
 

 

 

 

 

Biomimetic Membranes: Molecular Structure 
and Stability Studies by Vibrational Sum 

Frequency Spectroscopy 
 

Jonathan F. D. Liljeblad 

 

 

 

 

Licentiate Thesis in Chemistry 

Royal Institute of Technology 

Stockholm 2010  



 

ii 

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 
framlägges till offentlig granskning för avläggande av teknologie licentiat-
examen den 8 oktober 2010 kl 14 00 på YKI, Ytkemiska Institutet, Drott-
ning Kristinas väg 51, 114 28 Stockholm. 
Avhandlingen presenteras på engelska. 
 
 
 
Biomimetic Membranes: Molecular Structure and Stability Studies by Vi-
brational Sum Frequency Spectroscopy 
Licentiate Thesis in Chemistry. 
 
 
 
Denna avhandling är skyddad enligt upphovsrättslagen. Alla rättigheter 
förbehålls. 
Copyright © by Jonathan Liljeblad. All rights reserved. No parts of this the-
sis may be reproduced without permission from the author. 
 
 
KTH Royal Institute of Technology 
School of Chemical Science and Engineering 
Department of Surface and Corrosion Science 
Drottning Kristinas väg 51 
SE-100 44 Stockholm 
Sweden 
 
 
The following parts are printed with permission: 
PAPER I: Biophysical Society 
PAPER II: Springer-Verlag Berlin Heidelberg 
PAPER III: No copyright agreement at the time of the printing of the thesis. 
 
 
Printed by US-AB, Stockholm, 2010 
 
TRITA-CHE-REPORT 2010:30 
ISSN 1654-1081 
ISBN 978-91-7415-708-6  



 

iii 

Abstract 
In the research presented in this licentiate thesis the surface specific tech-
nique Vibrational Sum Frequency Spectroscopy, VSFS, combined with the 
Langmuir trough has been utilized to investigate Langmuir monolayers and 
Langmuir-Blodgett (LB) deposited mono- and bilayers of phospholipids. 
Their molecular structure, stability, and hydration were probed to gain 
additional understanding of important properties aiming at facilitating the 
use of such layers as model systems for biological membranes. 

VSFS was applied to in situ studies of the degradation of Langmuir mono-
layers of 1,2-diacyl-phosphocholines with identical C-18 chains having var-
ious degrees of unsaturation. The time-dependent change of the mono-
layer area at constant surface pressure as well as the sum frequency in-
tensity of the vinyl-CH stretch at the C=C double bonds were measured to 
monitor the degradation. It was shown that a rapid degradation of the 
monolayers of unsaturated phospholipids occurred when exposed to the 
laboratory air compared to the fully saturated lipid, and that the degrada-
tion could be inhibited by purging the ambient air with nitrogen. The de-
gradation was attributed to oxidation mediated by reactive species in the 
air. 

The molecular structure and order of Langmuir monolayers of 1,2-
distearoyl-phosphocholine (18:0 PC) and their hydrating water were inves-
tigated at different surface pressures using VSFS. The spectroscopic data 
indicated a well ordered monolayer at all surface pressures with a more 
intense signal at higher pressures attributed to the subsequent increase of 
the number density and more ordered lipid molecules due to the tighter 
packing. Water molecules hydrating the headgroups or being in contact 
with the hydrophobic parts were observed and distinguished by their vi-
brational frequencies, and found to have different average orientations. 

Additionally, monolayers of 18:0 PC, its fully deuterated analogue, and 
1,2-distearoyl-phosphoserine (18:0 PS) were Langmuir-Blodgett (LB) depo-
sited on CaF2 substrates and VSFS was used to investigate the structure 
and order of the films as well as the hydrating water. The CH-region, water 
region, and lower wavenumber region containing phosphate, ester, car-
boxylic acid, and amine signals were probed to obtain a complete picture 
of the molecule. The data indicates that all deposited monolayers formed 
a well ordered and stable film and the average orientation of the aliphatic 
chains was determined using the antisymmetric methyl stretch.  
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Abstract in Swedish / Sammanfattning 
I forskningen som presenteras i denna licentiatavhandling har den ytspeci-
fika vibrationssumfrekvensspektroskopin, VSFS, använts tillsammans med 
Langmuirtråget för att studera Langmuir-monolager och Langmuir-Blod-
gett (LB) deponerade monolager och bilager av fosfolipider. För att utvidga 
förståelsen av egenskaper som är viktiga för att underlätta användandet 
av dem som modellsystem för biologiska membran undersöktes såväl de-
ras molekylära struktur som stabilitet och hydratisering. 

VSFS användes för att genomföra in situ-studier av nedbrytningen av 
Langmuir-monolager av 1,2-diacyl-fosfokoliner med identiska 18 kolato-
mer långa sidokedjor med varierande antal omättade kol-kol-bindningar. 
För att övervaka nedbrytningen mättes såväl den tidsberoende föränd-
ringen av monolagernas area vid konstant yttryck som sumfrekevensin-
tensiteten från dubbelbindningarnas CH-vibration. När monolagerna be-
stående av omättade fosfolipider utsattes för laboratorieluften bröts de 
ner hastigt jämfört med det helt mättade monolagret. Denna nedbrytning 
som sannolikt orsakades av reaktiva ämnen i luften kunde inhiberas full-
ständigt genom att ersätta den omgivande luften med kvävgas. 

Den molekylära strukturen och ordningen hos Langmuir-monolager av 1,2-
distearoyl-fosfokolin (18:0 PC) och deras hydratiseringsvatten undersöktes 
vid olika yttryck med VSFS. Den spektroskopiska datan visar att monola-
gerna är välordnade vid alla yttryck samt att sumfrekvenssignalens styrka 
ökar med ökande yttryck på grund av såväl det större antalet molekyler 
per ytenhet som den högre ordningen då molekylerna packas tätare. Vat-
tenmolekyler som hydratiserar huvudgrupperna eller är i kontakt med 
hydrofoba delar och har olika medelorientering observerades och kunde 
identifieras genom sina vibrationsfrekvenser. 

Vidare deponerades monolager av 18:0 PC, dess fullt deuterade analog 
och 1,2-distearoyl-fofsfoserin (18:0 PS) på substrat av CaF2 och VSFS an-
vändes för att undersöka filmernas struktur och ordning såväl som hydra-
tiseringsvattnet. CH- och vattenregionerna samt lågvågtalsområdet som 
innehåller fosfat-, ester-, karboxylsyra- och aminsignaler undersöktes för 
att få en fullständig bild av den molekylära strukturen. Data visar att alla 
deponerade monolager bildade en välordnad och stabil film och kolväte-
kedjornas medelorientering bestämdes med hjälp av signalen från den 
antisymmetriska metylvibrationen.  
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1 Introduction and Background  
Phospholipids, together with glycolipids and sterols, are the main consti-
tuents of biological membranes that form the boundary between the 
extracellular and intracellular spaces as well as dividing the interior of the 
cell into different compartments.1 Thus, phospholipids are of immense 
importance to all life. The phospholipids belong to the group of amphi-
pathic molecules, containing a hydrophilic (water liking) headgroup and a 
hydrophobic (water disliking) tail, which consist of two aliphatic chains in 
the case of phospholipids. Amphipathic molecules in a water solution 
strive to adapt a minimum energy conformation by assembling in aggre-
gates with the headgroups facing the water and the hydrophobic tails 
stacked together. Depending on the shape of the particular molecule the 
curvature of the aggregate varies. This property is exploited in biological 
membranes in living cells. The amount of unsaturation as well as chain 
length governs the fluidity of the membrane. The fluidity is also tempera-
ture dependent and thus cells not experiencing a constant temperature 
such as bacteria, must constantly adapt the composition of their mem-
branes to keep the fluidity constant.1 

A phospholipid molecule has three key elements, the headgroup, the two 
hydrocarbon chains, and the glycerol part linking the headgroup to the 
chains. The hydrocarbon chains, bonded to the glycerol through ester lin-
kage, contain an even number of carbon atoms, typically between 14 and 
24, but C-16 and C-18 chains are the most common. The presence of unsa-
turations, found at the ω-3, ω-6 or ω-9 positions or a combination of them 
considerably lowers the melting temperature and increases membrane 
fluidity. A phosphate group links the glycerol to the headgroup, for in-
stance the amino acid serine, choline, ethanolamine, or glycerol. The pro-
portion of different phospholipids in membranes varies among membrane 
types and is different in different cells and organisms. Membrane micro-
domains or “lipid rafts” exhibit a different composition than the surround-
ing membrane and have been proposed to occur in membranes as lateral 
patches.2, 3, 4 Such domains are assumed to serve as platforms that stack 
together membrane-bound proteins with connected functions.2, 5 Phos-
pholipids with saturated and unsaturated C-18 chains in different propor-
tions are common both in the microdomains and in the surrounding 
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membrane of plant cells.2 One of the long term objectives of our research 
is to elucidate and compare the properties of membrane microdomains. 
Phospholipids in microdomains contain a higher proportion of saturated 
C16 and C18 fatty acids, while the corresponding unsaturated fatty acids 
are more abundant in the rest of the plasma membrane.2 As a conse-
quence, membrane microdomains exhibit a lower fluidity than the rest of 
the membrane and the phospholipids are more tightly packed.2 As a first 
approach to characterize membrane microdomains, phospholipids con-
taining stearic acid, the saturated C-18 fatty acid, were used as a model 
system for our investigations. 

It is well known that double bonds in aliphatic chains in lipids and fatty 
acids are prone to oxidize.6, 7, 8, 9 Oxidation of the membrane phospholipids 
by radicals as well as propagating oxidation products severely perturb the 
membrane structure that eventually may be punctured.10, 11, 12 This exerts 
intense stress on cell membranes and failure to control the oxidation 
process leads to pathological situations.13 Thus it is important to gain a 
better understanding of the mechanism of lipid oxidation in membranes. 
Further, when trying to make model membranes that mimic cell mem-
branes, phospholipids carrying unsaturations must obviously be included 
as they are present in significant amounts in all membranes of living cells. 
However, it is important to be able to control the oxidation in all experi-
mental systems. This forms the motivation for our work on phosphocho-
lines with varying degrees of unsaturation. In particular, we have com-
pared the rate of oxidation of theses phospholipids subjected to laborato-
ry air, and tested and implemented means to inhibit the oxidation by purg-
ing the ambient air with nitrogen gas. 

Improving the understanding of the properties of cell membranes and var-
ious molecules interacting with them, such as membrane-bound proteins, 
toxins, and drugs, is of considerable importance, and has many applica-
tions. Since membranes in living cells is extremely complex, and isolated 
cells are in general fragile, the possibilities of in situ studies using spec-
troscopy are as yet rather limited and simpler and robust model systems 
are desired. Model membranes, consisting of only a few components, 
have been used to this end. Vesicles in suspension, Langmuir monolayers 
and supported mono- and bilayers formed by Langmuir-Blodgett (LB) de-
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position or vesicle fusion are examples of such model systems currently in 
use. Model membranes supported directly on a substrate are less suited 
for carrying transmembrane proteins that protrude on both sides of the 
membrane. Direct contact between the substrate and the protein may 
perturb the protein structure and thereby affect its function. Polymer cu-
shioned and “linked” membranes not having direct contact with the sub-
strate have been suggested to circumvent this problem.14 When employ-
ing model systems it is extremely important to ensure that they mimic the 
cell membrane sufficiently accurately to enable the drawing of conclusions 
that can be extrapolated to living cells. Thus, a detailed understanding of 
the physiochemical properties of both the cell membrane and the model 
membranes is necessary. 

Vibrational Sum Frequency Spectroscopy (VSFS) is a truly surface specific 
technique with submonolayer sensitivity15, 16 that can be used to record 
vibrational spectra from all interfaces accessible to light. Sum Frequency 
Generation (SFG) is a nonlinear optical process that requires high power 
pulsed laser sources to provide sufficient signal to be detectable. Although 
the theoretical framework was established by Blombergen17 in 1962 it 
took until 1987 before sufficiently strong and reliable laser sources were 
available to record the first spectrum.18 The technique is becoming increa-
singly widespread but because it is complex and requires in-depth know-
ledge both to use and maintain the spectrometer and to interpret the da-
ta, still relatively few research groups uses it. While linear spectroscopic 
techniques such as IR and Raman are less suitable for studying interfaces 
as the signal from the surface molecules is overwhelmed by the signal 
from the vast amount of bulk molecules also being probed, VSFS is truly 
surface specific and alleviates the need of background subtraction. Consi-
dering its unique properties, VSFS is well suited to study flat model mem-
branes like Langmuir monolayer and LB deposited mono- and bilayers on 
transparent surfaces. 

During the last decade VSFS has been deployed for a number of studies of 
phospholipids, including both mono- and bilayers. Langmuir monolayers 
have been studied extensively to elucidate such general properties19, 20 as 
packing order, headgroup and tail orientation as well as hydration and 
how the addition of fatty acids21 or cholesterol22, 23 influences the proper-
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ties of the monolayers. Calcium fluoride,24 silica25 and quartz26 have been 
used as substrates for deposited monolayers and bilayers and the influ-
ence of the substrate on the properties of the deposited layer was dis-
cussed. Another area of interest is the interaction of antimicrobial pep-
tides27, 28 (AMPs) and proteins29 with the cell membranes where many stu-
dies have been made including for instance Melittin24 and signal peptide-
less proteins (SPL).30 

The transbilayer movement, the so-called “flip-flop”, of phospholipid mo-
lecules has been a topic of interest for decades. Since phospholipids are 
synthesized inside the cells it is assumed that a “flipase” or other mechan-
ism mediating the transport of molecules from the inner to the outer layer 
of the cell membrane must exist, because spontaneous flip-flop is only 
supposed to take place at a negligible rate.1 Several aspects of the sponta-
neous transbilayer movement, such as the influence of temperature31 and 
surface pressure32 of the bilayer on the rate of the movement have been 
studied by the Conboy group using asymmetric bilayers probed by VSFS. 
Additionally, the influence of Gramicidin A, an antimicrobial peptide con-
sisting of an alpha helix that penetrates the membrane and perturbs its 
structure, on the rate was investigated and it was found to mediate the 
spontaneous movement.33 

The aim of the research presented in this licentiate thesis was to employ 
VSFS to investigate the properties of a selection of single component, 
model membranes based on commonly occurring lipids. In addition to the 
work related to oxidation, a Langmuir monolayer of 1,2-distearoyl-
phosphocholine (18:0 PC), was studied at different surface pressures to 
investigate the packing order and hydration. Monolayers of 18:0 PC, its 
fully deuterated analog and 1,2-distearoyl-phosphoserine (18:0 PS) were 
deposited on CaF2 substrates and probed using VSFS. 

Chapter 2 presents an introduction to some of the theoretical background 
needed to understand VSFS and interpret the corresponding experimental 
data. Chapter 3 introduces the molecules, experimental procedures, and 
equipments used for the research. Chapters 4 and 5 summarize the results 
and conclusions. Possible future work is discussed in chapter 6 that also 
includes a brief description of the newly established femtosecond VSFS 
facility that will be used in the future.  



 

5 

2 Theory 

2.1 Linear and nonlinear optics 

Optical phenomena as we experience in our everyday life exist in the li-
near regime. Typically, light waves at different frequency to that of the 
incident light are not generated. But when the intensity of the light in-
creases sufficiently a number of nonlinear phenomena such as frequency 
doubling or sum frequency generation start to occur. To generate suffi-
ciently high intensities pulsed lasers are necessary and for more than two 
decades this was the main obstacle preventing the field of nonlinear optics 
to be explored. In order to completely understand such processes it is ne-
cessary to go through a quantum mechanical derivation17, 34, 35 based on 
second order perturbation theory and also have a thorough understanding 
of electrodynamics.36 However the classical model outlined here is more 
than adequate to gain sufficient understanding of how to perform and 
analyze VSFS experiments.  

When a molecule is subjected to an electromagnetic field a force is in-
duced that acts on opposite directions on electrons and the nucleus, mov-
ing them away from their equilibrium positions and inducing a polariza-
tion. Provided the field is not static the polarization will be time depen-
dent and act as a source of a reradiated field. By calculating the induced 
polarization as a function of the incident field it is possible to model linear 
optical phenomena like reflection, transmission, and refraction as well as 
non-linear. 

The electric displacement field D describes the influence of an electro-
magnetic field, E, on a material on a macroscopic level. 

 ε=D E  (2.1) 

D and E are vectors and the permittivity, ε, is a constant for isotropic ma-
terials and a second rank tensor if anisotropy exists. The permittivity in 
free space (vacuum) is defined as: 
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µ

≡  (2.2) 

Where c equals the speed of light and μ0 is the magnetic permeability or 
magnetic constant. The permittivity of a material is related to that of free 
space through the relative permittivity, εr, so that: 

 ( )0 01rε ε ε χ ε= = +  (2.3) 

The susceptibility, χ, is defined as a proportionality constant between the 
electric field and the dielectric polarization density, P, which has the unit 
of dipole moment per unit volume: 

 0ε χ=P E  (2.4) 

Combining equations (2.1) with (2.3) and (2.4) results in: 

 ( )0 0 1ε ε χ= + = +D E P E  (2.5) 

The complex refractive index, N, has a real part, n, called the refractive 
index, that is related to the speed of light in the material relative to va-
cuum, and an imaginary part, k, that accounts for absorption. 

 N n ik= +  (2.6) 

The refractive index can further be expressed as the real part of the per-
mittivity: 

 ( ) ( )( )( )1 211 2Re Re 1n ε χ= = +  (2.7) 

If we direct our focus on the polarization density and the susceptibility, 
the polarization can be expressed as a series expansion in the electric 
field(s):34, 35  
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where P(0) is the static polarization, χ(1) is called the linear susceptibility 
and the remaining susceptibilities are non linear susceptibilities of increas-
ing order. For weak electric fields the linear susceptibility is sufficient to 
describe the polarization but at increasing field strengths close to what 
electrons experience from the nucleus (of the order of 3 x 1010 V/m) more 
and more terms must be included and phenomena described by non linear 
terms begin to appear. The second order susceptibility describes pheno-
mena like sum- and difference frequency generation and second harmonic 
generation. It is a general property of susceptibilities of even order that 
the inversion symmetry has to be broken for the tensor to be non zero. 
This property makes VSFS surface specific as the inversion symmetry is 
always broken at an interface but generally not in the bulk. 

Expanding the second order term of the polarization using trigonometry 
and having inserted two different electric fields, E1 and E2 an expression 
showing the second order processes is derived:37 

 

( ) ( ) ( ) ( )

( )
( ) ( )

( )( ) ( )( )

22 2
0 0 1 1 2 2

2 2 2 2
1 2 1 1 1 2

2
0

1 2 1 2 1 2 1 2

2 : cos cos

cos 2 cos 2

1 1cos cos2 2

t t

t t

t t

ε χ ε χ ω ω

ω ω
ε χ

ω ω ω ω

= = + =

+ + + +
=

− + +

 
 
  

P EE E E

E E E E

E E E E

 (2.9) 

The first bracket in the square parenthesis is a DC field without any time 
dependence. The next two terms account for the second harmonic gener-
ation (SHG), a process that can also be used for spectroscopy.38 Next 
comes difference frequency (DFG) and finally sum frequency (SFG) genera-
tion. 

2.2 Vibrational spectroscopy 

A molecule is formed by a number of bonded atoms each consisting of a 
positively charged nucleus surrounded by negatively charged electrons. 
The molecule can be pictured as a number of point masses representing 
the nuclei connected with ideal springs representing the bonding forces 
created by the electron cloud. Each atom possesses three spatial degrees 
of freedom and thus a molecule of N atoms has 3N degrees of freedom. 
Subtracting the translational and rotational degrees of freedom leaves the 
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molecule with 3N-6 (3N-5 for linear molecules) internal degrees of free-
dom that describes the shape of the molecule. The nuclei vibrate around 
their equilibrium positions. It can be shown that the vibrations can be fully 
described by a linear combination of a number of normal modes and that 
the number of normal modes equals the number of internal degrees of 
freedom.39 In vibrational spectroscopy the molecular vibrations are 
probed to gain information about different molecular properties. 

The vibrational frequency depends on the masses of the involved nuclei 
and the bonding forces. Isotope substitution (changing the mass of the 
nuclei and thus affecting the vibrational frequencies) enables the identifi-
cation of a particular part of the molecule in the spectrum or avoiding in-
terference between spectral peaks. A common substitution is from hydro-
gen to deuterium where the mass of the nucleus is doubled. The frequen-
cy difference between the CH and CD stretch regions is approximately 800 
cm-1. Isotope substitution can be used for instance to distinguish between 
the two leaflets of an asymmetric bilayer in a model membrane or distin-
guish the membrane from an adsorbing species. 

The symmetry properties of the investigated molecule or functional group 
is of immense importance when performing vibrational spectroscopy as it 
dictates the selection rules describing weather a particular vibration is ac-
tive or not in IR and/or Raman spectroscopy.40 Symmetry must also be ac-
counted for when determining the orientation of a functional group using 
VSFS-data. To describe the symmetry properties of a particular molecule 
point groups, each including different sets of operations like inversion, 
rotation around an axis or mirroring through a plane, are used. The ma-
thematical formalism of the symmetry properties are described in “group 
theory”.41 For instance both the methyl group and NH3 belong to the same 
point group, C3v, thus sharing properties like the number of active vibra-
tions observed in its IR and Raman spectrum respectively, although the 
vibrations appear at different frequencies. 

VSFS can be viewed as a combination of IR and Raman spectroscopy 
where the source polarization generated by the IR beam is upconverted to 
the visible region by an Anti-Stokes Raman transition. Although verging on 
an oversimplification as this view ignores both the coherence and the fact 
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that the surface specificity comes from being a nonlinear process, it can be 
helpful in understanding some of the properties of VSFS like selection 
rules for spectral peaks. In the following two sections IR and Raman spec-
troscopy is addressed with focus on properties important for VSFS spec-
troscopy. 

2.2.1 IR 
When a permanent dipole formed by two bonded atoms in a molecule is 
subjected to an electric field the atoms will experience a force that strives 
to increase and decrease the dipole spacing. If the frequency of the driving 
field matches the natural vibrational frequency of the bond, energy is 
transferred from the field to the vibration and eventually excites it to a 
higher energy level. The permanent dipole moment, μ, varies between the 
energy levels and the necessary condition for the excitation to take place 
is that the dipole moment changes when the distance between the vibrat-
ing atoms change along the normal coordinate, Q. This forms the selection 
rule for IR-active vibrations (2.10). 

 0
Q
µ ∂

≠ ∂ 
 (2.10) 

According to this rule, molecular vibrations about a mirror plane that is 
retained during the vibration, like the symmetric stretch of the linear mo-
lecules CO2 or H2, will not be IR active as no change of dipole moment can 
take place. 

The potential energy function that describes a molecular vibration is mod-
eled using a harmonic oscillator as a first approximation. If this holds true 
only excitations to adjacent energy levels are allowed and the spacing be-
tween the energy levels is equal. The anharmonicity in real molecules re-
sults in overtones that can overlap with the fundamental vibration leading 
to Fermi resonance that splits it into two strong bands. A typical example 
is the Fermi resonance of the methyl CH3 symmetric stretch caused by 
overlap with the second overtone of a CH3 bending mode. 
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2.2.2 RAMAN 
Raman spectroscopy relies on the inelastic scattering of visible light that 
occurs when the scattered photon loses or gains an amount of energy to 
or from the scattering molecule.39, 42 The most commonly occurring scat-
tering process, Rayleigh scattering, can be viewed as the absorption of a 
photon exciting the molecule from a vibrational energy level to a virtual 
state that immediately decays back to the same vibrational level, emitting 
a photon with the same energy. Since the energy and momentum of the 
molecule are unchanged the scattering is called elastic. However, some-
times the excited molecule does not decay back to the original vibrational 
energy level. Two situations are possible, either decay to a higher level 
than the original (Stokes-Raman scattering), leaving the scattered photon 
with less energy, or decay to a lower level (Anti-Stokes Raman) where the 
photon gains energy. Anti-Stokes scattering is less common since it re-
quires excitation from a vibrational level above the ground level that is 
less likely to be populated at ordinary temperatures because the popula-
tions of the states are Boltzman distributed. The different scattering 
processes are illustrated in Figure 2-1. 

 

Figure 2-1 Illustration of scattering processes. Elastic Rayleigh scattering involves exci-
tation to a virtual level and decay back to the original vibrational energy level. In Ra-
man scattering the molecule decays to a different vibrational level and the scattered 
photon loses (Stokes Raman) or gains (Anti-Stokes Raman) energy. 

 

<virt> 

Rayleigh Anti-Stokes 
Raman 

ωvib 

ω0 

Stokes 
Raman 

<1> 

<0> 
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The Raman processes are very inefficient and laser sources are used to 
generate sufficient amounts of scattered light. The frequency of the inci-
dent light is selected to exceed the vibrational frequencies, but still below 
what will induce electronic transitions. 

For the case of scattering the mechanism of energy transfer from the pho-
ton to the molecule involves a change of the induced dipole moment, μind. 
When a molecule is subjected to an oscillating electric field with amplitude 
E0 and frequency ν the nuclei and electrons will experience a force sepa-
rating them from their equilibrium position and resulting in an induced 
dipole moment that is proportional to the polarizability, α.39 

 0 cos 2ind E tµ α πν=  (2.11) 

The polarizability will not be constant, but varies as the shape of the mole-
cule changes during a vibration cycle along the normal coordinate, Q. This 
can be modeled by Taylor expansion of the polarizability: 

 0 0 cos 2 ...vibQ t
Q
αα α πν∂

= + +
∂

 (2.12) 

where α0 is the static polarizability, Q0 the equilibrium position along the 
normal coordinate and νvib the vibrational frequency. Substituting (2.12) 
into (2.11) results after some rearrangement and expansion in: 

 
( ) ( )[ ]

0 0

0 0

cos 2

cos 2 cos 2
2 vib vib

ind E t

Q E
t t

Q

µ α πν

α
π ν ν π ν ν

= +

∂
+ − + +
∂

 (2.13) 

Equation (2.13) shows that the induced dipole moment will oscillate with 
three different frequencies, ν, ν - νvib, and ν + νvib corresponding to Ray-
leigh, Stokes Raman, and Anti-Stokes Raman transitions respectively. It 
can also be realized that the derivative of the polarizability with respect to 
the normal coordinate must be non zero for a vibration to be Raman ac-
tive. This gives the selection rule for Raman active modes: 
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 0
Q
α ∂

≠ ∂ 
 (2.14) 

While the dipole moment as well as the electric field are vectors, the pola-
rizability is a symmetric tensor (2.15), except for isotropic molecules.39 In 
that case the induced dipole moment is always in the direction of the field, 
and independent of the orientation of the molecule, and the polarizability 
is the same in all directions. 

 
,

,

,

x ind xx xy xz x

y ind yx yy yz y

z ind zx zy zz z

E
E
E

µ α α α
µ α α α
µ α α α

    
    =     
        

 (2.15) 

The polarizability tensor can be divided into an isotropic and an anisotrop-
ic part both having the property of being invariant to changes in molecular 
orientation relative to the spatially fixed coordinate system: 

 ( )1
3s xx yy zzα α α α= + +  (2.16) 

 ( )
( ) ( )
( ) ( )

2 2

2

22 2 2 2

1
2 6

xx yy yy zz

a

zz xx xy yz zx

α α α α
α

α α α α α

− + − +
=

+ − + + +

 
 
 
 

 (2.17) 

The Raman depolarization ratio, ρ, involved in some analyses of VSFS data, 
is defined as an intensity ratio of Raman scattered light polarized perpen-
dicular to the xy plane and parallel to the xy plane assuming that light is 
incident in the direction of the z-axis that is perpendicular to the xy 
plane.39 

 
I
I

ρ ⊥=


 (2.18) 

It can be shown by averaging over all orientations of the polarizability el-
lipsoid that for plane polarized incident light:39 
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( )

( ) ( )

2

2 2

3
45 4

a
p

s a

α
ρ

α α
=

+
 (2.19) 

The equation above applies to Rayleigh scattering. For Raman scattering 
the polarizability tensor elements in (2.16) and (2.17) must be replaced 
with the polarizability derivative tensor elements, /xx xx Qα α→ ∂ ∂ , and 

so on. 

2.3 Vibrational Sum Frequency Spectroscopy, VSFS 

2.3.1 General theory 

When two laser beams, one visible ( )visωE  and one infrared ( )IRωE  of 

sufficient intensity to generate a nonlinear response overlap in space and 
time at an interface a nonlinear second order surface polarization, P(2) is 
induced that generates a third beam with a frequency that is the sum of 
the frequencies of the two incident beams (2.20). 

 ( ) ( ) ( ) ( ) ( ) ( )2 2

1 2:SF vis IR eff SF vis IR vis IRω ω ω χ ω ω ω ω ω= + = = +P E E  (2.20) 

The surface polarization is coupled to the incident fields E1 and E2 by the 

effective second order susceptibility tensor, ( )2
effχ , which is a tensor of rank 

3 with 27 elements.43, 44 

In the description of VSFS usually different coordinate systems are used. 
The laboratory oriented system (X,Y,Z) is used to describe the optical se-
tup and the features directly observable in the spectrum while the surface 
oriented system (x,y,z) describes the sample surface. Provided that the 
surface is isotropic these two coordinate systems coincide. Finally the mo-
lecular coordinate system (a,b,c) is used to describe molecular properties, 
such as the hyperpolarizability tensor. Conversions between the coordi-
nate systems are performed by Euler angle transformations: 
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x x

y y

z z

p p
p p
p p

′

′ =

′

   
   
   
      

R
 (2.21) 

cos sin 0 cos 0 sin cos sin 0
sin cos 0 0 1 0 sin cos 0
0 0 1 sin 0 cos 0 0 1

χ χ θ θ φ φ

χ χ φ φ

θ θ

−

= − −
     
     
     
          

R  (2.22) 

where p and p' represent the two coordinate systems, R is the transforma-
tion matrix, and the definition of the azimuthal, tilt and twist (χ, θ, and φ ) 

angles are made according to Hirose who also tabulated the results of the 
transformation between all possible combinations of tensor elements.45 

Figure 2-2 shows the copropagating setup used for the VSFS experiments 
in our research. The incident beams, as well as the generated sum fre-
quency beam, all lie in the XZ-plane of the orthogonal coordinate system 
(X,Y,Z), where the Z axis is perpendicular and the XY-plane is parallel to the 
surface. 

Figure 2-2 Illustration of the copropagating setup used in our spectrometer. When the 
fixed visible and tunable IR beams overlap in time and space at the surface a sum frequen-
cy beam is generated. In the orthogonal coordinate system (X,Y,Z), Z is perpendicular to 
and the XY plane is parallel to the surface. 

IRωE
 

visωE  

n2 

vis IRSF ω ωω = +E
 

βSF βIR 

βvis 

n1 
n' 

X 

Z 
Y 
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The angle between the surface normal and the SF-beam, βSF, is dictated by 
the conservation of momentum in the X direction (2.21): 

 sin sin sinSF SF vis vis IR IRω β ω β ω β= +  (2.23) 

For the case of the copropagating setup (Figure 2-2) the intensity, ISF, 
(2.24) of the emitted sum frequency beam is governed by the intensities 
of the incident beams, I1 and I2, the refractive indices of media 1 at the 
sum-, IR-, and visible frequencies and the effective second order non-

linear susceptibility tensor, ( )2
effχ .46 

 
( )

( ) ( ) ( )
( ) ( ) ( )

3 2 2
22

1 23
1 1 1

8 sec SF
SF SF eff vis IR

SF vis IR

I I I
c n n n

π ω β
ω χ ω ω

ω ω ω
=  (2.24) 

The effective susceptibility, ( )2
effχ , is related to ( )2χ  through the Fresnel 

tensor, L(ω), which relates the local field at the interface to the fields in 
the surrounding medium by equation (2.25) where ê(ω) are the unit pola-
rization vectors.44 

 
( ) ( ) ( )[ ] ( ) ( ) ( )[ ] ( ) ( )[ ]2 2ˆ ˆ ˆ:eff SF SF vis vis IR IRχ ω ω χ ω ω ω ω= ⋅e L L e L e  (2.25) 

For ( )2χ  to take a nonzero value, assuming that the electric dipole approx-

imation is valid, the inversion symmetry of the matter has to be broken; 
that is always the case at an interface but not in the bulk of amorphous 
materials or crystals with an inversion symmetry. This makes VSFS intrinsi-
cally surface specific, which is one of the main advantages of the tech-
nique as it alleviates the need of background subtraction as is the case for 
conventional IR and Raman spectroscopy. For VSFS at isotropic surfaces 
( vC∞ -symmetry) all but four independent tensor elements vanish due to 

symmetry constraints and only ( ) ( )2 2
yyz xxzχ χ= , ( ) ( )2 2

yzy xzxχ χ= , ( ) ( )2 2
zyy zxxχ χ=  and 

( )2
zzzχ remain, where the indices refer to SF, visible, and IR, respectively. The 

nonzero tensor elements for different symmetry groups are tabulated in 
textbooks along with the procedure for how to identify the nonzero ele-
ments based on von Neuman’s principle.35 
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By polarizing the incident fields and selecting the sum frequency field per-
pendicular (S) or parallel (P) to the plane of incidence in different combi-
nations, it is possible to selectively probe the four nonzero χ -elements 

(Table 2-1). The three combinations SSP, SPS, and PSS each probe a single 
χ -element, whereas PPP probes an admixture of four elements. 

Table 2-1 Polarization combinations and corresponding susceptibility tensor elements for 

isotropic surfaces ( vC∞ -symmetry). 

χ(2) element 
Polarization combination 

(SF, VIS, IR) 
(2) (2) (2) (2), , ,ZZZ ZXX XZX XXZχ χ χ χ  PPP 

(2)
YYZχ  SSP 
(2)
YZYχ  SPS 
(2)
ZYYχ  PSS 

 
If the resonance frequencies are far away from electronic transitions the 

two first indices of the ( )2χ -elements are interchangeable because the 

Raman tensor is symmetric.35 Thus ( ) ( )2 2
XZX ZXXχ χ=  and the SPS and PSS 

spectra only differ by a factor related to the Fresnel factors and all availa-
ble information can be extracted using only three polarization combina-
tions. Expanding equation (2.25) for the nonzero tensor elements yields: 

 ( ) ( ) ( ) ( )2
, sineff SSP YY SF YY vis ZZ IR IR YYZL w L w L wχ β χ=  (2.26) 

 ( ) ( ) ( ) ( )2
, sineff SPS YY SF ZZ vis YY IR vis YZYL w L w L wχ β χ=  (2.27) 

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

2
, cos cos sin

cos sin cos

sin cos cos

sin sin sin

eff PPP XX SF XX vis ZZ IR SF vis IR XXZ

XX SF ZZ vis XX IR SF vis IR XZX

ZZ SF XX vis XX IR SF vis IR ZXX

ZZ SF ZZ vis ZZ IR SF vis IR ZZZ

L w L w L w

L w L w L w

L w L w L w

L w L w L w

χ β β β χ

β β β χ

β β β χ

β β β χ

= −

−

+

+

 (2.28) 



 

17 

where β is the angle of incidence of the respective beams (Figure 2-2) and 
LXX(Ω), LYY(Ω) and LZZ(Ω) are the Fresnel factors: 

 ( ) ( )
( ) ( )

1

1 1

2 cos

cos cosXX

n
L

n n

γ

γ β

Ω
Ω =

Ω + Ω
 (2.29) 

 ( ) ( )
( ) ( )

1

1 1

2 cos

cos cosYY

n
L

n n

β

β γ

Ω
Ω =

Ω + Ω
 (2.30) 

 ( ) ( )
( ) ( )

( )
( )

2

2 1

1 1

2 cos

cos cosZZ

n n
L

n n n

β

γ β

Ω Ω
Ω =

′Ω + Ω Ω

 
 
 

 (2.31) 

In the equations above γ is the refracted angle derived by Snell’s law and 
n'(Ω) is the refractive index of the thin surface layer where the sum fre-
quency signal is generated.38, 44, 47 Determine the value of n' is not straight 
forward. It can either be determined by a series of VSFS measurements at 
different angles of incidence48 or estimated from a theoretical model pro-
posed by Shen.44 An accurate value is especially needed when using the 
PPP-polarization combination for orientational analysis. 

The susceptibility tensor, ( )2
ijkχ , is a macroscopic property of the interface 

and is related to the microscopic second order hyperpolarizability, ( )2
abcβ , of 

the individual molecules averaged over all orientations: 

 ( ) ( )2 2

0
ijk abc

N
χ β

ε
=  (2.32) 

where N is the number density of molecules and ε0 is the electric permea-
bility in vacuum. The indices abc on the β-elements refer to the molecular 
oriented coordinate system. Because the SF intensity is proportional to the 
square of the susceptibility it has the same proportionality to the number 
density of molecules. The apparent simplicity of equation (2.32) does not 
reveal that it contains both an Euler angle rotation and integrations over 
the angles with isotropic distribution of orientations to perform the aver-
aging. 
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The expression for the hyperpolarizability, (2.33), contains both a Raman 
tensor element, ααβ, and the IR transition dipole moment, μγ, and hence a 
vibration has to be both Raman and IR active to give rise to a SF signal in 
the spectrum. This is the background of an important selection rule for 
VSFS that is useful when assigning the spectrum and that result in the 
VSFS spectrum being less congested compared to IR and Raman spectra. 

 ( )2
,v

v IR vi
αβ γ

αβγ

α µ
β

ω ω
∝

− − Γ
 (2.33) 

In the equation above, ωv is the resonance frequency of the vibration, ωIR 
is the frequency of the incident IR beam, and Г is a constant that accounts 
for the homogeneous broadening. At frequencies far away from the re-
sonance frequency β is negligibly small, but increases as resonant en-
hancement occurs when the IR frequency overlaps with the resonance 
frequency. 

2.3.2 Modeling of VSF-spectra 
To be able to make quantitative statements (and even qualitative unless 
the spectra are made up of isolated peaks and the non resonant back-
ground is negligible) a modeling function has to be fitted to the spectra 
and the fitting parameters (wavenumber, amplitude and damping con-
stant) for each peak extracted. Because VSFS is a coherent technique adja-
cent peaks as well as individual peaks and the non-resonant background 
interfere both constructive and destructively. 

The intensity of the sum frequency (SF) signal is proportional to the abso-
lute square of the sum of the non-resonant and the resonant susceptibili-
ties: 

 
2

(2) (2)
vSF NR R

v
I χ χ∝ +∑  (2.34) 

The susceptibilities are complex quantities and the mathematical treat-
ment is greatly simplified if Cartesian coordinates are used for the model-
ing. The non resonant susceptibility, χNR, can be treated as a complex con-
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stant, but is real-valued for dielectrics where no absorption takes place. 
Lorentzian peak shapes are used for the resonant susceptibilities, χR: 

 (2)
v

v
R

Rv IR v

A
i

χ
ω ω

=
− − Γ

 (2.35) 

In equation (2.35) that is derived from equation (2.33) A is a constant ac-
counting for the amplitude of the peak. 

The peak width is mainly governed by two different broadening pheno-
mena, homogenous and inhomogeneous broadening. The minimum peak 
width is limited to the “natural peak width” by the Heisenberg uncertainty 
principle. The homogenous broadening is mainly related to the lifetime of 
the exited states, so that: 

 
1

rT
Γ =  (2.36) 

where Tr is the relaxation time. A short relaxation time results in a less 
well defined vibrational frequency giving rise to a broader line shape. 

The inhomogeneous broadening arises because molecules in a studied 
ensemble have different local environments. The variables describing the 
local environment obey some statistical distribution function and a me-
thod to account for this is to convolute equation (2.35) with a Gaussian 
distribution of vibrational frequencies, giving a Voigt-like peak shape.49 
This approach is especially useful for modeling broad peaks in the water 
spectrum and does not exhibit the overestimation of interference be-
tween widely separated peaks as with the Lorentzian peak shape.50 This 
overestimation arises because the Lorentzian function decays less rapidly 
at wavenumbers far away from the resonance frequency compared to the 
Voigt function. 

2.3.3 Orientational analysis 
VSFS can be used to determine the orientation of the studied molecules at 
the interface. The intensity of the signal generated by a particular vibra-
tion will vary among the polarization combinations depending on the 
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orientation of the molecule. By selectively probing different polarization 
combinations, extracting the peak intensity by curve fitting and calculating 
the intensity ratios, the angles describing the orientation can in principle 
be obtained. Here the procedure for the methyl group at the end of an 
aliphatic chain will be described, but it also applies to other functional 
groups having the same symmetry properties. 

The starting point is to determine from the symmetry properties of the 
functional group which hyperpolarizability (β) elements carry the vibration 
of interest. The methyl group has approximately C3v symmetry assuming it 
can rotate freely around the C-C bond to the adjacent methylene group. If 
this is not the case then CS symmetry applies, splitting the asymmetric 
stretch into a doublet and increasing the number of independent tensor 
elements so that the orientational analysis cannot easily be performed.51, 

52 The C3v group has eleven non vanishing tensor elements35 with the fol-
lowing relations: 

 

, ,
,

,

aac bbc ccc

aaa bba abb bab

aca bcb caa cbb

β β β
β β β β
β β β β

=
= − = − = −
= =

 (2.37) 

In the molecular coordinate system the c-axis coincides with the symmetry 
(C3) axis of the methyl group and the plane formed by the a and b axis is 
perpendicular to the c axis with the a axis along the projection of one of 
the CH bonds in the ab plane. The methyl group has both a symmetric vi-
bration carried by the aac bbcβ β= and cccβ elements and an asymmetric 

vibration carried by the remaining elements in equation (2.37).51 

By applying equation (2.32) and integrating the azimuthal and twist angles 
assuming an isotropic distribution over all values, the following equations 
containing the tilt angle are derived for the antisymmetric and symmetric 
vibrations respectively:53 

 ( ) ( ) ( ) ( )2 2 2 3
, , cos cosyyz as yyz as S acaNχ χ β= = − Θ − Θ  (2.38) 

 ( ) ( ) ( ) ( ) ( )2 2 2 2 2 3
, , , , cosxzx as zxx as yzy as zyy as S acaNχ χ χ χ β= = = = Θ  (2.39) 

 ( ) ( ) ( )2 2 3
, 2 cos coszzz as S acaNχ β= Θ − Θ  (2.40) 
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and 

 ( ) ( ) ( ) ( ) ( )2 2 2 3
, ,

1
1 cos 1 cos

2yyz ss xxz ss S cccN R Rχ χ β= = + Θ − − Θ    (2.41) 

 

( ) ( ) ( ) ( )

( ) ( )

2 2 2 2
, , , ,

2 31
1 cos cos

2

xzx ss zxx ss yzy ss zyy ss

S cccN R

χ χ χ χ

β

= = = =

= − Θ − Θ  
 (2.42) 

 ( ) ( ) ( )2 2 3
, cos 1 coszzz ss S cccN R Rχ β= Θ + − Θ    (2.43) 

where ( ) ( ) ( ) ( )2 2 2 2/ /aac ccc bbc cccR β β β β= =  is the hyperpolarizability ratio,  de-

notes an averaging over all angles and θ is the tilt angle with respect to 
the surface normal. R varies among methyl groups in different molecules 
and can be determined by measuring the Raman depolarization ratio, ρ, 
and using equation (2.44) since the hyperpolarisability tensor can be ex-
pressed as ijk ij kβ α µ= . However this method involves some simplifications 

and cannot be generally used as it requires that the Raman tensor only 
contains two independent elements. To determine the magnitude of the 
Raman tensor elements is one of the major obstacles that must be over-
come when performing orientational analysis.54 

 

123 5 2 1
1

4 4 1
R

R
ρ

−

+
= +

−

  
  

  
 (2.44) 

It can be seen that equation (2.44) will give two solutions when solving for 
R. The proper solution can be identified by additional measurements tak-
ing advantage of the interference phenomenon in VSFS.55 

The tilt angle, θ , ranging from 0 to π/2, can be approximated with a δ -
distribution, meaning that all molecules at the surface tilt with exactly the 
same angle. However, using a Gaussian distribution56, 57 integrated from 0 
to π is a more realistic approximation:  
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 ( )
( )

( ) ( )2

0
2

0
1 2

1
exp sin

22
f f d

π θ θ
θ θ θ θ

σσ π
−

= −
 
  
 

∫  (2.45) 

In the procedure outlined here the orientation can be determined by using 
intensity ratios of either the antisymmetric or the symmetric vibration. A 
third method is to use the ratio of the antisymmetric and the symmetric 
vibration intensities in the same polarization combination, provided that 
the ratios of the required β-tensor elements are known.51, 58, 59 This me-
thod does not suffer from the problems related to estimating the n'-value, 
since the Fresnel factors cancel out when taking the ratio, assuming zero 
dispersion. 

To finally determine θ, the SF intensities are computed and plotted as a 
function of θ for the polarization combinations that will be used (See Fig-
ure 2-3 for an example). Also the ratios of the combinations (SSP/SPS, 
SPS/PPP and SSP/PPP) are plotted. The ratios are then compared with the 
experimentally determined intensity ratios and the tilt angle identified as 
the intercept between the calculated and experimental values. 

 
Figure 2-3 The figures show plots of the calculated intensities of the antisymmetric (CH3-as) 
and symmetric (CH3-ss) methyl stretches as a function of the tilt angel, θ, for the three pola-
rization combinations. The plots are used as a base for determining the tilt angle of the 
methyl group as well as for peak assignments. 

It is apparent from the theoretical framework presented here that the 
orientational analysis contains numerous assumptions and also relies on 
parameters that are sometimes difficult to measure. Ideally using all the 
ratios of the polarization combinations for the methyl symmetric as well as 
antisymmetric stretch would give the same value of θ. However, this is 
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probably not often the case, since to our knowledge no such study can be 
found in the literature. The determination of the tensor ratios needed to 
estimate θ by using the CH3-as and the CH3-ss intensities in the same polari-
zation combination was elucidated in detail by Hong-fei Wang recently 
and a correction based on empirical corrections was proposed.59 However 
the problems related to accurately determining n'-values as well as the 
lack of accurately measured Raman depolarization ratios is prohibitive and 
remains to be addressed in the future. 

2.4 Surface tension and pressure 

The surface tension, γ, reflects the difference in interaction energy be-
tween a molecule at the interface and in the bulk. It can either be ex-
pressed as the force per unit length when increasing the area of a thin liq-
uid film or as the change in free energy per area.60 

 
,2 T p

F G
l A

γ
∂

= =
∂

 
 
 

 (2.46) 

In the equation above the force is divided by two because a film has two 
faces. 

When a surfactant monolayer is spread on a water surface the surface 
tension is lowered because the interaction with the air is less unfavorable 
for the hydrocarbon chains compared to the water molecules. The surface 
pressure, Π , is defined as the difference between the actual surface ten-
sion and the surface tension of the neat interface, γ0. 

 0γ γΠ = −  (2.47) 

For the neat water interface the surface tension is approximately 73 
mN/m at 20° C. A Wilhelmy plate attached to a balance can be used to 
measure the surface tension (Figure 2-3). 
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The difference in free energy between the plate/water interface and the 
air/water interface causes the water to wet the plate, affecting the force 
sensed by the balance as the surface tension changes. To calculate the 
surface tension equation (2.48) is used: 

 
( )2 cos

t w

t w

F l l gh
l l

ργ
θ

− ∆
=

+
 (2.48) 

where lt and lw are the thickness and width (parallel to the water surface) 
of the plate, Δρ is the density difference between the vapor and water 
phases g is the gravitational constant and h is the immersion depth of the 
plate in the liquid. It is usually assumed that the contact angle between 
the liquid and the plate is zero so that cosine θ equals one. Because of this 
the cleaning of the plate as well as the choice of material is crucial to ob-
taining a proper measurement. 

 
Figure 2-4 A Wilhelmy plate used for measuring surface tension. The plate is connected to 
a balance and the measured force depends on the surface tension according to equation 
(2.48). 
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3 Experimental Details 

3.1 Materials and sample preparation 

This section introduces the most important substances and materials that 
were used in this research. Their general properties are described and 
handling procedures are explained and justified. 

3.1.1 Phospholipids and chemicals 
The phospholipids used in this study (1,2-diacyl-phosphocholines with 
identical C18 aliphatic chains and 1,2-distearoyl-sn-glycero-3-phosphose-
rine) were obtained from Avanti Polar Lipids (Alabaster, AL, USA) either 
dissolved in chloroform or as lyophilized powders and used without fur-
ther purification. Structures and names of the lipids are given in Figure 3-1 
on the next page and its caption. 

The uncertainty of the concentration of the lipid solutions delivered from 
Avanti is normally ± 10 %, that is not sufficient for recording compression 
isotherms with reasonably accuracy of the mean molecular area. However, 
lipid solutions with the concentration more precisely determined using a 
total phosphate assay (where the lipid is oxidized and the concentration of 
inorganic phosphate formed is measured spectroscopically) can be ob-
tained and were used for this purpose. 

Phospholipid solutions must be handled with sufficient care to prevent 
contamination, degradation, and to maintain the concentration of the so-
lutions. Chloroform has a high vapor pressure and thus easily evaporates 
and is prone to form radicals when subjected to light. The radicals will 
promptly attack the lipid molecules and initiate degradation. Chloroform 
also dissolves many plastics and suitable vials and syringes for lipid solu-
tions are made of glass with Teflon sealings. The lipids are temperature 
sensitive and must be stored in a freezer and lipid powder can be very hy-
groscopic, making sample preparation difficult. Also charged lipids are of-
ten not soluble in chloroform but require the addition of for instance me-
thanol to increase their solubility and may also be soluble only at elevated 
temperatures. 
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Figure 3-1 The phospholipids used in this study: a) 1,2-distearoyl-sn-glycero-3-
phosphocholine (18:0 PC, DSPS), b) 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 PC, 
DOPS), c) 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (18:2 PC, DLPS), d) 1,2-dilinolenoyl-
sn-glycero-3-phosphocholine (18:3 PC), e) 1,2-distearoyl-D70-sn-glycero-3-phosphocholine-
1,1,2,2-D4-N,N,N-trimethyl-D9 (18:0 PC-d83, DSPC-d83), and f) 1,2-distearoyl-sn-glycero-3-
phosphoserine (18:0 PS, DSPS) 

Chloroform, CHCl3, (≥ 99.8 %, stabilized with amylene) for preparation of 
the lipid solutions was obtained from different suppliers and used without 
further purification. 

All water used was purified using a Millipore (Billerica, MA, USA) system 
featuring constant monitoring of the conductivity (>18.2 MΩ·cm) and the 
organic content (< 4 ppb). 
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3.1.2 Calcium Fluoride (CaF2) windows 
Flat, circular, 5 mm thick, CaF2 windows with 60/40 S/D surface quality 
were used as substrates for depositing phospholipid monolayers, and ob-
tained from CeNing Optics Co. Ltd (Fuzhou, Fujian, China). 

The windows were cleaned by sonication at elevated temperature in a 
water solution of a commercial cleaning agent, (Deconex 11 Universal, 
Borer Chemie AG, Zuchwil, Switzerland). The cleaning solution is basic and 
contains an oxidizing agent. After the cleaning step the substrates were 
rinsed in copious amounts of purified water to remove any traces of sur-
factant. CaF2 is very fragile and care must be taken to avoid subjecting it to 
sudden temperature changes as it cracks easily due to thermally induced 
stress. When selecting the cleaning protocol it is essential to consider how 
it will affect the surface properties of the material being cleaned and how 
this in turn will affect the final results of the measurements. 

3.2 Methods 

This section aims at giving an introduction to the two most important 
techniques for carrying out the experiments: the Vibrational Sum Fre-
quency Spectrometer (VSFS), and the Langmuir-Blodgett (LB) trough. Addi-
tionally, the procedure for making supported lipid bilayers is described in 
some detail. 

3.2.1 Vibrational Sum Frecuency Spectrometer 
The Stockholm VSF spectrometer was set up before the research for this 
thesis was commenced. A detailed description is given elsewhere16 and 
here only the key features are described. 

The mode locked and Q-switched pulsed Nd:YAG laser that was used for 
all experiments is an EXPLA PL2143A20 generating a 1064 nm beam with a 
pulse length of approximately 24 ps, a repetition rate of 20 Hz and a max-
imum energy per pulse of 50-60 mJ. Only pulse energies of 30 mJ or less 
are employed in normal operation to remain below the damage threshold 
of the OPA/OPG. 

An OPG/OPA (Optical Parameter Generator / Optical Parameter Amplifier) 
(Laser Vision) pumped by the laser generates two beams. One, fixed at 
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532 nm (green) is used as the fixed visible beam and the second is the IR-
beam, tunable in a range from 950 cm-1 to 4000 cm-1. The IR energy output 
has its maximum close to 300 μJ in the region from 2800 to 4000 cm-1 and 
a bandwidth of approximately 7 cm-1. Below 2000 cm-1 the energy is lower, 
close to 50 μJ and the bandwidth is less than 15 cm-1. 

The visible and the IR-beams are overlapped in time and space on the sur-
face of the sample by a system of mirrors and a spatial time delay in the 
visible beam path. Polarizers fitted in the beam paths enable the selection 
of P or S polarization for the incident beams. The intensity of the green 
beam can be attenuated to avoid damaging the sample by local heating. 
The green and the IR-beams strike the sample with incident angles of 55° 
and 63° respectively to the surface normal in a copropagating geometry. 

The generated sum frequency beam is directed via a Glan-Thompson pola-
rizer and filters to a monochromator and detected with a photomultiplier 
tube (PMT) connected to a gated integrator and a computer interface. 
Irises and filters are used to remove scattered light and facilitate directing 
the beam to the PMT by a system of mirrors. The tuning of the monoch-
romator as well as the OPG and the signal acquisition is performed by a 
computer with a LabView (National Instruments) program. To account for 
variations in the green and IR intensity at the sample position both intensi-
ties are measured at representative places and used for normalization of 
the SF signal intensity. When the system initially was built the polarization 
dependent losses in the acquisition path were measured and this data is 
used for further normalization. 

To limit the absorption of IR energy by water molecules in the laboratory 
air before the beam reaches the sample most of the IR beam pathway is 
protected with a sealed box that can be purged with dry air. Also the 
OPG/OPA box can be purged. 

When recording a spectrum the visible and IR beams are aligned to over-
lap at the sample position and the detection path is aligned to match the 
angle of the SF beam relative to the surface normal as calculated from eq-
uation (2.21). The IR frequency is scanned with a speed of one cm-1 per 
second through the desired range and the monochromator adjusted sub-
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sequently to match the SF frequency and the detected intensity recorded 
as a function of the IR frequency together with the measured IR and visible 
intensities used for normalization. 

3.2.2 Langmuir-Blodgett (LB) Troughs 
The Langmuir-Blodgett (LB) trough is one of the most important pieces of 
equipment used in surface chemistry for studying the properties of inso-
luble monolayers such as fatty acids and phospholipids. Its use dates back 
to the early work of Irvin Langmuir on floating monolayers61, 62 in the 
1910’s but the first detailed description of its use for sequential deposition 
of monolayers wasn’t done until several years later by Katherine Blod-
gett.63 

The main parts of a LB trough are the trough itself, made of a hydrophobic 
material, usually Teflon, the barriers and a balance to measure the surface 
tension (Figure 3-2 and Figure 3-3). The shallow trough holds the liquid 
that acts as a subphase for the monolayer to float on and is sometimes 
temperature controlled. Troughs can have various shapes depending on 
their use, such as deep wells needed for deposition, and are sometimes 
equipped with internal tubes for cooling liquid. There has been some de-
bate regarding the most suitable material for the barriers, but nowadays 
the most common choice is hydrophilic Delrin (polyacetal) that reduces 
the leakage of the surfactant molecules compared to Teflon barriers.64 To 
measure the surface pressure of the monolayer a Wilhelmy plate can be 
used. Briefly, the liquid wets the plate and forms a meniscus between the 
plate and the liquid surface. The formation of the meniscus adds mass to 
the plate and the surface pressure can be calculated from the mass differ-
ence (Section 2.4). This method relies on the fact that the contact angle 
between the liquid and the plate is zero and is thus highly sensitive to any 
contaminants on the plate. Plates are usually made of platinum, paper, 
glass, or quartz, all having a low contact angle to water. 
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Figure 3-2 Cartoon model of a Langmuir-Blodgett (LB) trough. The surfactant molecules 
form a monolayer that floats on top of the subphase. Barriers are used to constrain the 
area that the monolayer can occupy thus compressing it and a Wilhelmy plate connected 
to a balance acts as a probe for the surface pressure. 

A monolayer is prepared by spreading a carefully measured volume of sur-
factant solution with known concentration. After the volatile solvent has 
evaporated the surfactant molecules remain floating on the surface. By 
moving the barriers along the edges of the trough the monolayer is com-
pressed and the surface pressure is recorded simultaneously. 

Two different computer controlled trough systems, a Minimicro 1S and a 
KSV 5000, both manufactured by KSV Instruments (Helsinki, Finland) were 
used. Both troughs features a temperature controlled Teflon trough with 
Delrin barriers, and a balance for surface pressure measurements. The 
small Minimicro trough (Figure 3-3) is 51 mm wide with a useful surface 
area between the barriers of approximately 8 350 mm2 and features a 
transparent window in its bottom where the transmitted IR and visible 
beams can continue without being scattered by the Teflon when the 
trough is used in the VSF spectrometer. The large KSV 5000 system is sta-
tionary and was used for recording compression isotherms and deposi-
tions. The trough is 150 mm wide with a surface area of approximately 
77 500 mm2 and features a well to accommodate the substrate when per-
forming depositions. 
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Figure 3-3 One of the LB troughs (KSV Minimicro 1S) when placed in the VSF spectrometer. 
The Teflon trough and the Delrin barriers are seen in the center of the picture. The black 
box above the trough is a precision balance that the Wilhelmy plate is attached to. A trans-
parent box surrounds the trough to protect the liquid surface from contamination and to 
enable measurements in controlled environments. 

3.2.3 Preparation of supported lipid bilayers 
Asymmetric bilayers of deuterated and non deuterated phospholipids 
have been deposited on CaF2 substrates. The bottom layer was deposited 
using the Langmuir-Blodgett (LB) deposition technique with vertical lift 
while the second layer was added by turning the sample 90° to a horizon-
tal position and lowering it towards the monolayer on the water surface. 
This second method is called Langmuir-Schaeffer (LS) deposition. The out-
er layer with its headgroups pointing away from the substrate is not stable 
in air, so after the deposition the sample must be handled in water. We 
have solved this problem by mounting the substrate in a sealed liquid cell 
immediately after the deposition. The cell was submerged in the trough 
before spreading the monolayer to be deposited. Additions can be in-
jected to the interior of the cell and the surface to be analyzed is pro-
tected from contaminations while carrying out the measurements or stor-
ing the cell. 



 

32 

 

Figure 3-4 Picture showing the liquid cell (left) used for holding the supported bilayer sam-
ples. The circular sample is mounted in the upper groove with the bilayer facing the water 
filled interior of the cell. A glass window fitted in the lower groove forms the bottom of the 
liquid filled part and lets the transmitted visible and IR-beams continue through the cell 
without being scattered. To the right is the holder for Langmuir Schafer (LS) deposition 
used to lower the sample in a horizontal position towards the monolayer that will form the 
outer layer of the bilayer. The sample is held in the Teflon clamp and can easily be removed 
from the holder when placed on top of the submerged liquid cell.  
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4 Summary of research 
The main findings of the research are summarized in this chapter. In sec-
tion 4.1 the degradation of Langmuir monolayers of unsaturated phospho-
lipids when subjected to air is presented. Results from studying a Langmuir 
monolayer of the fully saturated phospholipid 18:0 PC at different surface 
pressures are shown in section 4.2 and section 4.3 deals with supported 
monolayers of 18:0 PC and 18:0 PS. Additionally, supported asymmetric 
lipid bilayers that will be used for future work have been prepared and 
assessed using VSFS and this work is presented in section 4.4. 

4.1 Langmuir monolayers of phospholipids: Instability in 
air 

Article I concerns the stability of Langmuir monolayers consisting of phos-
phatidyl cholines with two identical aliphatic chains. In each case the 
chains were 18 carbon atoms long and the degree of unsaturation was 
varied from zero to three double bonds per chain. Monolayers were pre-
pared and compressed to 4 mN/m. While being kept at constant surface 
pressure the monolayer area was monitored and VSFS spectra recorded. It 
was found that while after compression the monolayer area remained 
constant for the fully saturated lipids, the unsaturated lipid monolayers 
suffered from a rapid loss of area and within a few hours the film had de-
graded completely (Figure 4-1). The spectroscopic data revealed that the 
intensity of the vinyl CH-signal quickly decreased, while the other spectral 
features only displayed minor changes, indicating that the degradation 
was related to destruction of the vinyl (C=C) bonds. It is well know that 
vinyl bonds are sensitive to oxidation by reactive species in the air, such as 
singlet oxygen, ozone or the •OH radical.11, 65 By purging the chamber sur-
rounding the trough with nitrogen gas the degradation could be complete-
ly inhibited, and the monolayer area as well as the vinyl CH signal intensity 
remained constant. Data not presented here shown that similar degrada-
tion also takes place at higher surface pressures (20 mN/m). Additionally, 
numerous control experiments to rule out other possible explanation for 
the degradation for instance induction by the laser beams were per-
formed. 
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Figure 4-1 The figure shows the relative trough area versus time at constant surface pres-
sure. Monolayers of unsaturated lipids degrade quickly while the saturated lipids remain 
stable. The markers show that the fitted intensity of the vinyl stretch decays quickly. Purg-
ing the atmosphere surrounding the monolayer with nitrogen gas protects the monolayer 
and its area as well as the vinyl stretch intensity remains unchanged. 

The fact that Langmuir monolayers of unsaturated lipids are prone to a 
very quick oxidation when subjected to ambient air is very important 
when investigating such monolayers or using them as model systems for 
cell membranes. It is obvious that measures must be taken to prevent the 
oxidation in order to get reliable results. 

Additionally, the spectroscopic data (Figure 4-2) show that the fully satu-
rated lipid forms a well ordered monolayer while monolayers of the unsa-
turated lipids form a much more disordered layer. Upon degradation of 
the monolayers the disorder increases. This can be deduced from the ratio 
of the CH3-ss to CH2-ss intensities that is high in the case of a well ordered 
film where the CH3ss-signal dominates, while it is low for a disordered film 
where the CH2-ss dominates.66 In a tightly packed, well ordered monolayer 
the aliphatic chains are stretched to an all trans conformation. Since sum 
frequency generation is forbidden in a centrosymmetric environment a 
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hydrocarbon chain with an all trans conformation will not give rise to any 
CH2 signal as an inversion centre is located between each pair of methy-
lene groups. Thus, the SSP spectrum of a tightly packed, well ordered mo-
nolayer will be dominated by the CH3-ss peak and its Fermi resonance. 
Conversely, the CH2-ss peak with little or no CH3-ss signal will be displayed in 
the spectrum of a disordered lipid monolayer as the inversion centers be-
tween the methylene groups are compromised by gauche defects. How-
ever, it must be noted that an overall order is a necessity for sum frequen-
cy generation and a system without any preferential orientation at all 
would not give raise to any sum frequency signal. 

 

Figure 4-2 VSF spectra of the lipid monolayers recorded at increasing time after the spread-
ing of the lipid. The spectra of the fully saturated 18:0 PC remain unchanged while for the 
unsaturated lipids, the vinyl CH peak at 3015 cm-1 quickly decays, as is most clearly seen for 
the 18:3 PC and 18:2 PC. It is also evident that the CH3-ss intensity decreases and the CH2-ss 
intensity increases as the degradation progresses, indicating an increasing disorder of the 
monolayers. 

The results of the combined Langmuir-trough and VSFS experiments can 
effectively rule out any other possible mechanism for the loss of monolay-
er area, as the results are not consistent with barrier leakage, dissolution 
of monomers, formation of bilayers or more tightly packed domains. For 
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instance dissolution of lipid molecules into the subphase or barrier leakage 
would not alter any spectral features and a loss of monolayer area be-
cause of more highly ordered packing would manifest itself in the spectral 
features. This is a unique property of the combination of a surface specific 
spectroscopic technique with the LB-trough to perform in situ measure-
ments on the Langmuir monolayer and the conclusions could not have 
reached by data from the LB-trough only. 

Tyrode et al. have performed similar investigations of monolayers of fatty 
acids containing unsaturations and showed that they behave in a similar 
manner in terms of area loss and that the rate of degradation decreases 
when increasing the surface pressure.67 

 

4.2 The structure of a 18:0 PC Langmuir monolayer at dif-
ferent surface pressures 

In article II a Langmuir monolayer of 1,2-distearoyl-sn-glycero-3-phospha-
tidylcholine (18:0 PC) was investigated at different surface pressures using 
VSFS. Figure 4-3 shows a compression isotherm of the lipid which is in 
agreement with data found in the literature.68 The isotherm does not dis-
play any phase transitions from liquid expanded (LE) to liquid condensed 
(LC) phase and its shape is typical for a fully saturated phospholipid with a 
melting temperature considerably above room temperature. The break-
point at approximately 52 Å2 where the surface pressure starts to increase 
rapidly indicates increased interactions between the molecules and is tra-
ditionally described as a transition from a two dimensional gas phase to a 
liquid phase. At approximately 57 mN/m the monolayer starts to collapse 
as indicated by the constant surface pressure as the area per molecule 
decrease. 
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Figure 4-3 Compression isotherm of 18:0 PC. The arrows indicate the surface pressures 
where VSFS spectra were recorded. 

VSFS spectra of the monolayer (Figure 4-4) were recorded at three differ-
ent surface pressures. The spectrum of the neat water surface was also 
recorded to verify that the surface was uncontaminated before spreading 
the phospholipid. 

 

Figure 4-4 VSFS spectra (SSP) of 18:0 PC at various surface pressures and of the neat water 
surface which is also shown in the inset at increased resolution. The symmetric methyl 
stretch and its Fermi resonance are observed. The strong methyl signal and lack of signifi-
cant methylene signal indicate a well ordered monolayer for all surface pressures that 
were studied. 
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The water spectrum agrees with the literature and its main features are 
the broad band from 2900 to 3600 cm-1 and the sharp “free OH” signal at 
3700 cm-1 caused by uncoupled OH resonators pointing towards the air at 
the interface.15, 69 Traditionally the broad band is assigned to “water-like” 
features in the higher range and “ice-like” in the lower range due to its 
resemblance with the IR and Raman spectra of water and ice.15 After the 
monolayer is spread, the phospholipid headgroups hydrogen bond with 
the water molecules and the free OH peak vanishes. In the CH-region the 
CH3-ss peak at 2875 cm-1 and its Fermi resonance at 2942 cm-1 are observed 
together with a small shoulder at 2842 cm-1 caused by the CH2-ss signal. 
The high ratio of the CH3 to CH2 intensities reveals that the monolayer is 
present in a well ordered all trans structure as explained in section 4.1. 
The increase in overall intensity as the area per molecule decreases is at-
tributed to the increasing number density of molecules at the interface, 
noting that the intensity scales to the square of the number density. In 
addition, a higher order of the phospholipid molecules that is the result of 
a smaller area for each molecule to occupy will also manifest itself as an 
increasing overall intensity. Apparently the monolayers form a well or-
dered structure even at 1 mN/m and their structure remain unchanged as 
the surface pressure increases. The broad band in the OH-region centered 
around 3250 cm-1 is caused by oriented water molecules that hydrate the 
headgroup of the phospholipid. 

Using all available polarization combinations can reveal additional infor-
mation about the studied phospholipid. Figure 4-5 shows the PPP and SPS 
as well as the SSP spectra of 18:0 PC at 1 mN/m. 

In SPS and PPP the antisymmetric methyl stretch, CH3-as, as well as a small 
peak most likely from the antisymmetric methylene stretch, CH2-as are 
seen. The observation that only signal from the symmetric vibrations is 
seen in SSP and only from the antisymmetric in SPS is in agreement with 
the plots of the calculated VSF intensity for the symmetric and antisymme-
tric stretches methyl stretches (Figure 2-3). The same applies to methylene 
stretches.70 From the plots it is evident that the CH3-ss intensity is always 
highest in SSP independent of the tilt angle θ and that the antisymmetric 
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stretch intensity is weaker in SSP than in SPS for tilt angles less than ap-
proximately 45°. 

 

 

Figure 4-5 VSFS spectrum of 18:0 PC at 1 mN/m surface pressure showing all three polari-
zation combinations. The center frequencies of the water bands differ among the polariza-
tions indicating that hydrating water with different hydrogen bonding strength have differ-
ent average orientations. 

The center frequencies of the water bands present in the three polariza-
tion combinations are different. This indicates that water “species” with 
different hydrogen bonding strengths, probably hydrating different parts 
of the headgroup have different average orientations, but the precise lo-
cation of the different species cannot be deduced from the available data. 

4.3 Phospholipid monolayers Langmuir-Blodgett depo-
sited on CaF2 substrates: Structure and orientation 

In article III VSFS was applied to perform a thorough characterization of 
monolayers of 18:0 PC, 18:0 PC-d83, and 18:0 PS Langmuir Blodgett (LB) 
deposited on Calcium Fluoride (CaF2) substrates. Spectroscopic data in all 
relevant regions from 1000 cm-1 to 3850 cm-1 is presented, analyzed, and 



 

40 

assigned to get a complete map of the molecules. The recorded spectra 
covers the CH-region, OH-region, CD region of the 18:0 PC-d83 lipid, and 
lower wavenumber region where phosphate, ester, carboxylic acid and 
amine signals were detected. Previously, such data for phospholipids was 
often recorded only in the SSP polarization combination, but recording 
also the SPS and PPP spectra reveals significantly more information, for 
instance permitting novel orientation analysis. To the best of our know-
ledge this is one of the most complete investigations of the lower wave-
number region of phospholipids using VSFS. The characterization of the 
deposited monolayers will serve as a starting point for further investiga-
tions of deposited bilayers and will be important when elucidating interac-
tions between proteins and the headgroups of the phospholipid molecules 
in biomimetic membranes. 

The compression isotherms of the phopsholipids were recorded at room 
temperature to assess their properties at the liquid / air interface. All lipids 
formed a stable monolayer in the LB-trough before deposition and the 
spectral data of the deposited monolayers indicated that they were well 
ordered. 

Orientational analysis based on the antisymmetric methyl stretch was ap-
plied to estimate the average tilt angle of the aliphatic chains. The spectral 
data from the 18:0 PC-d83 was used to confirm the curve fitting to the 
CH3-as peak in the spectra of the hydrogenated lipids. It was determined 
that the tilt angle of the aliphatic chains relative to the surface normal va-
ried between 4° and 10° with no significant difference within the experi-
mental error between the lipids. This tilt angle differs from the values ob-
tained from related systems using the symmetric methyl stretch, as well as 
combinations of symmetric and antisymmetric stretches, that generates 
10° to 15° degrees larger tilt angles than those observed here. We note 
that analysis of our data using the symmetric stretch also generates signif-
icantly larger tilt angles, which leads to a quandary as to what is the most 
reliable approach, and has significant implications for the interpretation of 
VSFS data in general. 

The spectral data also reveal an obvious difference in hydration between 
the choline and serine headgroups. The choline headgroup manifests a 
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more strongly hydrogen bonded and oriented hydrating water structure 
compared to the serine headgroup. It can also be inferred that the hydra-
tion consist of water molecules displaying several different characters in 
terms of their hydrogen bonding strength and average orientation. Eluci-
dation of the exact location and orientation of these water categories will 
be an interesting topic of our future research in which VSFS is demonstra-
bly a valuable tool. 

4.4 Supported Langmuir-Blodgett / Langmuir Schafer 
(LB/LS) asymmetric bilayers assessed using VSFS 

Supported asymmetric bilayers of phospholipids were prepared on a CaF2 
substrate using (LB/LS) deposition (vertical upstroke and horizontal down-
stroke) and examined using VSFS. Attempts were made to use the LB/LB 
method with both up- and down-stroke vertical, but that proved to be un-
successful, probably because relatively thick (5 mm) substrates were used. 
Supported lipid bilayers are not stable in air because the conformation of 
the outer layer with the headgroups facing the air is less favorable than 
the opposite. This makes the deposition of the outer layer technically chal-
lenging as it jumps into contact with the inner layer on the substrate when 
it is lowered towards the monolayer in the trough, perturbing the bilayer 
as it creates waves on the water surface which readily exposes it to the air. 
In addition the substrate must be mounted in a submerged liquid cell to 
keep it in contact with water while performing the spectroscopy. Judging 
from the results of several depositions it seems that the result is binary. 
Either the spectrum indicates a well ordered bilayer, or shows a CH-region 
without any signal at all. The latter indicates that the phospholipid mole-
cules are either extremely disordered or not present at the substrate at 
all, both cases showing that the deposition failed completely. 

Because a bilayer is naturally symmetric with a mirror plane between the 
two monolayers, no SF signal is expected to be generated unless the sym-
metry is perturbed by either the substrate or any substance interacting 
with the bilayer. Breaking the symmetry by selectively deuterating any of 
the layers results in the generation of a SF signal. 



 

42 

Figure 4-6 shows a VSFS spectrum of an asymmetric bilayer of 18:0 PC. The 
inner layer was deuterated to be able to discriminate the layers and only 
the outer layer generated a signal in the studied CH region. The spectrum 
is dominated by the methyl signal with only a small contribution from the 
methylene indicating that the outer layer is well ordered. 

 

Figure 4-6 VSFS spectrum (SSP) from an asymmetric bilayer supported on a Calcium Fluo-
ride substrate mounted in a liquid cell. The spectrum indicates that the outer layer is well 
ordered. The inner layer consists of a deuterated lipid that does not give rise to any signal 
in the studied region. 

Both symmetric and asymmetric supported bilayers have been used suc-
cessfully by other research groups to study the interaction of antimicrobial 
peptides27 like Melittin and Gramicidin, as well as transbilayer movement31 
(flip-flop) of lipid molecules from the outer to the inner layer. However, a 
drawback with using asymmetric bilayers as model membranes is that 
they must be kept at a temperature considerably lower than the transition 
temperature because the rate of the transbilayer movement quickly in-
creases when reaching the transition temperature and the asymmetry is 
lost. The result is that the bilayer is present in a gel-phase that is certainly 
not the case of a biological membrane that also contains unsaturated li-
pids and thus the asymmetric bilayer is not necessarily an authentic model 
of a biological membrane in all instances.  
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5 Concluding remarks 
The result of the research presented here has shown how the combination 
of VSFS and the Langmuir trough can be used to perform fruitful in situ 
studies of Langmuir monolayers of phospholipids to investigate for in-
stance monolayer instability towards oxidation, as well as studying packing 
order and hydration. This approach can also be extended to study the in-
teraction between the monolayer and substances soluble in the water 
subphase such as proteins and polypeptides. 

Probably the most important result was showing how quickly Langmuir 
monolayers of unsaturated phospholipids degrade when exposed to the 
ambient air and determining that this instability was caused by oxidation. 
Moreover, it was found that the oxidation can be inhibited by placing the 
trough in a sealed chamber purged with nitrogen. Taking into account the 
rapid decrease of both the intensity of the spectroscopic signal from the 
double bonds and of monolayer area, it is obvious that when performing 
any experiment in ambient air involving monolayers containing unsatura-
tions, proper attention musts be paid to the influence of the oxidation on 
the outcome. Also precautions to prevent the oxidation must be consi-
dered. This rapid oxidation must also be kept in mind when interpreting 
results from previous studies where it may have occurred unnoticed. 

VSF spectra of deposited phospholipid monolayers in both the SSP and 
PPP polarization combinations showing the entire low wavenumber region 
from 1000 cm-1 to 1850 cm-1 have to our knowledge not been published 
before. Although the spectra are very congested in some regions and the 
fact that some assignments are difficult such data could prove to be valu-
able in determining the orientation of the headgroups and their bonding 
to the substrate. Additionally, a thorough understanding of the spectral 
features in this region is useful for investigating the interactions between 
the phospholipids headgroups and proteins or polypeptides as it can re-
veal more information than can be obtained from studying only the CH 
and OH regions. Finally, this detailed knowledge of the spectral features of 
deposited monolayers is also beneficial when using them as a starting 
point for a deposited bilayer.  
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6 Outlook 
There are several possible continuations of the work presented here. Since 
a new femtosecond VSFS facility, that is briefly described later in this sec-
tion, is being established in our lab a majority of the future work will be 
performed using that system. 

The inclusion of unsaturated phospholipids in a model membrane is most 
likely essential to more closely mimic the properties of cell membranes. As 
the handling procedures and means to prevent the oxidation of the 
double bonds have now proved to be working, the continuation will in-
volve mixed monolayers of unsaturated and saturated lipids. Structure and 
order as well as sensitivity to oxidation as a function of composition and 
surface pressure are important properties to investigate. Another pheno-
menon to consider when studying mixed monolayers is whether mixing is 
homogeneous or if the different lipids group in domains. This issue is re-
lated to the presence of micro domains in the membranes of living cells. 

As our understanding of biomimetic membranes grows, studies involving 
their interactions with proteins and polypeptides are tempting. To this end 
both Langmuir monolayers and supported bilayers might be used. Such 
bilayers can be prepared in different ways and by aiming at using symme-
tric bilayers much can be gained as vesicle fusion can be used instead of 
cumbersome LB/LS deposition. Additionally, symmetric bilayers will not be 
affected by transbilayer movement and the inclusion of unsaturated 
phospholipids may be significantly easier. The Langmuir monolayer is the 
most convenient biomimetic membrane to use and the combination of the 
Langmuir trough and the VSF spectrometer is a promising system for elu-
cidating interactions between proteins and the membrane. A Langmuir 
monolayer is obviously not useful for investigating transmembrane pro-
teins, but for other types of proteins it may well serve equally well as a 
supported bilayer. However, detailed knowledge of the extent to which 
the lack of an inner leaf influences the headgroups of the outer leaf (with 
which the proteins will interact) is still missing. 

To perform studies on interactions between proteins and biomimetic 
membranes obviously requires very careful consideration of both the se-



 

45 

lection of the substance to investigate as well as what particular questions 
the research tries to answer. In particular it is important to fully exploit the 
unique properties of VSFS and not select problems where the obtained 
VSFS data can only result in conclusions that could equally well have been 
drawn by using data from a more accessible technique. 

A substantial part of the time available for this licentiate project has been 
devoted to designing and establishing, in close corporation with Dr. Eric 
Tyrode and Dr. Magnus Johnson, a state of the art femtosecond vibration-
al sum frequency spectrometer that will be used in the future work. The 
main benefits of this system compared to the picosecond system used in 
the research presented in this thesis are increased resolution and a consi-
derably shorter acquisition time. The system is capable of probing the 
“fingerprint region” down to approximately 500 cm-1 as well as performing 
spectroscopic experiments in the time domain, to investigate dynamics in 
the femtosecond timescale. In addition dynamics in the second and 
minute timescale can also be studied in a way that was not feasible with 
the picoseconds system because of the reduced acquisition time. 

The key to the significantly reduced acquisition time is the properties of 
femtosecond pulses. The pulse length and bandwidth are related as Fouri-
er transform pairs and as the pulse length decreases the bandwidth in-
creases. For instance the 90 femtosecond wide pulses generated by our 
laser have a bandwidth of approximately 150 cm-1 making it possible to 
simultaneously probe all the VSFS active vibrations in a range of the spec-
trum. When performing femtosecond VSFS using a broadband IR beam 
and a narrowband (picosecond) visible beam the resolution is preserved 
and applying a detection scheme based on a grating dispersing the sum 
frequency light on a CCD-element the spectra can be recorded in blocks 
instead of scanning through a wavenumber range.  

Our system features a Ti:Sapphire oscillator generating 90 fs long pulses at 
800 nm that are amplified to approximately 7 mJ per pulse in an ultrafast 
amplifier. Part of the beam is directed to an infrared OPA to generate a 
tunable IR beam and the remaining part is stretched in a custom made 
beam shaper and used as the visible beam for the SF generation. A visible 
/ UV OPA can be used to tune the frequency of the visible beam close to 
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electronic transitions to enable doubly resonant VSFS. Using this scheme 
significantly enhances the SF signal, thus increasing the detection limit. In 
addition the selective probing of specific parts of the investigated mole-
cule can be performed. This opens a new window of opportunities when 
investigating the interactions between large biomolecules and biomimetic 
membranes. 

Finally, the acquisition is fully automated to enable the recording of a set 
of spectra in different polarization combinations covering any spectral 
range without the need of interventions from the operator. This requires 
the automation of the tuning of half-wave plates and polarizers for select-
ing the desired polarization combination as well as adjusting the acquisi-
tion path to match the angle of the generated SF-beam, both as a function 
of the wavelength of the incident IR-beam. To accomplish this requires 
very precise alignment and reliable mechanics and is a unique property of 
our system. These features will significantly reduce the time required to 
record spectra in remotely different spectral regions as well as enabling 
the convenient recording of spectra with different angles of incidence of 
the incident beams. 
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