaction contains a correction to ac-

count for the change in field amplitude when the optical electromagnetic fields cross the parti-

cle/water interface. Dadap et al. showed that a linear correction term to the second-order suscepti-
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bility is sufficient to correct for the change in the electromagnetic field when it crosses the inter-

face [26]. This correction for the susceptibility value is used here and listed in Table 5.1. 

For the water droplets dispersed in CCl4 these general equations were adopted as follows: 

( )( ) = ( ) ( ,( ) ,( ) ) ,( ) ,( ) ,( ) ,( ) ( ( ) )	 ⁄    (5.2) 

where Γ ,( ) , Γ ,( )  and Γ ,( )  correspond to the inner part of the droplet, and Γ ,( ) , Γ ,( )  and Γ ,( )  correspond to the outer part of the droplet. 

CCl4, because of its tetrahedral symmetry, has a vanishing dipole moment as well as zero 

value of average 	 ̅( ) (therefore, there is no induced dipole moment either). Thus the second-order 

susceptibility elements Γ ,( )  and Γ ,( )  are zero. Futhermore, we assume that the inner part of 

the water droplet does not contribute to the SHS signal with Γ ,( )  because of the absence of wa-

ter ordering inside the droplet due to electrostatic considerations: The electric field inside the drop-

let should vanish [27]. The assumption that Γ ,( )  is zero means that surface potential inside the 

droplet is constant. In addition contributions from inside would be much smaller than those of the 

outside as the intensity scales with R6. Thus we obtain the simplified version of the Eq.  

 (5.2): 

( )( ) = ( ) cos 2 Γ ,( ) + cos 2 Γ ,( ) + Γ ,( ) (2 cos( ) + 1)	 ⁄ . 
Here, Γ ,( )  and Γ ,( )  depend on the non-zero second-order surface susceptibility element χ( ) 
which is a fitting parameter. χ( ) is related to microscopic properties with eq. (2.6). Γ ,( )

 depend 

on the concentration of ions in the outer phase cions and surface potential Φ. The examples of cal-

culated SHS scattering patterns to show the influence of different parameters are shown in Figure 

5.3. The results of the fitting for all samples are shown in Figure 5.4. Other required parameters, 

constants, and equalities are listed for completeness in Table 5.1. 

5.3 Results and discussion 

Figure 5.2 shows SFS spectra of AOT stabilized water droplets in CCl4 (red trace), water droplets 

in a hydrophobic liquid (blue trace), composed of hexadecane and 5 mM Span80 [28], and the 

air/water SFG reflection mode spectrum (black trace [11]). The spectra were normalized taking into 

account linear absorption effects as well as discontinuities in the normal component of the electro-

magnetic fields as they cross the droplet interface (as in [28]). The modes in the frequency range 
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2800-3000 cm-1 report on the CH stretch modes of the Span80 or AOT, which confirms that these 

molecules are present at the interface. All three OD spectra have two broad features: A peak at 

2370 cm-1, and a peak at 2500 cm-1. The frequency of the OD stretching vibrations is correlated to 

the strength of the interfacial hydrogen bond interaction since the OD frequency decreases with 

increasing hydrogen bond strength. The feature at 2500 cm-1 therefore reports on water molecules 

that are more weakly hydrogen bonded than the ones that attribute to the 2370 cm-1 feature. Com-

paring the charged AOT/CCl4 water droplet interface to the hexadecane/Span80 droplet interface, 

it can be seen that there are relatively more weakly hydrogen bonded water molecules at the 

AOT/CCl4 water droplet interface. The spectrum of AOT stabilized water droplets has relatively 

more intensity in the frequency range 2600-2800 cm-1, which indicates that there is a larger popu-

lation of very weakly hydrogen bonded water molecules. Given the similarity to Raman solvation 

shell spectra of SOS in water [29], these weakly hydrogen bonded water molecules are likely inter-

acting with the charged sulfonate head group of AOT. The peak at 2745 cm-1 originates from inter-

facial OD bonds that are not hydrogen bonded and is only present at the air/water interface. The 

SFS spectrum for the CCl4 water droplet interface is very different from the one measured from the 

macroscopic CCl4/water interface, which displays dominating weakly H-bonded peak [12]. The 

concepts of weakly and strongly H-bonded water were introduced in Chapter 1. 

 

Figure 5.2. SFG spectrum of water/air interface [11] (blue) and SFS spectra of water droplets in CCl4 stabilized with 

4.2 mM AOT (red) and in deuterated hexadecane stabilized with 5mM Span80 (black). All spectra were measured in 

SSP polarization combination. Structures of AOT, CCl4, Span80, and hexadecane are shown on the right. 

Next, we describe SH scattering patterns that report on the surface potential, the surface 

susceptibility of water and the ionic strength in the hydrophobic phase in three different ways. The 

details of the implementation are shown above. Figure 5.3A-C show three computations of SHS 

patterns in the PPP polarization combination, using Φ0, χ( ) and cion as input parameters, where Φ0 

is varied from -20 to -40 mV (A), χ(2)
2 is varied from 5.65 10-23 m2/V to 2.26 10-22 m2/V (B), and cion 
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is varied from 1 nM to 100 nM (C). This shows that an increase in surface potential results in more 

intense scattering patterns, while an increase in the amount of orientational ordering of the interfa-

cial water inside the droplet results in more intense side lobes, and an increase in the amount of 

free charge carriers results in broader forward peaks. Thus, these three distinct features can be 

used to quantify the surface potential, the amount of ordered interfacial water molecules and the 

number of free charge carriers in the oil phase.  

 

Figure 5.3. Left panels: Calculated SHS patterns for particles with the same size and number density in solution with 

different computational parameters: A: SHS patterns calculated only for the diffuse layer of CCl4 with 10 nM concentra-

tion of free charges and different values of surface potential. B: SHS patterns calculated for the diffuse layer of CCl4 with 

fixed value of surface potential (-30 mV) and different concentration of free charges. C: SHS patterns calculated for water 

with a zero value of the surface potential and different values of χ( ) (in 10-22 m2/V). Right panels: D. SHS scattering 

patterns measured in the PPP polarization combination of water droplets of the same size (with the radius of 72 nm) 

dispersed in CCl4 and stabilized with different concentrations of AOT (15 mM, red, 1 mM, green and 0.1 mM, blue). The 

markers show the experimental data and the lines are fits. Details of the fitting are described in the text. E. Water droplet 

in CCl4 with the sketch of electrostatics in the surrounding of the interfacial region: (1) The inner part of the water droplet, 

which does not contribute to the SHS response. (2) Dark-blue shows surface layer together with the Stern layer in the 

water phase. The SHS from this region is shown in panel C (3) The extended diffuse layer in the hydrophobic phase, 

which give rise to SHS shown in panels B and C (4) Unperturbed CCl4 far from the droplet, which does not contribute to 

the SHS response. 

Figure 5.3 D shows three representative SHS patterns in the PPP polarization combination 

recorded from water droplets prepared with AOT at three different concentrations, below the cmc 
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(0.1 mM), approximately at the cmc [15] (1 mM), and above the cmc (15 mM) of AOT in CCl4. Note 

that AOT partitions roughly equally in the aqueous phase of the drops but since we use 0.05 vol.% 

of drops this does not significantly alter the concentration in CCl4. It can be seen that the scattering 

patterns are different in magnitude (Φ0), in the width of the forward peaks (concentration of ions in 

the oil phase) and in the presence of scattered light at larger angles (χ( )). Additional SHS data 

measured in PSS polarization combination is shown in Figure 5.5. We note that fitting of these data 

does not provide additional information because of small intensity and relatively poor signal-to-

noise ratio.  

 

Figure 5.4. Experimental (markers) and fitted (lines) SHS patterns in PPP polarization combination for samples with the 

concentration of AOT in CCl4 from 0.1 mM to 15 mM. 

 

Figure 5.5. Second harmonic scattering patterns measured in PSS polarization combination for water droplets in CCl4 

stabilized with different concentrations of AOT: 15 mM (red), 1 mM (green) and 0.1 mM (blue). Solid lines are fit curves 

with the values described in the text. 
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Analyzing a series of scattering patterns (see Figure 5.5) we derive values for Φ0, χ( ) and 

cion. The values are plotted in Figure 5.6. As AOT is increased in concentration, up to the cmc, we 

observe an increase in |Φ0|, an increase in χ( ) and an increase in cion. This reflects the increase in 

interfacial number density of AOT, which orients more water molecules as it adds more negative 

charge to the interface.  

 

Figure 5.6. Fitted values of surface potential Φ0 (A), concentration of free ions cions (B) and water ordering χ( ) (C). Pan-

els D-F show the proposed mechanism of changes at the interface of the water droplet (blue) in CCl4 (yellow) with an 

increase of the surfactant concentration. D. At low surfactant concentration the interface is stabilized with single AOT 

anions which produce a negative surface potential. Only a small portion of surfactant molecules is dissociated. E: The 

amount of these anions at the surface is increasing with increasing of the concentration of AOT, resulting in a larger 

charge at the interface and a larger amount of ions in the solution. Water ordering is gradually increasing as well. 

F: Above the cmc, the droplet is starting to be stabilized not only by single anions but also by reverse micelles that are 

seen to form at the interface. The surface potential increases and water ordering is decreasing, while the amount of 

charge carriers in solution levels off. Inlets G and H show possible molecular orientation of the interfacial water mole-

cules below the cmc (χ( )>0) and above the cmc (χ( )<0), respectively. Molecules are not to scale for clarity. 

The concentration of dissociated ions in the oil phase meanwhile increases from 4 to 9 nM. Note 

that this is to our knowledge the first non-invasive quantification of ion pairing in solution and of the 

~ 1 mM AOT molecules, just 1 in 105 AOT molecules is ionized. Above the cmc |Φ0| decreases, 
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χ( ) decreases and inverts sign and cion levels off and increases further. The latter can be ex-

plained by the appearance of inverted micelles in the CCl4 phase, which also carry a charge. On 

the interface the drop in |Φ0| suggests that a smaller number of free AOT ions are absorbed. The 

inverse of the sign in χ( ) means that water molecules have changed their orientation. This can 

happen when AOT molecules move out of the water phase and into the oil side as a partially self-

assembled structure closes up around a few water molecules that form the core of the micelle. The 

micelle then moves into the bulk CCl4 phase. The average orientation of the interfacial water is first 

determined by the S-O -  H-O interaction, and above the cmc by the interaction of micelle alkyl 

chains with water. This results in an initial average orientation of water hydrogens towards the in-

terface, and at higher concentration average orientation that favors a more parallel orientation with 

water oxygens pointing towards the interface, as it was shown in [30]. Such interactions also ex-

plain the drop in Φ0, and clearly suggest that the water droplet interface acts as a reaction site for 

the self-assembly of micelles. 

5.4 Conclusions 

Thus, we have measured the molecular structure, the electrostatic potential, and orientation of wa-

ter at the interface of water droplets in the hydrophobic solvent, in contact with charged surfac-

tants.  We observe that the nanoscale water droplet interfaces behave as a reaction intermediate, 

at low concentrations by collecting AOT molecules at the interface that modify the water surface 

structure such that its hydrogen bond network weakens. The weakly hydrogen bonded water mole-

cules are then used as cores for the micelles that form at the droplet interface. Upon their 

formation the average orientation of water molecules at the interface changes from on average 

hydrogen up to on average weakly hydrogen down or parallel to the interface. During the whole 

process the surface potential first rises, reflecting an increase in surface AOT, and then drops, re-

flecting the formation of micelles. 

The present experiments demonstrate the possibility of determining the interfacial water 

orientation and surface potential from water droplets, as well as the amount of free ions in the non-

conducting oil phase adjacent to the interface, by combining sum frequency and polarimetric angle 

resolved second harmonic scattering. The observed role of the water droplet surface as a reaction 

intermediate for self-assembly highlights the importance of these interfaces and it can be expected 

that many more types of examples can be found. Since water droplets play important roles in our 

environment, industry and technology characterizing them will lead to both an increase in our un-

derstanding of diverse processes, such as cloud formation, the working of micro- and nanofluidics 

and self-assembly, as well fundamental knowledge on diverse length scale processes in nature.   
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 Intermolecular headgroup inter-Chapter 6: 

action and hydration as driving forces for li-

pid trans-membrane asymmetry 

Variations between the inner and outer leaflets of cell membranes are crucial for cell functioning 

and signaling, drug-membrane interactions, and the formation of lipid domains. Transmembrane 

asymmetry can in principle be comprised of an asymmetric charge distribution, differences in hy-

dration, specific headgroup/H-bonding interactions or a difference in the number of lipids per leaf-

let. Here, we characterize the transmembrane asymmetry of small unilamellar liposomes consisting 

of zwitterionic and charged lipids in aqueous solution using vibrational sum frequency scattering 

and second harmonic scattering, label-free methods, specifically sensitive to lipid and water 

asymmetries. For single component liposomes, transmembrane asymmetry is present for the 

charge distribution and lipid hydration, but the leaflets are not detectably asymmetric in terms of 

the number of lipids per leaflet, even though geometrical packing arguments would predict so. 

Such a lipid transmembrane asymmetry can, however, be induced in binary lipid mixtures under 

conditions that enable H-bonding interactions between phosphate and amine groups. In this case, 

the measured asymmetry consists of a different number of lipids in the outer and inner leaflet, a 

difference in transmembrane headgroup hydration, and a different headgroup orientation for the 

interacting phosphate groups. 

 

This chapter is based on the paper by Nikolay Smolentsev, Cornelis Lütgebaucks, Halil I. Okur, 

Alex G. F. de Beer and Sylvie Roke “Intermolecular headgroup interaction and hydration as driving 

forces for lipid transmembrane asymmetry” published in Journal of the American Chemical Society, 

2016, 138 (12), pp 4053–4060 with equal contributions of Nikolay Smolentsev and Cornelis Lüt-

gebaucks. Nikolay Smolentsev performed all SFS measurements, analysis and calculation of the 

orientation of the chemical groups, whereas Cornelis Lütgebaucks prepared all the samples, 

measured and evaluated the SH data. 
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6.1 Introduction 

Compositional diversity between the inner and outer leaflets of cellular and organelle membranes 

are crucial for cell functioning. Non-random and non-equal leaflet composition occurs in eukaryotic 

membranes [1-3]. Certain lipids, such as glycolipids, phosphatidylcholine (PC) and sphingomyelin, 

are predominantly present in the outer leaflet, whereas others, such as phosphatidylserine (PS), 

are almost completely localized in the inner leaflet of the plasma membrane [4]. Although the mo-

lecular level details are still ambiguous, it is clear that transmembrane asymmetry [5], is vital for a 

cell. PS transmembrane asymmetry was, for example, shown to regulate and maintain cell me-

tabolism [6, 7]. Transmembrane asymmetry can occur by means of active and passive pathways 

[2, 4]. Active pathways use regulating proteins and peptides to induce asymmetry [3, 8, 9], where-

as passive pathways comprise several effects: a non-homogeneous inter-leaflet charge distribution 

or hydration, asymmetry of specific interactions, and packing differences between leaflets. Alt-

hough all these effects have been studied, most attention has been given to transmembrane 

asymmetry as caused by a different available area in the inner and outer leaflet, which results in a 

different number of lipids in the inner and outer leaflet, and is related to local membrane stiffness 

and curvature [10]. 

The investigation of passive asymmetry [11-22] is in general challenging as it ideally re-

quires free floating, unperturbed, membranes. In addition, labeling, substrates, or invasive tools, 

which can induce changes in the bilayer composition should ideally be avoided [23]. Sensitivity to 

molecular structure and the ability to distinguish between the inner and outer leaflet of a bilayer are 

further requirements. Vibrational sum frequency generation (SFG) [24-27] is a nonlinear spectros-

copy that can be considered as a simultaneous IR and Raman measurement. SFG is forbidden in 

a centrosymmetric medium (under the dipole approximation [28]). It can therefore directly detect 

transmembrane asymmetry. Assuming identical orientational distributions with respect to the sur-

face plane for lipids located on the inner and outer leaflets, SFG reports on the average number 

difference of lipids between the leaflets. These features were elegantly demonstrated by Conboy 

and co-workers who measured lipid redistribution across a supported planar bilayer that was initial-

ly made asymmetric [12-14].  

Here we investigate hydration, charge and lipid transmembrane asymmetry in free floating 

lipid membranes. Lipid asymmetry and hydration in small unilamellar liposomes in solution (diame-

ter < 100 nm) are probed using nonlinear light scattering. By measuring vibrational sum frequency 

scattering (SFS) spectra in the C-H and P-O stretch region of the vibrational spectrum, we quantify 

the transmembrane asymmetry of the fatty acid tails and headgroups of the lipids. Vibrational SFS 

[29-31] is a combination of SFG and light scattering that allows for the probing of chemically specif-

ic molecular asymmetry along the interfacial normal in liposome membranes. Transmembrane hy-
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dration asymmetry is measured with non-resonant angle resolved [32] second harmonic scattering 

(SHS) [31, 33, 34], which probes transmembrane asymmetry in the orientational distribution of wa-

ter molecules along the interfacial normal. The SHS signal relates to the surface potential [35-39] 

and to H-bond interactions involving water [40]. A change in the SHS intensity from liposomes is 

thus related to the difference in charge distribution between the leaflets. We find that charge and 

hydration asymmetry is present for liposomes made of 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2- dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2- dipalmitoyl-sn-glycero-

3-phosphoserine (DPPS), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), and 

mixtures of either DOPC with DPPS or 1,2- dipalmitoyl-sn-glycero-3-phosphate (DPPA). Figure 6.1 

displays a sketch of the chemical structure of each lipid. For the same single component lipo-

somes, lipid transmembrane asymmetry is not detected, even though calculations using a constant 

area per lipid indicate a detectable difference in lipid number between the inner and outer leaflet. 

Binary mixtures may display transmembrane asymmetry, which can be detected in the phosphate 

stretch region as a shifted vibrational resonance. This PO2
- group has a tilt angle with respect to 

the surface that is more upright, compared to the same groups in a lipid monolayer. A signature of 

the acyl chains is also observed, but only for one of the lipids. These observations only occur if 

phosphoserine is present in the binary bilayer mixture, and the acyl chains of the lipids are different 

in length. Based on these observations and the structure of the lipids, we postulate that lipid 

transmembrane asymmetry is likely induced by H-bonding interactions between amine and phos-

phate groups that depend on packing differences as induced by differences in the fatty acid chain 

structure. Using this interpretation, we quantify the amount of asymmetry in the liposomes com-

posed of a DOPC:DPPS mixture. 

6.2 Materials and methods 

6.2.1 Chemicals 

Prior to use all glassware was cleaned with a 1:3 H2O2:H2SO4-solution, after which it was thorough-

ly rinsed with ultra-pure water (H2O, Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2 MΩ 

cm). d34-hexadecane (C16D34, 98% d, Cambridge Isotope), sulfuric acid (95-97%, ISO, Merck), 

H2O2 (30%, Reactolab SA) and chloroform (Emsure, ACS, ISO, Merck) was used as received. Li-

pids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1,2-

dipalmitoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DPPS), 1,2-dipalmitoyl-sn-glycero-3-

phosphate (sodium salt) (DPPA), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), d62-

1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (sodium salt) (d62-DPPS), and d66-1,2-dioleoyl-sn-

glycero-3-phosphocholine (d66-DOPC), were purchased in powder form (>99%) from Avanti Polar 
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Lipids (Alabama, USA) and stored at -20 °C until further use. All samples for SFS measurements 

were prepared using D2O (99.8% Armar, >2 MΩ cm). The chemical structures of the used lipids 

are presented in Figure 6.1 

 

Figure 6.1. Chemical structures of the used phospholipids. 

6.2.2 Sample preparation 

Nanodroplets with a phospholipid monolayer were prepared according to the procedure de-

scribed in Ref. [41]. We used 1 mM DPPC or DPPE on 2 vol. % d-hexadecane which gives satu-

rated monolayer of lipid on oil droplets. The droplet size distribution was measured with dynamic 

light scattering (DLS, Zetasizer Nano ZS, Malvern). The droplets had a mean diameter of ∼200 nm 

with a polydispersity index (PDI) of ∼0.2. 

Liposomes Small unilamellar vesicles were prepared by extrusion according to Ref. [42, 

43]. Lipid stock solutions were created by dissolving the lipid powder in chloroform in a 4 ml glass 

vial with a PTFE screw cap. Stocks were stored at -20° C, but not for more than 6 months. First, 

multilamellar vesicles were created by pipetting the desired amounts of lipid stock solutions into a 

round-bottom glass tube using a glass syringe (Hamilton). When a mixture of different lipids was 

used, the desired amounts of the various lipid solutions were mixed together. While rotating the 

glass tube, a nitrogen gas stream was directed into the tube to evaporate the chloroform. The re-

sulting lipid film was further dried in vacuum (<100 mbar, created by an oil-free diaphragm pump) 

at room temperature for at least 2 hours. Finally, the lipid film was re-suspended in D2O or H2O and 

vortexed. To create unilamellar vesicles, the resulting multilamellar vesicle solutions were extruded 

with a Miniextruder (AvantiPolarLipids, Al) using a polycarbonate membrane with a pore diameter 

of 100 nm at room temperature (or above their respective lipid transition temperature). Unilamellar 
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vesicles were stored in closed containers up to 2 weeks at 4 °C. The size and ζ-potential distribu-

tion of the liposomes were measured with DLS and laser Doppler electrophoresis at 25 °C (Mal-

vern ZS nanosizer). To determine the size distribution of the vesicles, three subsequent measure-

ments, each 11 runs, were averaged. To determine the ζ-potential of the vesicles three subsequent 

measurements, each 75 runs at automated voltage, were averaged. The liposomes were found to 

have a mean diameter in the range of 70 - 100 nm with a polydispersity index (PDI) of less than 

0.1. The final lipid concentration was determined using a calorimetric phosphorus assay; for further 

details see Ref. [44]. The concentration of the lipids in the sample was 0.8 mg lipids/ml weight ratio 

for DLS, ζ-potential measurements, and SHS experiments. For sum frequency scattering the sam-

ple concentration was ~5 mg/ml. The mean values of DLS and ζ-potential measurements are 

summarized in Table 6.1 including the standard deviations of the mean from three consecutive 

measurements. The standard deviation of the distribution in a single measurement was 10% and 

20% for size- and ζ-potential measurements, respectively. 

Sample Hydrodynamic diameter (nm) ζ-potential (mV) 

DPPS 98.4(0.5) -45(1) 

DOPC 94.0 (0.3) -6(1) 

DPPC 96.0 (0.3) -4(1) 

d66-DOPC:DPPS 90.4(0.4) -42(1) 

DOPC:d62-DPPS 69.8(0.3) -43(1) 

DOPC:DPPS 95.3(0.3) -43(1) 

d66-DOPC:DPPA 99.2(0.5) -36(1) 

DOPS:DPPS 73.0(0.3) -52(2) 

Table 6.1 The results of dynamic light scattering and ζ-potential measurements. Standard deviations from the mean of 

three measurements are given in parenthesis. 

6.2.3 Calculation of the orientational distribution of phosphate groups 

The orientational analysis to calculate the ratio of SFS amplitudes in SSP and PPP polarization 

combinations of s-PO2
- vibration is adapted from our procedure published earlier [41, 45] based on 

Rayleigh-Gans-Debye approximation in combination with nonlinear light scattering theory. We use 

a tilt angle ϕ of PO2
- group to the surface normal and a twist angle  of the PO2

- group about its 
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molecular axis with respect to the surface normal. This results in the following relation [46] between 

surface second order polarizability χ(2) and molecular hyperpolarizabilities β(2): 

( ) = ( ) = 12 ( ( ) + ( ) + ( )) + 12 ( ( ) + ( ) − ( ))  

( ) = ( ) + ( ) − ( ( ) + ( ) − ( ))   (6.1) 

with N being the surface density of PO2
- groups. We assume that interface is azimuthally isotropic. 

The values of second order hyperpolarizability were taken from Ref. [46]. 

6.2.4 Calculation of the degree of asymmetry based on geometrical arguments 

The number of lipids per leaflet can be calculated assuming that the liposomes have a spherical 

shape. We assume that each lipid headgroup occupies a constant area, a, which is the same at 

the inner and outer leaflets [10]. Then we get for the respective number difference (ΔN) between 

the outer leaflet and inner leaflet: Δ = (( ( ) )
. Δ  can be expressed as a  percentage of 

the total lipid number density per liposome (Ntot), which is given by = (( ( ) )
. Here, R is 

the outer radius of the liposome and d is the membrane thickness, for which we take d ~ 5 nm.  

6.2.5 Calculation of the degree of asymmetry from the SFS data 

For a monodisperse solution the number densities (Nd) of nanodroplets can be calculated by divid-

ing the volume concentration of oil (Voil) by the volume of one droplet with radius Rd: =         (6.2) 

For liposomes we have a spherical bilayer rather than a sphere with radius Rlip and thickness d and 

lipid volume concentration Vlip, so that the number density is different:   

= ( )       (6.3) 

For the calculation of the number density of liposomes we use d = 5 nm [47]. 

To extract the degree of asymmetry for a certain vibrational mode accounting for polydis-

persity, we fit the obtained spectra according to Eq. (2.15) and use the obtained amplitude Ai(θ) in 

the expression for α (Eq. (2.10)):  

, ( , , ) = | ( )|,        (6.4) 
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This value is now independent of liposomes size, has been corrected for polydispersity and can be 

compared to other samples. For droplets we obtain the same expression. 

6.3 Results and discussion 

In what follows we first describe transmembrane hydration and lipid asymmetry for single compo-

nent liposomes and then move on to binary mixtures. Finally, we aim to quantify the measured 

transmembrane asymmetry in terms of percentage number differences and differences in the ori-

entational distributions of headgroups. 

6.3.1 Single component liposomes 

Starting with lipid hydration, Figure 6.2 A shows SHS patterns of single component liposomes 

made from DOPC, DPPC, and DPPS. The experimental procedure for the optical measurements 

can be found in Section 2.2.5. The data is scaled to correct for the difference in number density 

and size of the scatterers (see 2.1.1.1 and 2.1.1.2 for details). The SH signal is non-zero, which 

indicates that for these ~ 100 nm diameter liposomes the hydration environment of the inner leaflet 

is different from the outer leaflet. Also, charged DPPS liposomes generate ~21× more intensity per 

liposome than the zwitterionic, neutral, liposomes. This difference can be explained by the interac-

tion of the electrostatic field of the headgroup charge with the adjacent water molecules, which 

induces changes in the orientational distribution of the interfacial water molecules and hence in-

creases the SHS intensity. This effect is absent for zwitterionic lipids. Thus, we observe a sizeable 

asymmetry in the distribution of water molecules that is particularly sensitive to charge. Differently 

oriented hydrating water molecules in the inner and outer leaflets agree with the finding from X-ray, 

neutron and dynamic light scattering that the electron density is asymmetrically distributed across 

the leaflets of anionic vesicles [48]. They also agree with the commonly employed assumption that 

the inner leaflet is considered charge neutral [36]. 

Does such transmembrane hydration asymmetry require transmembrane lipid asymmetry 

as well? According to calculations assuming a spherical geometry and constant lipid headgroup 

areas [10] a number difference of 8 % should be present between the inner and outer leaflet of 

these liposomes (see section 6.2.4 for details). The difference in the number of lipids per leaflet 

can be estimated from SFS spectra, since SFS is exquisitely sensitive to transmembrane asym-

metry. In particular, assuming a homogeneous distribution of lipid molecules, the SFS amplitude 

obtained from a sphere with a monolayer of lipids on its surface is proportional to the averaged 

projection of the molecular tilt angle on the interfacial normal, multiplied by the number of lipids 

present in the probed area. For purposes of brevity we refer to this as the ‘projected surface densi-

ty’. For a liposome that has two oppositely oriented leaflets, the SFS amplitude reports on the 

transmembrane difference in projected surface density. Therefore, to quantify transmembrane lipid 
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asymmetry, we measured with SFS the headgroup intensity in the P-O stretch region of liposomes 

as well as the headgroup intensity of a DPPC monolayer on 100 nm hexadecane droplets in water 

with a known molecular area of 0.48 nm2 per DPPC molecule [41]. Knowing the area per lipid of 

the nanodroplet system, the size distribution of the droplets, and having a reasonable estimate of 

the average tilt angle of the P-N headgroup, we can compute the amplitude per lipid molecule, 

which can be used to derive a detection limit in terms of transmembrane lipid asymmetry. Assum-

ing that the cross sections of the vibrational modes and average chain orientation are comparable, 

our previously derived detection limit [49], can be converted to a lower limit for the detectable 

transmembrane number difference of ~ 2 %. 

 

 

Figure 6.2. Liposome transmembrane asymmetry A: SHS patterns measured with all beams polarized parallel to the 

scattering plane (PP) of DPPS (blue), DOPC (green), and DPPC (red) liposomes in pure H2O (0.8 mg/mL; extruded 

through a 100 nm pore). The scattering pattern originates from the overall transmembrane asymmetry in the orientational 

distribution of water molecules around the lipids (as illustrated in the cartoons). The data is scaled to correct for differ-

ences in size distribution and number density of the scatterers (as described in 2.1.1.1 and 2.1.1.2). B: SFS spectra of 

the same liposomes in D2O in the P-O stretch region together with an SFS spectrum of hexadecane oil droplets covered 

with a DPPC monolayer (top trace). The spectra were collected with the IR (VIS, SF) beam polarized parallel (perpendic-

ular) to the scattering plane (SSP). The SFS data are offset vertically for clarity. 

 

Figure 6.2 B shows SFS spectra of the same liposomes as in Figure 6.2 A in the P-O 

stretch region: Within the signal to noise ratio of our instrument no apparent transmembrane lipid 

asymmetry is detected. For the C-H modes the same result was obtained (not shown). Thus, the 

lipid number difference for these single component liposomes is under our detection limit, meaning 

that the projected surface density difference is below 2 %. Comparing this to the 8 % in transmem-

brane lipid asymmetry [10] that can be found from a computation considering constant headgroup 

areas per leaflet, it appears that a different lipid hydration does not require transmembrane lipid 



Chapter 6:  Intermolecular headgroup interaction and hydration as driving forces for lipid trans-membrane asymmetry  

91 
 

asymmetry in terms of a different number of lipids in the inner and outer leaflet. Instead, it may be 

influenced by specific lipid-lipid intermolecular interactions [50]. Such interactions would result in 

changes in the local (aqueous) environment of the lipids that can be probed in binary mixtures via 

the vibrational resonances of phospholipid headgroups.   

6.3.2 The phosphate stretch mode is sensitive to the local environment 

The symmetric (s)-PO2
- stretch mode has been shown to be very sensitive to changes in intermo-

lecular and H-bonding interactions as well as the local aqueous environment. Counter ion induced 

shifts in the s-PO2
- stretch mode have been reported [46, 51]. Dehydration of a DPPC monolayer 

on a planar air/water interface results in a ~ 10 cm-1 spectral shift of the s-PO2
- mode to higher fre-

quencies [46]. In order to verify that the s-PO2
- stretch vibration is indeed a sensitive probe for 

changes in the local environment / lipid-lipid interactions, we have measured vibrational SFS spec-

tra of hexadecane droplets covered with a dense monolayer of DPPC (analyzed in detail in Ref. 

[41]) and of DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine). It is worth noting that 

DPPE is different from DPPC in that it lacks the CH3 groups around the N atom in the headgroup 

(Figure 6.1). For DPPE the amine and the phosphate group are expected to interact through inter-

molecular interactions [10], which results in an increase of the gel phase transition temperature 

from 314 K for DPPC to 336 K for DPPE. The SFS spectra for DPPC and DPPE covered hexade-

cane droplets in water are shown in Figure 6.3 A. The DPPC monolayer spectrum contains two 

peaks, one at ~1070 cm-1, assigned to the s-(C=O)-O-C stretch mode, and one at ~1100 cm-1 as-

signed to the s-PO2
- stretch mode of DPPC in a hydrated monolayer [41, 46, 52, 53]. The DPPE 

monolayer spectrum is different: it shows a single peak at ~1080 cm-1. Based on the demonstrated 

sensitivity of the s-PO2
- stretch mode on the local environment at the air/water interface, this peak 

likely originates from a population of H-bonded PE groups resulting in red shifted1 s-PO2
- stretch 

modes. In addition, since the s-PO2
- mode consists of an isolated vibrational resonance it can easi-

ly be used to obtain the orientational distribution of the headgroups. 

In what follows we use this mode as a probe to study transmembrane lipid asymmetry in 

liposomes composed of two different lipids. As a starting point, studies of giant unilamellar vesicles 

composed of PS lipids and a lipid of different acyl chain length [54, 55] can be used. These mix-

tures display phase separation behavior as a function of acyl chain conformation, and thus may 

exhibit a certain amount of transmembrane asymmetry.  
                                                                        

1 Although the mode at 1080 cm-1 could in principle be assigned to both modes the s-(C=O)-O-C 

stretch mode is not involved in any lipid specific interaction, which means it is an unlikely candidate 

for the assignment. 
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6.3.3 Liposomes from binary mixtures 

Figure 6.3 B shows SFS spectra of liposomes in the P-O stretch region composed of a 1:1 mixture 

of DOPC:DPPS, DOPS:DPPC, DOPS:DPPS and DOPC:DPPA. As a comparison, the P-O signal 

from the DPPC monolayer is also shown (green curve). It can be seen that the DOPC:DPPS lipo-

somes generate a non-zero SF spectrum. Compared to the spectrum of the PC headgroups in a 

DPPC monolayer, there is a single peak at ~1080 cm-1. Based on the comparison between DPPC 

and DPPE monolayers in Figure 6.3 A, the 1080 cm-1 mode is likely assigned to a population of H-

bonded s-PO2
- stretch modes. Liposomes composed of a 1:1 DOPS:DPPC mixture possess the 

same headgroup chemistry, but they will likely have a different packing. It can be seen from Figure 

6.3 B that these liposomes do not generate any detectable SFS intensity. Thus, in these mixtures 

all the lipid headgroups are distributed symmetrically across both leaflets (within the detection lim-

it). The same is also true for DOPS:DOPC, and DPPS:DPPC mixtures (see Figure 6.4). Removing 

the amine group, but keeping the negative charge as in a DOPC:DPPA mixture also results in an 

absence of transmembrane asymmetry. 

 

Figure 6.3. Transmembrane asymmetry. A: SFS spectra of DPPC (black) and DPPE (blue) monolayers on oil 

nanodroplets at maximum lipid coverage measured using the SSP polarization combination. The dashed lines show the 

positions of the PO2
- symmetric stretch modes in DPPC and DPPE. B: SFS (SSP) spectra taken in the P-O stretch re-

gion of ~100 nm diameter liposomes in pure D2O composed of 1:1 mixtures of DOPS:DPPS (brown), DOPC:DPPS 

(black), DOPS:DPPC (blue) and DOPC:DPPA (red) and the P-O spectrum of the liquid condensed like DPPC monolayer 

(with known headgroup area) on oil droplets (green). The SFS data are offset vertically for clarity. 

Since the phosphate groups in the PA and PS headgroups are likely equally well hydrated, 

it appears, based on the observed differences in intensity, that a charged lipid with a free amine 

group is crucial for the observed transmembrane asymmetry. This apparent PS specificity is further 

investigated by measuring single lipid DOPS liposomes and DOPS:DPPS liposomes. The former 

displays a comparable hydration asymmetry as DPPS, with no apparent transmembrane asym-
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metry (data not shown). A 1:1 DOPS:DPPS mixture, however, which possesses the same head-

group chemistry and the same difference in fatty acid tail chemistry as the DOPC:DPPS liposomes 

does display transmembrane asymmetry (Figure 6.3 B). For this binary lipid mixture, we observe 

the s-PO2
- stretch mode at 1085 cm-1, thus with a comparable frequency and intensity as for 

DOPC:DPPS liposomes. The measured PO2
- modes represent the population of asymmetrically 

distributed phosphate groups between the leaflets. 

 

Figure 6.4 SFS spectra of mixtures of PC and PS lipids with different combinations of fatty acid tails: DOPC:DPPS 

(black), DPPC:DOPS (red), DPPC:DPPS (blue) and DOPC:DOPS (green). 

In what follows we formulate a hypothesis to rationalize where this PO2
- signal originates 

from and how intermolecular interactions are created. 

6.3.4 Lipid-lipid interactions drive transmembrane asymmetry? 

As Figure 6.3 B shows, in order to establish transmembrane asymmetry in the studied systems, 

charged PS headgroups are crucial ingredients. PS headgroups possess oppositely charged 

phosphate, carboxylate and amine groups, which can each participate in H-bonding interactions 

with a neighboring lipid and with water [15, 50, 56]. NH4
+ ions as well as NH3

+ groups are known to 

interact with PO4
- groups of neighboring molecules [56-58] (in the fashion illustrated in Figure 6.5). 

However, as Figure 6.2 shows, no transmembrane lipid asymmetry is observed for pure DPPS 

liposomes, indicating that an additional criterion needs to be satisfied. Namely, a difference in the 

fatty acid chain length and associated packing appears to be necessary, as is also corroborated by 

the afore mentioned studies on giant unilamellar vesicles [54, 55]. We also confirmed that the s-

PO2
- stretch mode is sensitive to the local environment. Observing a similar red shift in the phos-
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phate stretch mode as in the DPPE monolayer that exhibit headgroup-headgroup H-bonding inter-

actions, it seems likely that intermolecular interactions are also crucial here.  

Figure 6.5 A and B illustrate one possibility to explain the observed data: PS-PC headroups 

may interact through H2N-H…O-PO H-bonding, which would shift the vibrational frequency of the 

interacting phosphate groups (on the PC lipids) to a lower frequency. In doing so, they become 

SFS active. This interaction can, however, only occur if the probability of intermolecular interac-

tions is increased (compared to the pure DPPS or DOPS liposomes). By changing the lipid tails 

from DO (18 C atoms, one unsaturated bond) to the ~1 Å shorter DP tails [59] (16 C atoms, satu-

rated) the distance between the H2N-H and the O-PO groups is reduced, facilitating more favorable 

intermolecular interactions [15] in a mixture of DOPC with DPPS, or DOPS with DPPS. Although 

this explanation agrees with the presented data, it will have to be investigated in more details e.g. 

by employing molecular dynamics simulations. 

Using this explanation and the C-H mode signal as a probe for lipid transmembrane asym-

metry, and the phosphate stretch mode signal as a probe for (DOPC) lipids that are interacting with 

DPPS lipids we quantify both types of transmembrane asymmetry in the DOPC:DPPS liposomes.  

 

 

Figure 6.5 H-bonding interactions between lipids. The H-bonding interaction between phospholipid headgroups is deter-

mined by the lipid structure and by the headgroup- and fatty acid tail chemistry. A: For a PS – PC pair the H2N-H…O-PO 

H-bond may be present depending on the distance between lipid headgroups (which can be changed by selecting proper 

combination of fatty acid tails). B: In contrast, for a PC – PC pair the headgroup chemistry is different and there is no 

possible intermolecular H-bonding.   

6.3.5 Quantifying transmembrane asymmetry 

To determine the percentage of lipids that are asymmetrically distributed across the membrane, we 

use selective deuteration and measure SFS spectra in the C-H stretch mode region, targeting the 

lipid fatty acid tails. Since C-D modes vibrate at different frequencies, the amount of lipid trans-

membrane asymmetry can be determined (as the C-H modes are insensitive to changes in the 

local environment).  
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Figure 6.6 A shows SFS spectra of liposomes in the C-H stretch region composed of a 1:1 mixture 

of d66-DOPC:DPPS, and DOPC:d62-DPPS. The C-H mode signal from the DPPC monolayer on oil 

droplets is shown in the top trace for comparison. The C-H mode region is comprised of the follow-

ing peaks [29, 53, 60, 61]: the s-CH2 stretch mode (~2852 cm-1, d+), the s-CH3 stretch mode 

(~2876 cm-1, r+), the antisymmetric (as) CH3 stretch mode (~2965 cm-1, r–), the s-CH2-Fermi reso-

nance (~2919 cm-1, d+
FR), the s-CH3-Fermi resonance (~2935 cm-1, r+

FR) and the as-CH2 stretch 

mode (~2905 cm-1, d-). It can be seen that the s-CH3 stretch mode is dominant for the monolayer 

on droplets, which means that the alkyl chains are nearly all-trans in their conformation [41]. The 

liposomes with PS and PC mixtures display only a detectable SF response in the case of the d66-

DOPC:DPPS mixture, which indicates that only the DPPS molecules are asymmetrically distributed 

 

Figure 6.6. Quantifying transmembrane asymmetry. A: SFS (SSP) spectra taken in the C-H stretch region of ~100 nm 

diameter liposomes in pure water composed of 1:1 mixtures of d66-DOPC:DPPS (black), DOPC:d62-DPPS (purple) and 

d66-DOPC:DPPA (red) and the spectrum of the DPPC monolayer on oil droplets (green). The solid lines represent fits to 

the data. The SFS data are offset vertically for clarity. B: SFS spectra of a DPPC monolayer on oil droplets, recorded in 

SSP (red), PPP (black) and SPS (green) polarization combinations. C: SFS spectra of DOPC:DPPS liposomes in SSP 
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(red), PPP (black) and SPS (green) polarization combinations. D: dependence of the amplitude ratio of the SSP and PPP 

polarization combinations of the s-PO2
- stretch mode on the tilt angle (details of the computation can be found in section 

6.2.3). The boxes indicate the measured ratios obtained from the spectra in panels B and C. Fitting parameters are given 

in the Table 6.2 and Table 6.3. 

mode  (cm-1) Υ  (cm-1) A  r  2868 20 0.15 d  2926 16 0.11 r  2968 20 0.14 d  2906 20 0.02 

Table 6.2 Fitted frequency, amplitude and linewidth for the SFS spectrum in the C-H and P-O stretch region of d66-

DOPC:DPPS liposomes. 

Sample DOPC:DPPS DPPC on oil DPPE on oil DOPS:DPPS 

Polarization SSP PPP SSP PPP SSP SSP 

ss PO2
- 

A  1.13 1 1.85 1 1 1 

 (cm-1) 1079 1079 1099 1096 1085 1083 

Υ  (cm-1) 17 17 10 13 20 13 

ss C-O-P 

A  

  

1.31 0.93 

  

 (cm-1) 

  

1072 1066 

  Υ  (cm-1) 

  

20 12 

  

Table 6.3 Fitted frequency, amplitude and linewidth for the SFS spectra in the P-O stretch. 

 

across the bilayer, and not the DOPC molecules (assuming that the deuteration procedure does 

not change any lipid properties, which is generally expected to be the case [62]). The SF spectrum 

of the DPPS molecules shows a prominent peak at 2870 cm-1, which corresponds to the s-CH3 

stretch mode, while very little intensity is observed at 2850 cm-1, indicating an all-trans confor-

mation of the tails (identical to that of DPPC). We thus assume that the DP acyl tail conformations 

in both systems are equal. Comparing the obtained SFS intensity (α) of the s-CH3 stretch mode for 

the d66-DOPC:DPPS liposomes to that of the DPPC monolayer we find a transmembrane asym-

metry in terms of the surface number density ratio ( , /	 ) of:  

( − ) = 	 , 	      (6.5) 



Chapter 6:  Intermolecular headgroup interaction and hydration as driving forces for lipid trans-membrane asymmetry  

97 
 

where α is scaled in order to be independent of the size of the droplet/liposome (see Eqs. (6.2)-

(6.4) and sections 2.1.1.1, 2.1.1.2 and 6.2.5 for a derivation of all parameters). From Eq. (6.5) the 

transmembrane asymmetry is then determined for DPPS to be , ,  = 0.16 (i.e. ~58 % of the 

DPPS molecules is located on the outer leaflet and ~42 % of the DPPS molecules is located on the 

inner leaflet, assuming similar sizes for DPPS and DPPC).   

The orientational distribution <cos φd> (<cos φlip>) of the asymmetrically distributed phos-

phate headgroups on the DPPC covered droplets (DOPC:DPPS liposomes) can be estimated from 

polarization dependent SFS spectra. The data is shown in Figure 6.6 B and C. The angle φ repre-

sents the tilt angle of the symmetry axis of the s-PO2
- mode with the surface normal of the lipo-

some or droplet. To determine <cos φd>, the orientational analysis for polarization resolved SFS 

[41, 45] is extended to include a relationship between the second-order susceptibility and hyperpo-

larizability elements that uses a tilt (φ) and a twist (ψ) angle for the phosphate group. We follow 

here the procedure as introduced by the Allen lab [46]. The computed amplitude polarization ratio 

for the s-PO2
- stretch mode for the case that ψ=0 [46] is displayed as a function of tilt angle in Fig-

ure 6.6 D. The experimentally measured scattering amplitude ratios obtained from Figure 6.6 B 

and C are indicated as rectangular areas in Figure 6.6 D and show that the phosphate groups of 

the DPPC molecules situated on oil droplets have an average tilt angle of φ=60±10° with respect to 

the droplet surface normal. Note that this is an advancement of the analysis in Ref. [46]. The calcu-

lated value is in good agreement with the tilt angle found for DPPC molecules at the air/water inter-

face [46]. For the liposomes we find a tilt angle of φ=10±10°. Details about the analysis and numer-

ical parameters can be found in Table 6.4, Table 6.5, Sections 2.2.4 and 6.2.3. Note that we have 

assumed a narrow Gaussian distribution for the tilt angle, as well as a uniform distribution of lipids. 

The latter is expected [63] since we have not detected any SFS signal in the polarization combina-

tions PSP, PPS and SPP. Using a Gaussian distribution may not be completely justifiable since the 

number of participating lipids (several thousand) are not sufficient to make a statistical distribution. 

Sample DPPC on C16D34 (droplets) d66-DOPC:DPPS (liposomes) 

Reff, nm 97.6 41.4 

concentration 2 vol. % 5 mg/ml 

Ai, s-CH3 mode 3.87 0.15 

, s-CH3 mode 1 0.16 

Table 6.4 Calculation of the degree of transmembrane asymmetry for d66-DOPC:DPPS liposomes, using a DPPC mono-

layer on an oil droplet with known lipid density as a reference. 
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Sample R eff, nm , s-PO2
- mode 

DOPC:DPPS 33 0.95 

d66-DOPC:DPPS 44 0.88 

DOPS:DPPS 33 0.92 

Table 6.5 Calculation of the degree of head group orientation asymmetry for DOPC:DPPS and DOPS:DPPS liposomes, 

using a DPPC monolayer on an oil droplet with known lipid density as a reference. 

To estimate the percentage of DOPC molecules that interact with DPPS, we compare the s-

PO2
- mode amplitude of the DOPC:DPPS mixtures and the DPPC monolayer. We use the following 

expression: 

( − ) = 	 	 , 	( )	 	( )     (6.6) 

The ratio ( − ) represents the amplitude ratio of the s-PO2
- mode of the lipids in the lipo-

somes and the droplet monolayers (corrected for the difference in droplet/liposome number density 

and size distribution). This number reports only on the head groups that exhibit intermolecular in-

teractions, and thus likely on DOPC molecules. The ratio  , 	  represents the number density 

ratio of the interacting DOPC lipids in the liposomes compared to the DPPC number density on the 

droplets. The orientational distribution is represented by <cos φ>, as discussed in the previous 

paragraph. From Figure 6.6 A we have ( − )= 0.9 ± 0.3. The factor 
	( )	( )  = 2. From 

Eq. (6.6) we then have 
	 ,  = 0.45. This means effectively that all the DOPC molecules in the 

outer leaflet are interacting with DPPS molecules. Note that in this analysis we implicitly assumed 

that the inner leaflet is charge neutral [36]. Since this means that the Na+ counterions are in close 

proximity to the PS headgroups (but likely not ion paired so that no frequency shifts are detecta-

ble [64]), it will result in a much lower probability for intermolecular H-bonding in the inner leaflet 

between PS and PC headgroups.  

Thus, from the analysis of the spectra in Figure 6.3 and Figure 6.6 (and relying on the inter-

pretation in Figure 6.5) we find that there is a lipid number difference of ~16 % of DPPS between 

the inner and outer leaflets. There is no detectable difference in the number of DOPC lipids be-

tween the outer and inner leaflets. The shifted s-PO2
- SFS response from the liposomes indicates 

that some of the DOPC molecules interact with DPPS through intermolecular H-bonding, which 

significantly alters the orientation of the headgroups towards a more parallel orientation with re-
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spect to the surface plane. Assuming charge neutrality in the interior, and a consequential lack of 

intermolecular H-bonds, we find that nearly all of the DOPC in the outer leaflet interact with DPPS. 

6.4 Conclusions 

We find that charge and hydration transmembrane asymmetry is present in liposomes in aqueous 

solution, while for the same single component liposomes lipid transmembrane asymmetry is not 

detectable. Asymmetry in the number of lipids per leaflet can be induced by H-bond interactions 

between PS and PC/PS headgroups that depend on and can be influenced by varying the lipid 

structure. DOPC:DPPS liposomes exhibit a 16 % DPPS asymmetry but no detectable DOPC 

asymmetry. The P-O vibrational stretch mode intensity becomes clearly observable, indicating 

transmembrane asymmetry. This is related to a different orientational distribution of PC phosphate 

groups that participate in H-bond interactions with the PS amine groups. In particular we find that 

the average orientational angle with respect to the surface normal of the phosphate group be-

comes close to 10°, which is substantially different from the 60° that is found in a saturated mono-

layer. This indicates that in the liposomes the interacting headgroups of the DOPC are aligned 

along the interface (and thus occupy a maximum volume). 

The presence of lipid transmembrane asymmetry and probable underlying mechanism offer 

insights into the complexity of lipid membrane chemistry. If specific/chemical interactions lead to 

the association of molecules in a 100 nm liposome then it is likely that similar mechanisms can 

play a role in the formation and stabilization of lipid domains. Lipid rafts are considered to be dy-

namic structures > 40 nm in size that form and dissolve on ms timescales [65]. As such our work 

provides insights into how these domains might form. Future work that is geared at further under-

standing the link between the transmembrane asymmetry studied here and lipid raft structure might 

involve nonlinear scattering experiments performed in all polarization combinations, which is sensi-

tive to structural heterogeneities [63]. These measurements should be performed on liposomes 

with a diameter of ~ 10 μm, to enable the formation of multiple domains and to obtain good signal-

to-noise ratios. 

Given the importance of membrane properties and liposomes in basic biophysical research 

and biotechnology, our combination of SF and SH scattering techniques demonstrates a high po-

tential to elucidate transmembrane asymmetry in lipid membranes. Particularly, these methods can 

be used to investigate lipid asymmetry induced by drug-membrane or biomacromolecule-

membrane interactions along with domain formation in lipid mixtures.  
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 Conclusions and outlook Chapter 7: 

7.1 Achieved results 

In this thesis, nonlinear optical scattering techniques were applied to study curved interfaces of 

water in contact with hydrophobic solvents or model cell membranes. We first introduced the topic 

and state-of-the-art of the field. Then we described the techniques and the experimental setups. 

Here, sum frequency and second harmonic scattering techniques were applied for the first time to 

study: a liquid jet surface, water droplets, and phospholipid liposomes. The obtained results help to 

understand chemistry and structure of the interfaces. Furthermore, this work has expanded the 

range of applications of the second harmonic and sum frequency scattering spectroscopies. 

In Chapter 3 we described SHS and SFS experiments performed on the surface of a liquid 

microjet. This measurement is similar to the measurement of the surface second harmonic or sum 

frequency generation in the transmission geometry. The jet can focus a beam leading to an en-

hanced nonlinear signal from the inner surface. In addition, application of a jet eliminates heating 

effects due to the continuous refreshment of the surface. 

In Chapter 4 we applied sum frequency scattering spectroscopy to study water droplets 

dispersed in oil. We compared spectra of water droplets with equivalent planar interfaces and con-

cluded that the strength of H-bonding of water molecules at the surface of droplet corresponds to 

that of a planar interface at a 50°C lower temperature. Surprisingly, the surface structure of super-

cooled droplets remains the same. Below the homogeneous ice nucleation temperature, the SFS 

spectrum of the frozen droplets is similar to the spectrum of the surface of the ice crystal. These 

findings are important for the chemistry of hydrophobic interfaces and confined water. 

In Chapter 5 we used second harmonic scattering to study water droplets dispersed in CCl4 

stabilized with the anionic surfactant AOT. The analysis of angular-resolved second harmonic scat-

tering data gave surface potential, ionic strength, and water ordering parameters. These fitting pa-

rameters give a different type of changes in the scattering patterns and thus can be resolved inde-

pendently. Using this analysis we mapped surfactant induced structural changes in the surface 

water and potential and found that interface acts as a nucleation site for micelles.  

In Chapter 6 we applied second harmonic scattering and sum frequency spectroscopy to a 

biological interface, a lipid bilayer in the form of a liposome in water. We found that the liposomes 

exhibit asymmetry in water ordering between the inner and outer parts. For a certain combination 
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of lipids, the formation of H-bonds between phosphate and amine groups of headgroups of differ-

ent lipid molecules was observed. The asymmetry in the distribution of lipid molecules was detect-

ed and quantified. In addition, the analysis of orientation of phosphate headgroups was performed. 

7.2 Future development 

This work has opened many possible directions for future studies. More experiments can be car-

ried out based on the background presented in this work. In Chapter 3 we described the possibility 

to measure SHS and SFS using the liquid jet. The measurement of the SHS and SFS data using 

constantly flowing surfaces opens ways for new experiments. The liquid microjet technique was 

initially developed to perform X-ray photoelectron spectroscopy and other vacuum experiments. 

Experiments combining optical and X-ray measurements may provide additional insights. In addi-

tion, because of short equilibration time of the interface after it exits the nozzle, and by measuring 

at different distances from the nozzle one could study the kinetics of surfactants at water/air inter-

face using SFS on the liquid jet.  

In Chapter 4 we discussed water structure in water droplets dispersed in a hydrophobic sol-

vent. We showed that water has enhanced ordering at the hydrophobic interface. In future, regard-

ing the chemistry of emulsions, it would be interesting to compare the surface densities or orienta-

tion of surfactants in the oil-in-water emulsion and in the complimentary water-in-oil emulsion. 

These systems are typically stabilized with different surfactants, but often combinations of two co-

surfactants can be used. The interface of a droplet in the emulsion is almost flat on the molecular 

scale; nonetheless, the properties of interfaces may be drastically different. Furthermore, follow-

ups may be devoted to the structure of water at hydrophobic droplet interfaces in presence of salts, 

acids, and bases. 

In Chapter 5 the SHS technique was applied to study water droplets in the non-polar sol-

vent. This technique enables the estimation of concertation of free charge carriers and surface 

potential in non-polar solvents using different surfactants and types of particles. A possible applica-

tion is the study of water droplets dispersed in chloroform stabilized with phospholipids. This ex-

ample could provide some insights about confined water in biologically relevant environment. 

In Chapter 6 we discussed SFS measurements on single-lipid liposomes and liposomes 

composed of binary mixtures of lipids. The interaction of liposomes with proteins such as phospho-

lipases can potentially be detected using SHS (as a change in interfacial charge) or with SFS (by 

looking on vibrational modes of the headgroup). The detailed study of surface potential and charge 

condensation in liposomes composed of binary mixtures of lipids was published after we performed 

this study [1]. There are different values of the rate of trans-leaflet motion reported in the literature. 

However, labels and support may affect this rate. Recently developed techniques allow the produc-
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tion of asymmetric liposomes [2]. Using these samples and with deuteration of one of the lipids in 

the mixture trans-leaflet motion rate can be calculated from the time dependence of the SFS sig-

nal, with the advantage of using label-free measurement and without the influence of the support. 
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