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Abstract 
The aim of this work is to study the interfacial properties of 

amphiphilic compounds at the liquid–air interface in an attempt to develop a 
comprehensive understanding of their orientation as well as the influence of 
their interaction with the solvent on the interfacial layer properties. Using 
Vibrational Sum Frequency Spectroscopy (VSFS) as the main tool, the 
molecular structure of the amphiphilic layer and the amphiphile–solvent 
relation can be illuminated in great detail – it is arguably the most sensitive 
surface spectroscopy currently available. Due to its second order nature, the 
VSFS technique is capable of distinguishing molecules at the interface even 
in the presence of a vast excess of similar molecules in the bulk.  

 
Ionic liquids (Ils) form a class of solvent which are increasingly 

receiving attention as ``green solvents´´. Some of these, such as ethyl 
ammonium nitrate (EAN), a protic IL, have the capacity to hydrogen bond 
extensively which is one of the important features they share with water. 
Since the interaction with solvent is an important consideration for self 
assembly and it is known that surfactant self assembly in the EAN bulk is 
analogous to in water, it was considered of interest to probe self assembly at 
EAN–air interface. To this end the interfacial structure of the pure EAN 
interface was probed, as was the conformation and ordering of nonionic 
surfactants. These studies reveal that EAN is highly ordered at the interface, 
exposing the ethyl moiety to the gas phase. Additionally, polarization 
studies have enabled the average orientation of the ethyl group to be 
determined. Adsorption of nonionic surfactants at the interface appears to 
significantly displace the EAN from the interface. The headgroup of the 
surfactant, a linear ethylene oxide group, appears to be highly disordered.  

 
The disorder of the linear ethylene oxide groups has led to difficulties 

in their surface spectroscopic fingerprinting in this and other works. In an 
attempt to study the interfacial behaviour of ethylene oxide and the 
temperature dependence of its hydration, closed loop structures of PEO 
attached to hydrophobic groups were also probed. This essentially locks 
their conformation. Such molecules are known as crown ethers and display 
interesting interfacial behaviour and also the ability to bind cations.  
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The presence of even small amounts of adsorbed crown ethers at the 
water interface is shown to considerably perturb the water structure. The 
NO, CN, COC and CH vibrational modes of these compounds at the air-
water interface as well as OH vibrational modes of the surface water 
hydrating this compound have been targeted in order to obtain molecular 
information about arrangement and conformation. The CH2 vibrational 
modes of crown ethers have been identified and found to be split due to 
their interaction with ether oxygen. The spectra provide evidence for the 
existence of a protonated crown complex moiety at the surface leading to 
the appearance of strongly ordered water species. The orientation of 
Nitrobenzo crown (NB15C5) was monitored as a function of solution 
concentration, by targeting the ratio of peak intensities of the CN and 
NO2 vibrational modes. The water of hydration has also been probed as 
a function of crown concentration, salt concentration, and temperature. 
The latter study strongly suggests that the surface can be treated as a 
charged interface, and that the associated ordered water decreases with 
increasing ionic strength of the bulk  

 
Finally, insoluble monolayers of fatty acids spread on a water surface 

have also been studied in an effort to further understand the relationship 
between molecular architecture and film structure. Fatty acid (Arachidic 
Acid – AA and Eicosenoic Acid – EA) monolayers are compared to 
investigate the effect on the monolayer structure of introducing unsaturation 
into the alkyl chain. For AA, at very large area per molecule, floating 
domains of crystalline nature exist rather than any classical gaseous phase. 
The measured conformational disorder in EA decreases continuously with 
monolayer compression and no crystalline domains are observed at low 
density. Addition of NaCl to the subphase does not affect the monolayer 
order for either of the compounds; instead, a dramatic increase in the signal 
of the water hydrating the headgroups is observed. The effect of introducing 
further unsaturations (up to three) was also studied in order to probe the 
resulting interfacial structure. Remarkably the double bonds appear to adopt 
the same orientation, irrespective of how many they are in the chain. By 
monitoring the vinyl CH stretch it was possible to study the film stability 
towards oxidative degradation and it was found that all three unsaturated 
species studied showed rapid degradation. The rate of degradation could be 
controlled by adjusting the film pressure. However, the monolayers could be 
stabilised by performing the experiments in an inert nitrogen atmosphere. 
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Sammanfattning 
Målet med forskningen som ligger till grund för denna avhandling är 

att studera egenskaperna hos amfifila substanser på vatten/luftgränsytan för 
att skapa en djupgående förståelse för amfifilens struktur då den befinner sig 
på gränsytan, samt dess interaktion med lösningsmedlet. Genom att använda 
sumfrekvensspektroskopi (VSFS) har samspelet mellan amfifilen och 
lösningsmedlet kunnat studeras med betydligt större detaljrikedom än vad 
som är möjligt med någon annan nu tillgänglig teknik. Då VSFS bygger på 
andra ordningens optiska effekter kan tekniken urskilja molekyler i 
gränsytan trots det stora överskottet av identiska molekyler i omgivningen. 
 

Eftersom det är känt att vatten och den joniska vätskan 
etylammoniumnitrat (EAN) har liknande egenskaper har deras 
gränsytsegenskaper såväl som strukturen och konformationen hos amfifila 
substanser på gränsytan särskilt uppmärksammats. 
 

Våra studier avslöjar att EAN är mycket välordnat på gränsytan och 
exponerar etylgruppen mot gasfasen. Vidare har det varit möjligt att 
bestämma den genomsnittliga orienteringen hos etygruppen genom 
polarisationsstudier. Dessutom förefaller ickejoniska tensider som 
adsorberas på gränsytan tränga undan EAN från gränsytsområdet i stor 
omfattning. Kolvätekedjorna uppvisar ett signifikant antal gauche-defekter, 
vilket indikerar att de är höggradigt oordnade. Tensidens huvudgrupp, 
etylenoxider, förefaller vara mycket oordnade, i motsats till kronetrar där 
etylenoxiderna är låsta i en ringkonformation.   
 

Förekomsten av även små mängder av kronetrar på vattenytan kan 
orsaka omfattande förändringar i dess struktur. Kronetrarnas 
metylenvibrationer har identifierats och visar sig vara splittrade på grund av 
interaktionen med etersyre. Sumfrekvensspektrumet visar vidare att det 
finns ett protonerat kroneterkomplex på vattenytan som leder till att 
välordnade vattenstrukturer framträder. Mätbara förändringar i kroneterns 
orientering i förhållande till ytan detekterades vid olika koncentrationer. 
Trots det låga överskottet av kronetrar på ytan påverkar 
kronetermolekylerna varandra, troligen via elektrostatiska interaktioner 
eftersom det är de laddade kronetrarna som befinner sig på ytan. 
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Å andra sidan kan olösliga monolager av fettsyror som spridits på en 
vattenyta bilda flytande kristallina domäner vid mycket stora areor per 
molekyl. Om kolvätekedjan är omättad blir monolagrets konformation mera 
oordnad vilket resulterar i ökad kompressabilitet. Dock ger mera omättade 
kolvätekedjor mera nedbrytbara monolager där stabiliteten är direkt 
beroende av monolagrets yttryck.   
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1 Introduction 
The structure of liquid interfaces is of fundamental importance in 

various phenomena in our world, ranging from membrane formation or 
ionic transport through cellular membranes to reaction of gases at the 
surface of atmospheric aerosols. Molecular understanding of the liquid 
interfaces is therefore crucial in order to address these complex issues and 
further monitor or control certain phenomena. One of the biggest challenges 
in studying interfacial processes is the availability of surface specific 
techniques. In spite of fast technological advances in the twentieth century, 
surface specific experimental techniques were not available until the 
eighties when surface specific nonlinear optical techniques were 
developed.1, 2 These techniques, Sum Frequency Generation (SFG) and 
Second Harmonic Generation (SHG) are based on a three wave mixing 
process, the theoretical background of which was established back in the 
sixties.3 The surface specificity of this process derives from its 2nd order 
nonlinear nature, since it is allowed only at interfaces where symmetry is 
lost.  

 
During the last two decades these techniques, especially spectroscopy 

based on SFG, have significantly improved and spread, being used at 
present to study almost any type of interface, however the practical 
experimental challenges combined with the complex data analysis hinders it 
at the moment from becoming a standard bench top method such as IR or 
Raman spectroscopy.  

 
Having solved the issue of a surface sensitive technique, many research 

groups around the world have turned their attention towards understanding 
the interface of ubiquitous liquids, such as water.2, 4-6 The neat water air 
interface has revealed unique aspects of its structure which were previously 
inaccessible; however, complete agreement at a detailed level has not been 
achieved so far. Additionally, other systems relevant to this work such as 
the interfaces of aqueous solutions of soluble ionic species,7 amphiphiles 
adsorbed8 or spread,9 on the water surface, and different ionic liquid 
interfaces10, 11 have also been investigated in attempts to push the scientific 
boundaries further. However, there are still many open questions left, some 
of which are addressed in this thesis.  
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The motivation of this work is twofold; firstly to advance the 
understanding of an interface generated by soluble ethylene oxide 
amphiphiles solved in an hydrogen bonded liquid such as water or ethyl 
ammonium nitrate (EAN), and secondly to extrapolate to an interface 
formed by insoluble amphiphiles spread on a water surface, using 
Vibrational Sum Frequency Spectroscopy (VSFS) as a primary tool of 
investigation.  

 
In the next section, Chapter II, the basic theories behind linear and 

nonlinear spectroscopy are described with emphasis on orientation analysis.  
Then, in Chapter III, the experimental techniques used in this work are 
described, covering the IR and VSFS spectrometers, Langmuir Trough 
instrument and Pendant Drop tensiometer. In Chapter IV the main results of 
the papers included in the thesis are summarized and, finally, in Chapter V 
the main conclusions of this work are presented.  

 
The papers and the manuscripts are attached at the end of the thesis. 
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2 Theory 
Light that we experience in everyday life comes mostly from linear 

optical phenomena, i.e. reflection and refraction of sunlight and other light 
sources, where there is a linear relationship between the electromagnetic 
light field and the responding molecular system comprising the system. 
However, when the intensity of light becomes very strong, having an 
electric field comparable with the electric field that the electrons feel from 
the nuclei, then, appreciable nonlinear processes can be generated.  

2.1 Linear Spectroscopy 

2.1.1 Infrared 
All molecules consist of positively charged nuclei enclosed in a cloud 

of negatively charged electrons. The balance between the attraction and 
repulsion forces involved in holding the molecule together dictates the 
stability and the energy of the molecule. The total energy is a summation of 
rotational, vibrational, and electronic energy.  

 
In classical treatment the nuclei are regarded as being connected via 

massless springs, which tends to impose certain equilibrium on the 
molecule. This causes the molecules to vibrate in many ways, enforcing 
many vibrational degrees of freedom. Collective movement of nuclei 
following the same degree of freedom are considered as defining a 
vibrational mode of a molecule. Linear and nonlinear molecules have 3N–5 
and 3N–6 vibrational modes, respectively, where N is the number of atoms 
in a molecule. 

 
Interaction of electromagnetic light with molecular vibrational modes 

gives rise to spectra, as molecules undergo changes between two quantized 
energy levels. 
 

The first requirement for an Infrared transition to happen between two 
energy levels is that it must have a net dipole moment change with respect 
to the normal coordinate.  
 
    𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
≠ 0       (1) 
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where µ is the dipole moment and Q is the normal coordinate of the 
vibration. This means that the centre of the negative electrical charges and 
the centre of the positive electrical charges must be different and displaced 
from the centre of the molecule during the vibration, so that the pressure 
exerted by the photon could change the distance between the centre of 
charges.12-14 
 

Secondly, the frequency of the impinging electromagnetic field must 
be in resonance with a vibrational transition. The molecule is 
instantaneously raised to an excited energy level as the light is absorbed 
during the transition as presented in Figure 1. 

 

Figure 1. Schematic diagram of the IR transition. 

 
Only the photon that has the right energy (quanta), matching the 

frequency of the molecule can cause an IR transition, increasing therefore 
the vibrational quantum number by plus one (can also be plus two, three... 
for overtones).  
 

There could also be a minus one change in the vibrational number. In 
this case the molecule loses energy and the energy balance dictates a photon 
emission with the same energy. 

2.1.2 Raman 
There are several different methods in vibrational spectroscopy used 

to detect transitions between vibrational levels. Beside the above discussed 
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IR process there is another commonly used mechanism for vibrational 
excitation, that is inelastic light scattering.  

 

Figure 2. Schematic diagram of Rayleigh and Raman Effect. 

 
When a beam of light impinges on a molecular system most of the 

photons are elastically scattered at the same frequency and wavelength as 
the incident beam – an effect known as Rayleigh scattering. However, a 
fraction of the scattered light is inelastically scattered at a different 
frequency to the incident photons. This small portion of light is scattered by 
molecular excitation and is known as the Raman Effect.15 This effect was 
discovered in 1928 by the Indian scientist C.V. Raman who received the 
Nobel Prize in 1930 for his work on the scattering of light. 

 
As shown in Figure 2, besides Rayleigh scattering there are two types 

of Raman scattering, namely Stokes and anti-Stokes scattering. All of them 
are two photon processes where at first the incident photon raises to the 
molecule virtual energy level and then a new photon is created and 
scattered. If the initial and the final states coincide with the ground state 
then a Rayleigh scattering has occurred. However, the initial state can be 
either the ground state or a vibrationally excited state and the final state can 
be either a vibrationally excited state or the ground state, respectively. Thus 
two transitions can result: a lower (Raman Stokes) or a higher (Raman anti-
Stokes) frequency than the Rayleigh frequency. The difference in energy 
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between the incident and scattered photons is equal to the molecular 
vibration frequency.  

 
A molecular vibration is Raman active only if the transition is 

accompanied by a polarizability change of the molecule. That is, a 
deformation of the electron cloud caused by the presence of the electric field 
which can further induce a dipole moment.  

 
Within the electric dipole approximation the induced dipole (μ) can be 

expressed as power series as follows: 
  
    𝜕𝜕𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜕𝜕(1) + 𝜕𝜕(2) + ⋯    (2) 
where, 
    𝜕𝜕(1) = 𝛼𝛼𝛼𝛼       (3) 
 
    𝜕𝜕(2) = 1

2
𝛽𝛽:𝛼𝛼𝛼𝛼      (4) 

... 
 
where α is the molecular polarizability, β is the molecular 
hyperpolarizability, and E is the intensity of the electric field. Since E and µ 
are one dimensional tensors then the above equation can be rewritten in a 
matrix form: 
  

    �
𝜕𝜕𝑥𝑥
𝜕𝜕𝑦𝑦
𝜕𝜕𝑧𝑧
� = �

𝛼𝛼𝑥𝑥𝑥𝑥
𝛼𝛼𝑦𝑦𝑥𝑥
𝛼𝛼𝑧𝑧𝑥𝑥

𝛼𝛼𝑥𝑥𝑦𝑦
𝛼𝛼𝑦𝑦𝑦𝑦
𝛼𝛼𝑧𝑧𝑦𝑦

𝛼𝛼𝑥𝑥𝑧𝑧
𝛼𝛼𝑦𝑦𝑧𝑧
𝛼𝛼𝑧𝑧𝑧𝑧

��
𝛼𝛼𝑥𝑥
𝛼𝛼𝑦𝑦
𝛼𝛼𝑧𝑧
�   (5) 

 
Usually, the linear term is enough to describe the induced dipole since 

the contribution from the 𝜕𝜕(2) is only one per cent of that from 𝜕𝜕(1).14 
The symmetry of a vibration can be estimated from the depolarization ratio 
(ρ) of a Raman band. Observing the scattered light from the x direction of a 
three dimensional Cartesian system with the sample in the centre, one can 
measure the intensity of light Iy and Iz in the y and z directions, respectively. 
The depolarization ratio can be defined then as:12 
 

    𝜌𝜌 = 𝐼𝐼𝑦𝑦
𝐼𝐼𝑧𝑧

= 3(𝛼𝛼′𝑎𝑎 )
45(𝛼𝛼′ 𝑖𝑖)2+4(𝛼𝛼′𝑎𝑎 )2   (6) 
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where 𝛼𝛼′𝑖𝑖  is the isotropic part and 𝛼𝛼′𝑎𝑎  is the anisotropic part defined as: 
 

   𝛼𝛼′𝑖𝑖 = 1
3
�𝛼𝛼𝑥𝑥𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝛼𝛼𝑦𝑦𝑦𝑦
𝜕𝜕𝜕𝜕

+ 𝛼𝛼𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕
�    (7) 

 
  

(𝛼𝛼′𝑎𝑎)2 =
1
2
��
𝛼𝛼𝑥𝑥𝑥𝑥
𝜕𝜕𝜕𝜕

−
𝛼𝛼𝑦𝑦𝑦𝑦
𝜕𝜕𝜕𝜕

�
2

+ �
𝛼𝛼𝑦𝑦𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝛼𝛼𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕

�
2

+ �
𝛼𝛼𝑧𝑧𝑧𝑧
𝜕𝜕𝜕𝜕

−
𝛼𝛼𝑥𝑥𝑥𝑥
𝜕𝜕𝜕𝜕

�
2

+ 6��
𝛼𝛼𝑥𝑥𝑦𝑦
𝜕𝜕𝜕𝜕

�
2

+ �
𝛼𝛼𝑦𝑦𝑧𝑧
𝜕𝜕𝜕𝜕

�
2

+ �
𝛼𝛼𝑧𝑧𝑥𝑥
𝜕𝜕𝜕𝜕

�
2
�� 

            (8) 
Whenever the molecules execute a totally symmetric vibration, the 

isotropic part changes (𝛼𝛼′i ≠ 0 and 0 ≤ 𝜌𝜌 < 3
4
); however, for a totally non 

symmetric vibration, the isotropic part is zero (𝛼𝛼′𝑖𝑖 = 0 and  𝜌𝜌 = 3
4
). The 

depolarization ratios are also used in performing orientational analysis as it 
will be discussed in a later section. 

2.2 Nonlinear Spectroscopy 
As mentioned earlier, whenever the electric field of the incoming light 

that impinges on a sample is sufficiently large, then, nonlinear phenomena 
appear. When an electric field exerts forces on the outer shell electrons of a 
molecular system an induced polarization P appears, which is the induced 
dipole moment µ per unit volume. 
 

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃(1) + 𝑃𝑃(2) + ⋯ 
 

    = 𝜀𝜀0�𝜒𝜒(1) ∙ 𝛼𝛼 + 𝜒𝜒(2):𝛼𝛼𝛼𝛼 + ⋯� (9) 
 
where 𝜀𝜀0 is the vacuum permittivity, 𝜒𝜒(1) and 𝜒𝜒(2) are the linear (1st order) 
and nonlinear (2nd order) susceptibility, respectively. Note that the static 
polarization is not considered. 
 

Using pulsed lasers with power densities of about 1016 W/m2, exposed 
shell electrons start experiencing forces comparable to those from the 
nuclei, thus anharmonic effects appear, and the second order term 𝑃𝑃(2) in 
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the right hand site of the above equation becomes important. A remarkable 
consequence of considering the second order term is the generation of light 
at new frequencies. If one considers that the electric field has this general 
form: 
   
     𝛼𝛼 = 𝛼𝛼𝑖𝑖  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐     (10) 
 
were 𝑐𝑐 is the angular frequency and  𝑐𝑐 is the time, then the second order 
polarization can be rewritten in the following way: 
 

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜀𝜀0(𝜒𝜒(1) ∙ 𝛼𝛼𝑖𝑖  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 
 

+𝜒𝜒(2)(𝛼𝛼𝑖𝑖  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2 + ⋯ ) = 
 

= 𝜀𝜀0(𝜒𝜒(1) ∙ 𝛼𝛼𝑖𝑖  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 
 

    + 𝜒𝜒(2)

2
𝛼𝛼𝑖𝑖2 (1 + 𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐𝑐𝑐)2 + ⋯ ) (11) 

 
This equation shows that the emitted light contains a term that 

oscillates at twice the frequency of the incoming field. Additionally, if one 
considers that the incident electric field is a linear combination of two 
different fields oscillating at ω1 and ω2 then the second order term of the 
induced polarization becomes (after rearrangement) as follows,:16 
 
 
 

𝑃𝑃(2) = 𝜀𝜀0𝜒𝜒(2)(𝛼𝛼1
2 + 𝛼𝛼1

2 + 𝛼𝛼1
2𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐1𝑐𝑐 + 

+𝛼𝛼2
2𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐2𝑐𝑐 +

1
2
𝛼𝛼1𝛼𝛼2 cos(𝝎𝝎𝟏𝟏 − 𝝎𝝎𝟐𝟐) 𝑐𝑐 + 

  + 1
2
𝛼𝛼1𝛼𝛼2 cos(𝝎𝝎𝟏𝟏 + 𝝎𝝎𝟐𝟐) 𝑐𝑐)2    (12) 

 
The last two terms (in bold) in the above equation shows that, in this 

case, light at the difference of the two incident frequency, ω1–ω2,  as well as 
at the sum of the two incident frequency, ω1+ω2, can be emitted, which is 
the origin of the Difference and Sum Frequency Generation (DFG/SFG), 
respectively. The SFG process is discussed in the next section.  
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2.2.1 Sum Frequency Generation 
Sum Frequency Generation (SFG) can be regarded as a combination 

of two processes: Infrared absorption and anti Stokes Raman, as shown in 
Figure 3 a, where two laser beams are overlapped in space and time on the 
sample surface. A third coherent beam is generated at the surface at the sum 
of the frequency of the two incoming beams.  

 

Figure 3. SFG geometry and energy level transitions. 

 
From the conservation of the momentum of the SFG process in the 

surface plane the angle of the generated beam can be extracted: 
 
  𝑐𝑐𝑣𝑣𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝜑𝜑𝑣𝑣𝑖𝑖𝑐𝑐 + 𝑐𝑐𝐼𝐼𝐼𝐼𝑐𝑐𝑖𝑖𝑖𝑖𝜑𝜑𝐼𝐼𝐼𝐼 = 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑖𝑖𝑖𝑖𝜑𝜑𝑆𝑆𝑆𝑆𝑆𝑆   (13) 
 
where the frequencies ω and the angles 𝜑𝜑 are represented in Figure 3. The 
intensity of the collected SFG beam is proportional to the intensities of the 
incoming visible Ivis and infrared IIR beams, and the square of the second 
order nonlinear susceptibility 𝜒𝜒(2) following the expression: 
 

    𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆~�𝜒𝜒(2)�
2
𝐼𝐼𝑣𝑣𝑖𝑖𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼      (14) 

 
where 𝜒𝜒(2) is a third rank tensor and bears the fingerprint of the interfacial 
molecules. The surface sensitiveness of this technique stems from the 
symmetry properties of a third rank tensor. In a centrosymmetric medium, 
e.g. most bulk liquid, all directions are equivalent. Therefore, upon an 
inversion operation the nonlinear susceptibility tensor does not change sign 
since it must have the same value for any two opposite directions:  
 
    𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

(2) = 𝜒𝜒−𝑖𝑖−𝑖𝑖−𝑖𝑖
(2)       (15) 
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Changing the signs of the subscripts in a third rank tensor is equivalent 
to a reverse in the axis system: 
 
     𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

(2) = −𝜒𝜒−𝑖𝑖−𝑖𝑖−𝑖𝑖
(2)     (16) 

 
This is true only if 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖 (2) is zero, therefore, elimination of 

contributions from the bulk is ensured. However, when the symmetry is 
broken, which is the case for an interface, the inversion operation will 
produce a finite nonlinear susceptibility 𝜒𝜒(2).  
 

Additionally, for systems which are isotropic in the plane of surface, 
i.e. symmetric about the normal to the interface axis, a reduction in the 
number of the non-zero elements is possible. Considering the laboratory 
coordinates as x, y and z, an isotropic surface obliges the 𝑥𝑥 ≡ −𝑥𝑥,𝑦𝑦 ≡
−𝑦𝑦 but 𝑧𝑧 ≠ −𝑧𝑧. Thus, the contributing elements are reduced to elements 
containing only z direction, some of which are equal: 
 

𝜒𝜒𝑥𝑥𝑥𝑥𝑧𝑧 = 𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧 ; 
𝜒𝜒𝑥𝑥𝑧𝑧𝑥𝑥 = 𝜒𝜒𝑦𝑦𝑧𝑧𝑦𝑦 ; 
𝜒𝜒𝑧𝑧𝑥𝑥𝑥𝑥 = 𝜒𝜒𝑧𝑧𝑦𝑦𝑦𝑦 ; 

      and  𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧 .     (17) 
 

Four different polarization combinations of the three beams involved 
in the process can be used to probe the above nonzero elements, namely 
SSP, PPP, SPS, and PSS. The letters S and P refer to polarisations 
respectively perpendicular to and parallel to the plane of incidence whereas 
their position refers to the polarisations of the sum frequency (SF), visible 
and IR beams, respectively. 

 
It is instructive to note at this stage that the collected SF beam has 

both resonant 𝜒𝜒𝐼𝐼
(2) and nonresonant 𝜒𝜒𝑁𝑁𝐼𝐼

(2) contributions.  
 
     𝜒𝜒(2) = 𝜒𝜒𝑁𝑁𝐼𝐼

(2) + ∑ 𝜒𝜒𝐼𝐼,𝑖𝑖
(2)

𝑖𝑖    (18) 
 

The resonant part contains contributions from the vibrational modes in 
resonance with tuneable the IR beam, whereas the nonresonant part 
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originates from the fact that the underlying substrate may be SFG active but 
invariant with frequency. For dielectric materials such as the ones studied in 
this work the nonresonant contribution is small; however, metal surfaces 
produce a significant nonresonant contribution due to surface plasmon 
resonance. 

 
The macroscopic susceptibility tensor elements 𝜒𝜒𝐼𝐼,𝑖𝑖

(2) are related to the 
microscopic hyperpolarizability 𝛽𝛽(2) tensor elements in the molecular 
coordinate system (a, b, c) orientationally averaged over all possible angles, 
denoted < >: 
 
    𝜒𝜒𝐼𝐼,𝑖𝑖

(2) =  𝑁𝑁
𝜀𝜀0
〈𝛽𝛽𝑖𝑖

(2)〉     (19) 

 
where N is the number density of the interfacial moiety and 𝜀𝜀0 is the 
dielectric permittivity. The mathematical connection between the two 
tensors, 𝜒𝜒𝐼𝐼,𝑖𝑖

(2)  and 𝛽𝛽(2), is performed using Euler angles transformation and 
has been carefully described by Hirose et al.17  
 

Furthermore, the molecular hyperpolarizability tensor, 𝛽𝛽(2), can be 
related to the Raman matrix elements, 𝛼𝛼𝛼𝛼𝛽𝛽 , and to the IR transition moment 
vector, 𝜕𝜕𝛾𝛾 , when a two energy level system is considered. 
 

    𝛽𝛽𝛼𝛼𝛽𝛽𝛾𝛾
(2) = 𝛼𝛼𝛼𝛼𝛽𝛽   𝜕𝜕𝛾𝛾

𝑐𝑐𝑖𝑖−𝑐𝑐𝐼𝐼𝐼𝐼−𝑖𝑖𝑖𝑖𝑖𝑖
    (20) 

 
where 𝛼𝛼 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐; 𝛽𝛽 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐 and 𝛾𝛾 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐 are the molecular coordinates, 
𝑐𝑐𝑖𝑖  is the frequency of the transition considered, i is the imaginary unit and 
𝑖𝑖 is the damping constant. From this equation it is obvious that for a 
transition to be SFG active, it has to be both IR and Raman active. 
 

The above equation clearly shows that whenever the IR frequency 
matches that of the transition mode, a resonantly enhanced 𝛽𝛽𝛼𝛼𝛽𝛽𝛾𝛾

(2) , and 

therefore 𝜒𝜒𝐼𝐼,𝑖𝑖
(2) , is obtained and thus, a characteristic spectrum is generated 

when the recorded intensity is plotted against the IR wavenumbers.  
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In reflection geometry the complete expression of the sum frequency 
generated light is expressed as: 
 

  𝐼𝐼𝑆𝑆𝑆𝑆 =  8𝜋𝜋2𝑐𝑐𝑠𝑠𝑐𝑐 2𝜑𝜑𝑆𝑆𝑆𝑆𝑆𝑆
𝑐𝑐3𝑖𝑖1(𝑐𝑐𝑆𝑆𝑆𝑆 )𝑖𝑖1(𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆 )𝑖𝑖1(𝑐𝑐𝐼𝐼𝐼𝐼 )

�𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒
(2) �

2
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑉𝑉𝐼𝐼𝑆𝑆   (21) 

 
where c is the speed of light in vacuum and 𝑖𝑖 is the refractive index of the 
medium at the specified ω. Most importantly, 𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒

(2)  relates the contributing 
tensor elements discussed above to both the Fresnel factors L and the beam 
angles according to the following equations:18 
 

𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑆𝑆𝑆𝑆𝑃𝑃
(2) = 𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝐼𝐼𝐼𝐼)sinφIR𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧

(2)  

𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑆𝑆𝑃𝑃𝑆𝑆
(2) = 𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝐼𝐼𝐼𝐼)sinφVIS𝜒𝜒𝑦𝑦𝑧𝑧𝑦𝑦

(2)  

𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑃𝑃𝑆𝑆𝑆𝑆
(2) = 𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝐼𝐼𝐼𝐼)sinφSFG 𝜒𝜒𝑧𝑧𝑦𝑦𝑦𝑦

(2)  

  𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑃𝑃𝑃𝑃𝑃𝑃
(2) = 

−𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝐼𝐼𝐼𝐼)cosφSFG cosφVIS sinφIR𝜒𝜒𝑥𝑥𝑥𝑥𝑧𝑧
(2)  

−𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝐼𝐼𝐼𝐼)cosφSFG sinφVIS cosφIR𝜒𝜒𝑥𝑥𝑧𝑧𝑥𝑥
(2)  

+𝐿𝐿𝑧𝑧𝑧𝑧 (𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝐼𝐼𝐼𝐼)sinφSFG cosφVIS cosφIR𝜒𝜒𝑧𝑧𝑥𝑥𝑥𝑥
(2)  

+𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝑆𝑆𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧 (𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆)𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝐼𝐼𝐼𝐼)sinφSFG sinφVIS sinφIR𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
(2)  

 
            (22) 

Furthermore, the electric fields created in the interface are related to 
the incoming electric fields through the Fresnel factors: 
 

𝐿𝐿𝑥𝑥𝑥𝑥 (𝑐𝑐𝑖𝑖) =
2𝑖𝑖1(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑖𝑖

𝑖𝑖1(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑖𝑖 + 𝑖𝑖2(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐φ𝑖𝑖
 

 

𝐿𝐿𝑦𝑦𝑦𝑦 (𝑐𝑐𝑖𝑖) =
2𝑖𝑖1(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐φ𝑖𝑖

𝑖𝑖1(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐φ𝑖𝑖 + 𝑖𝑖2(𝑐𝑐𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑖𝑖
 

 

𝐿𝐿𝑧𝑧𝑧𝑧(𝑐𝑐𝑖𝑖) =
2n2(ωi)cosφi

n1(ωi)cosγi + n2(ωi)cosφi
�

n1(ωi)
n′(ωi)

�
2

 

(23) 
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where 𝛾𝛾𝑖𝑖  is the refractive angle into the underneath medium, as defined by 
𝑖𝑖1(𝑐𝑐𝑖𝑖)𝑐𝑐𝑖𝑖𝑖𝑖𝜑𝜑𝑖𝑖 = 𝑖𝑖2(𝑐𝑐𝑖𝑖)𝑐𝑐𝑖𝑖𝑖𝑖𝛾𝛾𝑖𝑖 , and 𝑖𝑖′(𝑐𝑐𝑖𝑖) is the refractive index of the 
interfacial slab. It is generally difficult to accurately determine these 
parameters. The values of 𝑖𝑖′(𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆) and 𝑖𝑖′(𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆) are relatively close to one 
another but different than the value of 𝑖𝑖′(𝑐𝑐𝐼𝐼𝐼𝐼). However, to simplify the 
problem usually the values of 𝑖𝑖′(𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆), 𝑖𝑖′(𝑐𝑐𝑉𝑉𝐼𝐼𝑆𝑆), and 𝑖𝑖′(𝑐𝑐𝐼𝐼𝐼𝐼) are taken to 
be equal when modelling the theoretical curves in orientational analysis.  
 

This assumption is valid for a range of systems as the error introduced 
by uncertainty of the interfacial refractive indices is not very large. In Paper 
I, where the orientation of the EAN terminal methyl was studied, the 
interfacial refractive indices were allowed to vary from the minimum value 
of the air to the maximal value of the bulk EAN. This results in a minimum 
and a maximum value for the field correction factors as shown in Figure 4 
where the ratio of the 𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧

𝑠𝑠𝑒𝑒𝑒𝑒  to the 𝜒𝜒𝑦𝑦𝑧𝑧𝑦𝑦
𝑠𝑠𝑒𝑒𝑒𝑒  as a function of the orientational 

angle θ for a C3v asymmetric mode. Surprisingly, the inaccuracy in the 
orientational angle introduced by not knowing interfacial refractive indices 
is relatively small, about ±6o. 
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2.2.2 Orientational Analysis 
 

As a general rule in performing orientational analysis, one needs to 
obtain the expression of the non-vanishing 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

(2) as a linear combination of 

non-vanishing 𝛽𝛽𝑖𝑖′𝑖𝑖 ′𝑖𝑖′
(2)  elements by making appropriate symmetry 

considerations and angular averages along with corrections for the local 
field factors. The procedure is very well established in the literature.17-21 The 
main idea is to theoretically obtain the angular variation of the ratio between 
the effective nonlinear susceptibility in two different polarizations for the 
same vibrational mode and then compare it to the experimentally obtained 
amplitudes ratio. 

 
As a first step one needs to perform measurements in different 

polarization combinations. The obtained spectra are then fitted using a 
Lorenzian profile in order to extract the amplitudes as shown in the 
following equation: 
 

   𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = �𝐴𝐴𝑁𝑁𝐼𝐼 + ∑ 𝐴𝐴𝑖𝑖
𝑐𝑐𝑖𝑖−𝑐𝑐𝐼𝐼𝐼𝐼−𝑖𝑖𝑖𝑖𝑖𝑖 �

2
    (24) 

 
where n is the number of vibrational modes, 𝐴𝐴𝑁𝑁𝐼𝐼  is the nonresonant 
contribution, and An is the amplitude of the nth vibrational mode. 
 

Then, a symmetry type is associated with the vibrational mode of 
interest which in turn provides the non-zero tensor elements 𝛽𝛽(2). Thus the 
27 elements of the 𝛽𝛽(2) can be significantly reduced; for instance, in a C3v 
symmetry type the non-zero hyperpolarizability elements are: 𝛽𝛽𝑎𝑎𝑎𝑎𝑐𝑐 = 𝛽𝛽𝑏𝑏𝑏𝑏𝑐𝑐 , 
and 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐  for the symmetric vibration, and 𝛽𝛽𝑎𝑎𝑐𝑐𝑎𝑎 = 𝛽𝛽𝑐𝑐𝑎𝑎𝑎𝑎 = 𝛽𝛽𝑏𝑏𝑐𝑐𝑏𝑏 = 𝛽𝛽𝑐𝑐𝑏𝑏𝑏𝑏  for 
the antisymmetric vibration. 

 
The 𝛽𝛽(2)s obtained are further orientationally averaged and converted 

to 𝜒𝜒(2) via Euler angular transformation. For isotropic interfaces the 
orientations around the azimuthal angle are similar, thus, 𝜒𝜒(2) can be 
integrated over the azimuthal angle. In certain symmetry types the twist 
angle around the principal axis of symmetry can be integrated as well.  
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Finally, the expression of 𝜒𝜒(2) is a linear combination of tilt angles (θ) 
and nonzero 𝛽𝛽(2) elements. Below the particular cases of C∞ and C3v 
symmetry are shown (note that the superscript (2) is omitted for simplicity): 
 
symmetric vibration 

𝜒𝜒𝑥𝑥𝑥𝑥𝑧𝑧 ,𝑐𝑐 = 𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧 ,𝑐𝑐 =
1
2
𝑁𝑁𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 [(𝑟𝑟 + 1)〈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉 + (𝑟𝑟 − 1)〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉] 

 
𝜒𝜒𝑦𝑦𝑧𝑧𝑦𝑦 ,𝑐𝑐 = 𝜒𝜒𝑥𝑥𝑧𝑧𝑥𝑥 ,𝑐𝑐 = 𝜒𝜒𝑧𝑧𝑥𝑥𝑥𝑥 ,𝑐𝑐 = 𝜒𝜒𝑧𝑧𝑦𝑦𝑦𝑦 ,𝑐𝑐

=
1
2
𝑁𝑁𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 (𝑟𝑟 − 1)(〈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉 − 〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉) 

 
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧 ,𝑐𝑐 = 𝑁𝑁𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 (𝑟𝑟〈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉 + (1 − 𝑟𝑟)〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉) 

 
            (25) 
antisymmetric vibration 

𝜒𝜒𝑥𝑥𝑥𝑥𝑧𝑧 ,𝑎𝑎𝑐𝑐 = 𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧 ,𝑎𝑎𝑐𝑐 = −𝑁𝑁𝛽𝛽𝑎𝑎𝑐𝑐𝑎𝑎 (〈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉 − 〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉) 
 

𝜒𝜒𝑥𝑥𝑧𝑧𝑥𝑥 ,𝑎𝑎𝑐𝑐 = 𝜒𝜒𝑧𝑧𝑥𝑥𝑥𝑥 ,𝑎𝑎𝑐𝑐 = 𝜒𝜒𝑦𝑦𝑧𝑧𝑦𝑦 ,𝑎𝑎𝑐𝑐 = 𝜒𝜒𝑧𝑧𝑦𝑦𝑦𝑦 ,𝑎𝑎𝑐𝑐 = 𝑁𝑁𝛽𝛽𝑎𝑎𝑐𝑐𝑎𝑎 〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉 
 

𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧 ,𝑎𝑎𝑐𝑐 = 2𝑁𝑁𝛽𝛽𝑎𝑎𝑐𝑐𝑎𝑎 (〈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐〉 − 〈𝑐𝑐𝑐𝑐𝑐𝑐3𝑐𝑐〉) 
 
            (26) 

where 𝑟𝑟 = 𝛽𝛽𝑎𝑎𝑎𝑎𝑐𝑐
𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐

= 𝛽𝛽𝑏𝑏𝑏𝑏𝑐𝑐
𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐

. The effective nonlinear susceptibility 𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒
(2)  can now 

be calculated using the above mentioned equations (22), and (23), which 
correct for the Fresnel factors. The advantage of plotting the ratio of the 
effective susceptibility in different polarization conditions is that it 
eliminates the contribution of the surface density N and in some cases even 
the non-vanishing 𝛽𝛽(2)’s. 
 

At a first glance one can note that in the case of the antisymmetric 
stretch of the example above, the molecular hyperpolarizability constraints 
are eliminated when considered ratio of the 𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑆𝑆𝑆𝑆𝑃𝑃

(2)  𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑆𝑆𝑃𝑃𝑆𝑆
(2)  � , rendering 

the orientation analysis in this case the simplest possible. However, when 
𝜒𝜒𝑠𝑠𝑒𝑒𝑒𝑒 ,𝑃𝑃𝑃𝑃𝑃𝑃

(2)  is involved in the calculations, the remaining 𝛽𝛽(2)’s cannot be 
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simply reduced and need to be either experimentally determined (via Raman 
depolarization ratio) or theoretically calculated (via ab initio calculations), 
as they contain multiple 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

(2)  elements (see equation 22). 
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3 Materials and methods 

3.1 VSFS spectrometer 

 
Figure 5. The set up of the VSFS spectrometer. 

 
The schematic representation of the VSFS spectrometer is shown in 

Figure 5. The laser unit is a Nd:YAG system (PL2143A/20) from Ekspla 
with an output of 1064nm, 24 picosecond pulse length and an approximate 
energy of 40mJ.  

 
Figure 6. Picture of the closed cell used in VSFS experiments.  
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The fundamental 1064 nm laser source is used to pump the 
LaserVision optical parameter generator/amplifier (OPG/OPA). The visible 
beam, 532nm is produced by frequency doubling the 1064 nm in a KTP 
(Potassium Titanyle Phosphate) crystal. Part of the visible 532 nm is further 
used to pump the first stage of the OPG/OPA which consists of two angle-
tuned nonlinear KTP crystals where an idler beam of 1.2 -1.6 μm is 
produced. In the second stage, which consists of another two angle-tuned 
nonlinear KTA (Potassium Titanyle Arsenate) crystals, the idler beam is 
then combined with part of the fundamental 1064 nm through difference 
frequency mixing. A mid-IR beam tuneable in the range of 1.5 – 5.0 μm is 
thus produced. 

 
The output energy of the IR beam depends on the frequency range 

targeted. The strongest energy is obtained in interval 2800 cm-1-3800 cm-1, 
the CH-OH stretching range where the energy per pulse is about 250-450 μJ 
with a bandwidth of about 8 cm-1. In the lower wavenumbers interval, 1000 
-1800 cm-1, the energy is lower, approximately 50 µJ with a bandwidth of 
about 15 cm-1. All crystals are moved using a computer controlled program 
ensuring that the IR frequency is scanned with a speed of 1 cm-1/s. In order 
to reduce the water absorption of the IR beam, most of its path length was 
enclosed in a box and purged with dry air. 

 
The two beams produced in the OPG/OPA are overlapped over the 

sample surface in a co-propagating geometry with incident angles of 55o 
and 63o for visible and IR beams, respectively. The sum frequency beam 
generated from the surface is spatially and optically filtered and then 
dispersed in a monochromator (Jobin Yvon) before being directed to a 
photomultiplier tube (Hamamatsu). This signal is then processed by an 
integrated boxcar (Stanford Research Instruments) and a computer program 
(National Instruments). The collected signal is further normalized by the IR 
and visible beam intensities to account for fluctuations.  

 
A closed cell of special design, as shown in Figure 6, was employed in 

VSFS experiments in order to control the environment and guarantee the 
cleanness of the studied surface. The cell is made of a glass body, where 
light enters and leaves through its lateral arm windows (CaF2 or BaF2) held 
on Teflon corks. The top Teflon cover allows both control of the 
environment by purging nitrogen through orifices, and monitoring of the 
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inside temperature by immersing a glass sealed thermocouple. Additionally, 
the inside temperature was controlled by placing the bottom of the cell in a 
heat controlled bath. Part of the IR beam is passed through the two small 
upper windows and used for IR normalization in order to account for any 
gas phase absorption.  

 
Before assembling the cell, all parts are thoroughly cleaned following 

a standard procedure in our laboratory in order to avoid any possible 
contaminant. The cell body is immersed in Deconex® and kept for 24 
hours. After that is rinsed with copious amount of pure water and then is 
immersed in MilliQ water for 24 hours more. The Teflon parts and the 
windows are sonicated in ethanol and rinsed with MilliQ water repeatedly 
before assembling the cell. Finally, the closed cell is dried by purging with 
clean Nitrogen gas.  

3.2 Pendant Drop 
It is useful, in general, to combine the information given by Sum 

Frequency Spectroscopy with an independent method that estimates the 
surface excess of the targeted compound (see Paper III). To do this, surface 
tension measurements were performed using the Pendant Drop method 
(FTA®-First Ten Angstroms instrument), which extracts the surface tension 
by analyzing the geometrical shape of the hanging drop using Young 
Laplace equation.22 A 4th order polynomial equation was used to fit the 
surface tension data. The surface excess or adsorbed amount is calculated 
using the Gibbs adsorption equation: 
 

cd
d

RT ln
1 γ

−=Γ    27 

 
where Γ is the surface excess, γ is the surface tension, c is the molar 
concentration, R is the gas constant, and T is the absolute temperature. The 
area per molecule A is calculated using A=1/ ΓNA where NA is Avogadro’s 
number. 

3.3 ATR-IR 
The IR spectra were acquired using a Perkin Elmer ATR-IR 

(Attenuated Total Reflectance-Infrared) Spectrometer. An IR beam is sent 
through a crystal (diamond) which is in optical contact with the sample to 
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be measured and it reflects a number of times between two sides of the 
crystal before being sent to the detector as seen in Figure 7. The internal 
reflectance creates an evanescent wave that extends a few microns into the 
sample surface. In the regions where the IR is absorbed, the evanescent 
wave is attenuated and the change of the totally internally reflected IR beam 
is therefore measured.  

 
Figure 7. Schematic representation of the ATR principle. 

 
The reflected radiation yields an absorption spectrum that is similar to 

a transmission spectrum. However, the spectrum obtained depends on some 
additional factors, such as: refractive indices of the prism and of the sample, 
the number of reflections, and the area of the sample.23 All these parameters 
are quantified in the acquisition software of the instrument. 

3.4 Langmuir-Blodgett  

 
Figure 8. Schematic of the Langmuir-Trough.  
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The insoluble amphiphiles studied in paper V and VI were 
investigated using a KSV Langmuir Blodgett Trough (LB) device. In order 
to record a spectrum and at the same to control surface density, the a trough 
was placed in the sample position of the VSFS spectrometer  

 
The Langmuir Blodgett Trough device (Minimicro KSV) consists of 

Teflon® trough (8350mm2), which is filled with water. Two hydrophilic 
(Delrin) inter linked barriers can slide on top of the trough providing 
symmetric compression. In order to be suitable for spectroscopic 
measurements (eliminate scattered light) a quartz window is placed in the 
centre of the trough allowing the incident beam to exit. A Wilhelmy plate is 
used to read the change in the surface tension of the water. The Wilhelmy 
plate is a filter paper, acid cleaned (10x24mm). Any insoluble molecules 
that are present on the water surface are subject to compression exerted by 
the barriers.  

 
Since the unsaturated amphiphiles undergo degradation in open 

atmosphere, a closed box was constructed around the trough which enabled 
control of the environment as seen in Figure 8. Two small openings in the 
box allowed the laser beams to pass through. 

 
Amphiphilic monolayers are spontaneously formed when a volatile 

organic solvent containing amphiphiles is spread on the water surface. The 
hydrophilic headgroups face the water, whereas the hydrophobic alkyl 
chains face the air phase. Their presence on the surface causes a decrease in 
the water surface tension. Using a balance, one can directly measure the 
difference in the surface tension between pure water and when amphiphiles 
are present, which is usually called surface pressure and which depends on 
the density of the molecules at the surface. Movable barriers can be used to 
compress the monolayer and restrict the available area for each amphiphile, 
hence a two-dimensional phase diagram can be constructed at constant 
temperature. The change in the surface pressure as a function of available 
molecular area can provide information related to phase transitions that the 
monolayer undergoes.  

 
Certain compounds, such as long chain saturated fatty acids, 

experience only two phase transitions at room temperature, such as gas 
phase (G), and solid phase (S), while others compounds such as DPPC 
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(dipalmitoylphosphatidylcholine) can experience almost all possible phases 
starting, for instance, in the gas phase, passing through the liquid-expanded 
phase (LE), liquid-condensed phase (LC), and then collapsing after the solid 
phase (S).24 

3.5 Materials 

    
Ethylammonium Nitrate Benzo-15-Crown-5 Nitro Benzo-15-Crown-5 
 

 
Tail deuterated tetradecyl tetraethylene glycol ether - dC14E4 
 

Arachidic Acid AA 

Eicosenoic Acid EA 

 
Eicosedienoic Acid EDA   Eicosetrienoic Acid ETA 

Figure 9. Molecular structure of the investigated compounds. 
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Different materials have been used in this work, and as surface science 
is very sensitive to contamination, the purity of all compounds is of great 
concern. Crown ethers have been purified by column chromatography and 
in some cases the surfactant purification unit has been used to further purify 
them. The Ethylammonium Nitrate has been synthesized by slow addition 
of nitric acid solutions to ethylamine solution in equimolar amounts chilled 
in ice.25 Tail deuterated nonionic polyoxyethylene alkyl ether surfactant 
dC14E4, was purchased from R.K. Thomas, University of Oxford, UK. The 
surfactant was dried in a vacuum oven prior to use. Fatty acids were 
purchased with purity greater than 99% and used as received. The molecular 
structure of the compounds used in this work is presented in Figure 9. 
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4 Summary of Research 

4.1 Pure liquid – air interface 
It is known that both ethyl ammonium nitrate (EAN) and water can 

form three dimensional hydrogen bonding networks which determine their 
unique physical and chemical properties. Each water molecule has two 
donor and two acceptor hydrogen bonding sites to form a tetrahedral 
hydrogen bond network. In EAN the ammonium hydrogen atoms can 
interact via hydrogen bonding with oxygen atoms of the nitrate generating a 
tridimensional network, as shown in Figure 10; however, the tetrahedral 
structure is missing.  
 a)       b) 
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Figure 10. Tridimensional hydrogen bonded structure of EAN a) and ice water b). 

4.1.1 Ethyl ammonium nitrate (EAN) 
Ethyl ammonium nitrate is the most studied protic ionic liquid (PIL), 

firstly because of its similarities with water and secondly because it is the 
first Ionic Liquid (IL) discovered. It is known that EAN promotes the 
aggregation of surfactants and formation of micelles25, 26 similar to water 
even though the nature of the structure is different. Both cationic surfactants 
and non-ionic surfactants have been studied in EAN. It appears that cationic 
surfactants in EAN exhibit about 5-10 times bigger critical micellar 
concentration (CMC) and form much smaller micelles than in water. 25, 26 
Aditionally, non-ionic surfactants in EAN can produce liquid crystal phases, 
though a longer alkyl chain is required to produce similar phases to those 
seen in water.27, 28  
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Small Angle Neutron Scattering (SANS) measurements have proved that 
EAN is nanostructured in the bulk forming ionic domains in a sponge-like 
structure.29  AFM force profiles showed that EAN is organized in layers at 
the mica, graphite or silica–EAN interface.30 Therefore, by employing 
Vibrational Sum frequency Spectroscopy (VSFS) and X – ray reflectivity 
we examined whether the EAN air interface would have a similar structure. 
 

As reported in Paper II, the X–ray reflectivity measurements suggests 
that the interfacial ordered region extends 30 Å into the bulk and consists of 
5 layers alternating charged and non-polar regions of which the first 
nonpolar ethyl layer has low density. 

 
These results are complemented with surface sensitive spectroscopic 

measurements which are presented below. The VSFS spectra of EAN–air 
interface recorded under different polarizations (SSP, PPP and SPS) are 
shown in Figure 11 
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Figure 11. SSP, PPP and SPS polarization spectra of the EAN – air interface. The spectra 

were normalized to the most intense feature present in the set of measurements. 

 
Well defined and strong peaks present in the spectra above reveals the 

fact that the EAN is well ordered at the interface. Obviously, different 
polarization combinations can result in remarkably different spectra of the 
same interface. The SSP spectum is the richest, containing the signature of 
symmetric CH3, the Fermi resonance of the symmetric CH3, the asymmetric 
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CH3 and the symmetric NH3 vibrational modes centred at 2890, 2945, 2989 
and 3114 cm-1, respectively.  

 
Structural orientation of the interfacial alkyl chain was determined by 

monitoring the CH3 symmetric vibration in different polarisation 
combinations. Simply by inspection of the recorded spectra it is possible to 
infer the interfacial orientation of the molecule as it is known that SSP 
polarization probes projections of dipoles on the normal to the interface and 
SPS polarization probes projection of dipoles on the interfacial plane. 

 
Thus, the presence of a strong CH3 symmetric peak under SSP 

conditions and almost no peak in SPS is sufficient to imply that the 
molecule undertakes a vertical position at the interface. However, a detailed 
orientation analysis was performed on the asymmetric CH3 mode as it is 
well defined in both SSP and SPS spectra. It was found that the spread in 
the orientaional angle θ of the C3 axis of the CH3 with the normal to the 
interface, using a Gaussian distribution, spans from θ = 32°, corresponding 
to a deviation of σ = 40°, to θ = 40°, corresponding to a deviation of σ = 
10° as seen in Figure 12 (σ is the standard deviation of the Gaussian 
distribution). 
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determined ratio is 0.13 and is shown as an error bar. 

 

4.1.2 Water 
Due to its participation in various chemical and biological processes, 

water has attracted a great scientific interest. Molecular level information, 
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particularly structure related is required to understand vital process such as 
solvation or transport phenomena. Experimental approaches2, 31 and 
theoretical models32, 33 tried over decades to develop a comprehensive 
picture of water, yet no complete agreement has been reached. Development 
of nonlinear spectroscopy techniques brought deeper understanding of water 
structure at the air interface,1, 2, 34  

 
A concise description of interfacial water structure is provided here in 

order to better understand the behaviour of the amphiphiles at the water –air 
interface studied in Papers III-VI. 
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Figure 13. VSFS spectra of pure water air interface in SSP, PPP and SPS condition at 21oC.  

All spectra are normalized to the intensity of the free OH in SSP polarization. 

 
The vibrational spectrum of water is of particular interest since the OH 

stretch mode is extremely sensitive to the local molecular environment 
giving a sensitive probe of the hydrogen bonded network at the interface. 
The VSFS spectra of pure water air interface in SSP, PPP and SPS 
polarization is presented in Figure 13. Interpretation of the VSFS spectra is 
not straightforward and it has been a source of debate in the scientific 
community. In the SSP spectrum one can easily distinguish a broad band 
extended from 3000 – 3600 cm-1 and a sharp peak at 3700 cm-1. 

 
General agreement is found only in interpreting the sharp peak at 3700 

cm-1, which is assigned to the uncoupled OH stretching mode of surface 
water molecules with one OH bond protruding out into the gas phase and 
referred to as ``free OH´´.35 The assignment of the broad band from 3000 – 
3600 cm-1 is still a source of debate. Different numbers of peaks have been 
advanced in order to deconvolute the spectra.35-40  
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The simplest view is that this broad band is attributed to hydrogen 
bonded water molecules of varying strengths and coordination. It is 
separated in two broad peaks centered at 3200 cm-1 and 3450 cm-1 loosely 
referred to as ``ice-like´´ (or strongly hydrogen bonded) and ``liquid-like´´ 
(or weakly hydrogen bonded) water, respectively.35, 41, 42  

 
Moreover, Shen and co workers have developed a phase sensitive 

technique which is able to identify the values of the real and imaginary 
component of the nonlinear susceptibility χ(2).43, 44 Using this approach it is 
possible to distinguish the direction of the vibrational mode. It was thus 
concluded that the OH bonds contributing to the free OH from 3700 cm-1 
along with the water molecules contributing band at 3200 cm-1 point 
towards the air phase while the OH modes contributing to the 3400 cm-1 
band are facing the bulk water.  

 
The free OH is also visible in the PPP spectrum where another small 

feature, OH bonds weakly interacting via hydrogen bonding to neighbours, 
is distinguishable at 3550 cm-1. Additionally, the SPS spectrum shows flat 
signal over the entire OH stretching region.  

 

4.2 Effect of adsorbates at liquid air interface  
Both ethyl ammonium nitrate (EAN) and water interface proved to 

have their interfacial structure considerably altered upon addition of 
amphiphiles indicating that extensive rearrangement occurs in response to 
adsorption of amphiphiles.  

4.2.1 Soluble amphiphiles 

4.2.1.1 Nonionic Surfactants 
Polyoxyethylene n-alkyl ether surfactant C14E4 adsorbed at the EAN–

air interface has been investigated using both Neutron Reflectivity (NR) and 
VSFS. By means of NR, the thickness of the adsorbed surfactant tail group 
layer (12 ± 0.5 Å for C14E4), the thickness of the polar head group (7.4 ± 0.2 
Å) and the adsorbed amount (47.5 ± 0.3 Å2 for C14E4) were determined 
(Neutron Reflectivity measurements have been performed by Deborah 
Wakeham). VSFS measurements on the other hand, provided information 
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that could not be revealed by NR data, related to the structure adopted by 
the nonionic surfactant at the EAN – air interface.  
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Figure 14. VSFS spectra of a) pure EAN interface and 1 wt% dC14E4 adsorbed at EAN - air 
interface in SSP polarization condition, and b) pure EAN interface and an interface between 

air and 1 wt% hydrogenated C14E4 EAN solution. The intensities are normalized to the most 
intense peak in the spectra. 

 
The contributions to the spectrum from the EA+ alkyl chains and 

surfactant tail groups were differentiated using tail deuterated surfactant, as 
CD and CH vibrational modes appear in different wavenumber regions. In 
Figure 14 a) SSP polarization spectra of the interface between air and pure 
EAN and the interface between air and 1 wt% dC14E4 EAN solution are 
presented. The SSP spectra are dominated by CH3 group features as 
discussed in an earlier section.  

 
Upon surfactant addition the intensity of the CH3 peaks is about 8 

times less. A decrease in the SFG signal is generally regarded as either a 
decrease in the number of interfacial species responsible for generating that 
signal, a change in the orientation of the interfacial species or a combination 
of both. Since the intensity ratio of the symmetric CH3 stretch to 
antisymmetric CH3 remains constant after surfactant addition, it was 
concluded that the decrease in signal strength is mainly due to adsorbing 
surfactant displacing the EAN from the interface, consistent with the NR 
results which suggested that there is only minor salvation of the ethylene 
oxide by the EAN. 

 
The VSFS spectrum of 1 wt % hydrogenated C14E4 adsorbed at the 

EAN – air interface is presented in Figure 14 b). The most remarkable 



4. Summary of Research 

 

31 

difference between this spectrum and that of pure EAN is the dominant 
symmetric CH2 peak visible at 2860 cm−1. The ratio of the symmetric CH3 
stretch to that of  the symmetric CH2 is close to one unit which indicates a 
significant number of gauche defects within the hydrocarbon layer, as it is 
known that this ratio is a measure of the conformation in the layer.45 The 
symmetric CH2 peak would not be visible if the alkyl chain is well packed, 
i.e. the methylene moieties are in all-trans configuration, since the SFG 
signal cancels in centrosymmetric environment.  

 
The head group of the surfactant undertakes a disordered 

conformation as no CH2 or CO signal from the ethylene oxide moiety is 
detected in the SFG spectra (see Paper II). This is stark contrast with the 
case when the ethylene oxide part is constrained in a ring conformation, 
which renders well defined CH2 and CO peaks (see details in the next 
section and Papers III and IV). 

 
Therefore, one can conclude that the non-ionic surfactant adsorbs at 

the EAN – air interface as an oriented monolayer, forming a saturated film 
above the critical micelle concentration (cmc), showing many analogies 
with aqueous systems. The VSFS results show that the interfacial EAN is 
removed by surfactant adsorption. High degree of conformational disorder 
is found in the surfactant hydrocarbon tails, which confines the layer 
thickness relative to its all-trans extended length to some extent. 

4.2.1.2 Crown ethers 

4.2.1.2.1 Surface speciation.  
Crown ethers are cyclic compounds consisting of two to twenty 

oxygen atoms separated by two or more carbon atoms. The most effective 
complexing power to bind cations is exhibited by ethylene oxide (EO) base 
crown ethers.46 Hence, they have been extensively studied since their 
discovery in the late sixties.47  

 
Vibrational Sum Frequency Spectroscopy has been used in order to 

investigate both the interfacial behavior of crown ethers and the hydration 
of the ethylene oxide moiety in a constrained configuration.  
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Figure 15. VSFS spectra of B15C5 (a) and NB15C5 (b) under SSP, PPP and SPS 

polarization combinations. The spectra are normalized to unity since the SSP spectra are 
more intense than the PPP and SPS ones. They are also off-set for better clarity. 

 
VSFS spectra of benzo 15–crown–5 (B15C5) and nitro benzo 15–

crown–5 (NB15C5) were acquired under different polarization 
combinations, specifically targeting the CO, CN, NO2, CH and OH 
vibrational modes in order to produce a complete picture of the crown ether 
solution–air interface.  

 
Figure 15 shows the low wavenumbers spectra taken at the air–

solution interface of 5 mM B15C5 (a) and 5mM NB15C5 (b) under SSP, 
PPP and SPS conditions. The NB15C5 spectra exhibit more vibrational 
modes and display a much stronger signal than B15C5 (both spectra 
presented here are normalized to the highest SSP peak). Only the SSP 
polarization shows signal in the B15C5 spectra which is a peak from the 
PhO (oxygen bonded to phenyl) symmetric stretch present at 1260 cm-1. 
However, NB15C5 spectra shows well distinguished peaks in all 
polarization combinations. The aliphatic CO stretch, CN vibration, 
symmetric NO2, antisymmetric NO2, and skeletal CC have all been 
identified at 1121 cm-1, 1279 cm-1, 1341 cm-1, 1521 cm-1, and 1592 cm-1, 
respectively. Strong and well defined peaks are indicative of highly ordered 
adsorbed species even though these crown ethers do not form a fully 
covered film surface (see 4.2.1.2.2 and Paper III). 

 
Using a polarization spectroscopic model48 along with IR49 and Raman 

results,50 successful assignment of vibrational modes present in the CH 
region was also possible as revealed in Figure 16. It was found that the 
electronegative character of the phenyl oxygen51, 52 induces a split into the 
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CH2 bands resulting in a blue shift for the CH2 groups next to the phenyl 
ring. 

In contrast to the low wavenumbers region CO-NO, the CH region of 
B15C5 shows more features than NB15C5. The extra peaks visible at 3020 
cm-1 and 3060 cm-1 are assigned to aromatic stretches. The fact that the 
symmetric HC4 – C5H stretch of the benzene has a large projection of the 
dipole moment on the normal axis to the interface as observed in the SSP 
spectrum, correlates with the presence of the PhO band in the low spectral 
region (see Figure 15 a) and indicates that the B15C5 molecule adopts an 
upright position at the interface.  

 
Moreover, using the fact that the benzene moiety is more hydrophobic 

than the ethylene oxide moiety, one may infer that the B15C5 molecule 
exposes the benzene part to the air phase. 
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Figure 16. SFG spectra of 5 mM NB15C5 under SSP, PPP and SPS polarization 

combinations (SSP shifted +0.3 units and PPP shifted +0.15 units) and (b) Spectra of 4mM 
B15C5 under SSP, PPP and SPS (SPS shifted -0.1 units SSP shifted +0.2 units).  
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Figure 17. SSP polarization spectra of B15C5 a) and NB15C5 b) at different concentrations.  
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Further, the OH bonded region of the spectra was investigated. Figure 
17 presents the VSFS spectra of both crown ethers in SSP and PPP 
polarizations with the neat water spectrum as a reference. As soon 
adsorption of the crown ethers commences, the water features start to be 
perturbed. The higher the concentration of the crown ethers, the stronger the 
hydrogen bonded water signal. This is indicative that both the topmost water 
layer and the subsequent water layers are affected by the presence of the 
crown at the interface. 

 
In general, increased signal in this region is associated with highly 

aligned water molecules in the presence of an electrical field.4, 7, 53-55 
Nonresonant contribution to this increased signal is insignificant since 
firstly, the water interface has a very small nonresonant signal56 and 
secondly, experiments performed in deuterated water have shown that the 
baseline of the spectrum goes down to zero intensity and the entire broad 
band is shifted to lower wavenumbers over the OD stretching region. 
Additionally, it is known that crown ethers can stabilize the hydronium ion 
(H3O+).46, 57, 58 Therefore, the presence of crown ether–hydronium complex 
at the surface would create an electrical double layer and hence explain the 
observed spectra.  

4.2.1.2.2 Surface density effect 
To gain insight into the adsorption process of the crown ethers under 

investigation, the VSFS measurements were complemented with the 
information provided by surface tension measurements which revealed 
that the two compounds do not form a fully saturated film at the surface in 
the concentration range studied (see details in Paper III). 

 
NB15C5 was chosen for VSFS measurements on concentration 

dependence due to its high resolution in the CO-NO stretching region. The 
relative intensity in SSP and PPP condition of the two prominent peaks, the 
symmetric NO2 and CN stretches at 1279 cm-1 and 1341 cm-1, respectively, 
have been monitored in the concentration range 0 to 10 mM. Monitoring the 
ratio of the signal intensity in different polarization combinations can give 
an indication about the orientation of the molecule at the surface (see 
section 2.2.2). 
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Since the VSFS signal depends on both the number of the molecules 
present at the interface and their orientation, the orientational contribution 
can be isolated in one of two ways. Either normalize the signal to the 
surface density (obtained for instance from surface tension measurements) 
or consider the ratio of the fitted intensities of a certain mode in different 
polarization combinations. Both these approaches were used in Paper IV.  
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Figure 18. Ratio of the fitted amplitudes Assp/Appp for the CN and NO2 vibrational modes. 

The ν(CN) is offset -4 units for clarity 

 
Figure 18 shows the ratio of the fitted amplitudes Assp/Appp of the CN 

and NO2 vibrational modes with varying concentration of NB15C5 in the 
bulk solution. An small increase of the ration Assp/Appp with increasing 
concentration is easily visible, which implies an orientational change of the 
molecules at the surface. If these values could be compared to the 
theoretically simulated curves then the actual average orientational angle 
might be extractable. 

 
The polarisation data could conceivably be used to determine the 

actual orientation angle of the two vibrations; however, the NO2 and CN 
stretches are strongly coupled.59 It is thus difficult to ascribe a high 
symmetry type group to either vibrational mode, rendering the conventional 
orientational analysis essentially impossible and the estimation of the 
orientational change magnitude unfeasible. 
 



4. Summary of Research 

 

 36  

However, the fact that there is a detectable orientational change with 
concentration is consistent with the conventional picture of film formation 
at the surface. In spite of the fact that areas per molecule are rather large and 
the crowns are randomly distributed on the surface they can still sense one 
another via electrostatic interactions. Thus, the orientational change is a 
response to increasing electrostatic interaction as confirmed by the results of 
the electrolyte effect discussed in the next section.  

4.2.1.2.3 Electrolyte effect 
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Figure 19. Fitted amplitudes of B15C5 a) and NB15C5 b) spectra in SSP polarisation in OH 
spectral regions and c) fitted amplitudes of NB15C5 in CH region. In figure b) the ‘ice like’ 

– strong hydrogen bond characteristic is offset +15 units for clarity. The peak at 2857 cm-1 in 
figure c) is offset by +2 units for clarity. Lines are guides to the eye. 

 
Addition of NaCl ions to bulk water is known to only very little 

perturb the spectrum of interfacial water. A very small decrease in the 
intensity of the hydrogen bonded region of the spectrum is usually 
observed.7 However, when other charged species are close to the interface 
the spectrum of the interfacial water slab is considerably altered.  
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Figure 19 shows the change in the fitted amplitudes of water features 
for B15C5 and NB15C5 and ethyl features for NB15C5 with electrolyte 
concentration. Both weak and strong hydrogen bonded peaks decrease in 
intensity with increasing NaCl concentration. On the other hand, all ethyl 
fitted intensities appear to increase with increasing NaCl concentration. 
Crown ethers form charged complexes with hydronium H3O+ ions. If these 
complexes are adsorbed at the solution–air interface an electrical double 
layer is created which can be altered by further addition of electrolytes. 

 
Therefore, the data presented in Figure 19 is consistent with a double 

layer screening phenomenon. The decrease in the water signal is consistent 
with both a reduction in surface charge (for instance depletion of charged 
crowns) and a reduction in the range of the electric field with a 
commensurate reduction in the depth of the water film oriented by the field. 
In the former case a reduction in the number of molecules at the surface 
would lead to reduced signal in the CH spectral region but in fact the 
reverse is observed. The increasing signal in the CH region implies an 
increase in the adsorbed amount and this is consistent with the repulsion 
between charged species being screened with added salt, allowing closer 
approach of the molecules. Screening of the electric field by spectator ions 
of sodium and chloride satisfactorily explains both observations. 

 
It is also consistent with the earlier observation of a detectable 

orientational change with concentration increase being due to increased 
electrostatic interaction between surface species (see details in Paper IV). 

4.2.2 Insoluble amphiphiles – Fatty acids films 
Having probed the interfacial behaviour of the soluble species, it now 

remains to probe the behaviour of insoluble amphiphiles in an attempt to 
compare their interfacial behaviour as well as the interfacial structure of the 
water in the two cases. 

 
Due to their structural simplicity and ease of production, fatty acids 

monolayers are frequently used as model systems in studying biological 
membranes. Essential fatty acids, ω – 3 and ω – 6 (unsaturated fatty acids) 
which cannot be synthesized by humans are known to play a key role in 
nutrition; therefore, they have been extensively studied.60-63 
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A series of fatty acids, both saturated (Arachidic Acid (20:0 AA)) and 
unsaturated (Eicosanoic Acid (20:1 EA)), Eicosadienoic Acid (20:2 EDA)) 
and Eicosatrienoic Acid (20:3 ETA)), spread at the water-air interface were 
investigated in a Langmuir Trough device using a VSFS spectrometer. 

4.2.2.1 Peroxidation of fatty acids 
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Figure 20. a) SSP polarization spectra of Eicosatrienoic acid (20:3 ETA) at 3mN/m in air 

taken continuously over 65 min. b) Relative vinyl CH amplitudes of Eicosadienoic acid (20:2 
EDA) at two different surface pressures as a function of time 

 
It is known that polyunsaturated fatty acids and lipids undergo 

oxidative degradation. This process starts at the reactive hydrogen sites next 
to the double bond ending with a chain scission at the double bond site in a 
chain reaction mechanism. High temperature, catalysts and UV irradiation 
can promote the degradation; however, when studying, for instance, model 
membranes, good stability of the layer is advantageous.  

 
VSFS has been used at water–air interface to monitor the decay of the 

double bond (HC=CH) for unsaturated fatty acids as a function of the 
number of double bonds per chain, as the intensity of the VSFS signal is 
directly related to the square of the number of the vinyl moieties present at 
the interface. It was observed that the velocity of the degradation process for 
the 20:1 EA (one double bond) layer is much smaller than for 20:2 EDA 
(two double bonds) which in turn is less than for 20:3 ETA (three double 
bonds). Figure 20 a) presents the SSP spectra of ETA in air, at constant 
surface pressure – 3mN/m, recorded at increasing times steps. The intensity 
of the vinyl CH stretch decreases fast and at the same time the barriers keep 
moving inwards suggesting loss of both double bonds and material. What 
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remains at the surface appears to be more disordered judging by the 
increased number of gauche defects (revealed by the increase in the 
symmetric methylene stretch vibration at 2850cm-1) and decrease in 
intensity the of the symmetric methyl vibration. 

 
Improved stability of the polyunsaturated fatty acids (or lipids) layer is 

achieved by controlling the environment. Measurements in humid nitrogen 
(or even molecular oxygen) atmosphere indicated very good monolayer 
stability for all of the three compounds over a time scale of hours. 

 
The surface pressure in the layer also appears to be an important 

parameter in the degradation process. Figure 20 b) plots the relative SF 
intensity of the vinyl vibration of the 20:2 EDA at 3 mN/m and 25 mN/m 
with time. The degradation process goes faster at 3mN/m indicating that the 
free radicals (e.g. hydroxyl) or other reactive species (e.g. ozone) can more 
easily access the double bond of the more relaxed hydrocarbon chain layer. 
The same trend is found for both 20:1 EA and 20:3 ETA. 
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atmosphere with AA as reference. 

 
Further measurements on unsaturated fatty acids have been conducted 

in humid nitrogen atmosphere. Figure 21 presents the surface pressure 
isotherm for EA, EDA, and ETA, with the AA as reference. Introducing 
double bonds into the fatty acid chain extends the compressibility of the 
monolayer. Interestingly, all acids reach similar molecular area (approx. 



4. Summary of Research 

 

 40  

24Å2) before collapsing. Even though increasing number of unsaturations 
per chain cause a certain degree of expansion of the monolayer, at high 
compression levels a well packed monolayer is formed judging by the 
molecular area reached when the layer is highly compressed. 

4.2.2.2 Domain formation. 
  

2750 3000 3250 3500 3750 4000

0

1

2

3

In
ten

sit
y 

(a
.u

.)

Wavenumbers cm-1

Arachidic Acid AA
Area per molecule 40Å2 

 SPS polarization
 PPP polarization

 

Figure 22. SFG spectra of AA at 40 Å2/molecule. Both spectra are 
normalized to the free OH intensity. 

 
Saturated and unsaturated fatty acids appear to behave differently at 

the water surface in the so called gaseous phase of the isotherm. Repeatedly 
recorded SSP spectra of AA at large are per molecules occasionally 
revealed in random and sporadic fashion strong CH signal, even though the 
higher frequency region of the spectra, (the water region) remains 
essentially unchanged (see Paper V).  

 
Figure 22 shows subsequent measurements of SPS and PPP 

polarization spectra of AA at large area per molecules (at 40Å2). The fact 
that the CH signal is randomly recorded in the spectra combined with the 
fact that the feature is characteristic of methyl group, all this highly ordered 
layer indicates the formation of two dimensionally moving islands on the 
water surface, occasionally passing through the SFG probing area. It is also 
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known that the SPP polarization is forbidden by symmetry for systems that 
are isotropic in the plane of surface.64-66 Spectra of AA, however showed 
finite SPP signal at all points on the isotherm, including the very dilute 
regime. This information proves that the formed islands are of crystalline 
nature. 

 
As soon as double bonds are introduced into the hydrocarbon chains 

no signal is recorded in SPP spectra at any point on the isotherm. SSP, PPP, 
and SPS spectra are recorded furthermore only after the layer is compressed 
enough so that finite pressure starts to be recorded by of the Langmuir 
trough. Thus, there does not appear to be any crystallinity associated with 
the monolayers at higher pressure where aggregation is known to occur. At 
areas per molecule of approximately 55Å2 the molecules are in the “zero 
pressure region” but are sufficiently close on average that they cannot be in 
the gaseous phase. Thus, some sort of assembly is necessary for their 
accommodation on the surface, and this should be reflected in the spectra. 
However, their existence cannot be proven with the VSFS. 

4.2.2.3 Unsaturation induced conformation 
Figure 23 shows the Vibrational Sum Frequency spectra of Arachidic 

Acid 20:0 AA, Eicosenoic Acid 20:1 EA, Eicosedienoic Acid 20:2 EDA, 
and Eicosatrienoic Acid 20:3 ETA monolayers at different surface pressures 
in SSP polarization combination. For the AA monolayer the fact that the 
methyl features (r+ - symmetric CH3 and it Fermi resonance - rFR

+) strongly 
dominate over the methylene signatures, demonstrates unambiguously that 
the fatty acid film is very well ordered even from very low surface 
pressures. In order to establish the conformational order in the layer45, the 
ratio of the symmetric methyl to symmetric methylene (Ar

+/Ad
+) has been 

calculated and found to be relatively high, around 10 units, which is 
representative of a highly ordered monolayer.  

 
As soon as double bonds are introduced in the hydrocarbon chain the 

VSFS spectra in the alkyl region is dramatically altered. New peaks are 
detected, bearing the signature both of the double bond and the structural 
changes in the monolayer. The symmetric methylene d+, positioned at 2850 
cm-1, is visible at all pressures, whereas the Fermi resonance of the 
symmetric methylene dFR

+, positioned at 2928 cm-1, is well defined only at 
low pressures. At higher pressure this peak becomes a shoulder to the Fermi 
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resonance of the symmetric methyl rFR
+, positioned at 2942 cm-1. In the case 

of 20:3 ETA, it is interesting to note the presence of the antisymmetric 
methyl r- as a well distinguished peak at around 2965 cm-1. At low surface 
pressure the spectrum is dominated by the symmetric methylene d+, 
denoting a high degree of conformational disorder; however as the 
monolayer is compressed the symmetric methyl r+ notably increases, 
indicating that the order in the chains has significantly improved. 
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Figure 23. SSP Vibrational Sum Frequency spectra of AA (20:0), EA(20:1), 

EDA(20:2), and ETA(20:3) monolayers at different surface pressures, b), c), d) 
under nitrogen atmosphere. All vibrational features are normalized to the intensity 

of free OH, therefore comparable. 
 

The ratios of the fitted amplitudes (Ar
+/Ad

+) for the three unsaturated 
compounds have also been calculated as a function of surface pressure. The 
ratios increase almost similarly for the three compounds starting from about 
0.3 to about 1.6 as the layer is compressed to the collapse point. Since this 
ratio is known to be a measure of the change in the layer conformation,45 we 
can once again state that the order in the alkyl chain is continuously 
increasing. This is in stark contrast to the conformation of the AA layer 
where the absence of the unsaturation in the chain allows formation of a 



4. Summary of Research 

 

43 

highly ordered, well packed layer, even at very low surface pressure (see 
details in paper V and VI). 

4.2.2.4 Electrolyte effect 
The SFG signal of neat water air interface is very little influenced by 

the presence of the NaCl in the bulk. However, a dramatic increase in the 
hydrogen bonded water bands is observed when fatty acids are spread on the 
surface of a 3mM NaCl water solution as clearly seen in Figure 24 a) in 
direct contrast to the observations with crown ethers. 
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Figure 24 VSFS spectra of AA a) at 3mN/m with and without NaCl and b) at selected surface 

pressures (or area per molecules) in the presence of 3 mM NaCl solution. 

 
Surprisingly, the alkyl bands appear to preserve their intensity after 

salt addition, suggesting that whatever the influence of the NaCl it does not 
measurably affect the hydrocarbon region of the monolayer. 

 
In the presence of 3mM NaCl the spectrum of AA at large area per 

molecules very much resembles that of pure water as observed in Figure 24 
b); however, as soon as a covered surface is obtained, the hydrogen bonded 
water bands are dramatically increased. Additionally, the spectra show that 
this increase in the water signal is not influenced by further compression of 
the monolayer. The water spectrum is recreated whenever the barriers are 
retracted showing that the behaviour is reversible and no hysteresis is 
observable in the Langmuir measurements either.  

 
The headgroups of the fatty acids are mostly protonated67, 68 (<0.1% 

deprotonation) on a water surface at pH 5.5, and the intensity of the water 
bands are comparable to the intensity of the neat water-air interface bands; 



4. Summary of Research 

 

 44  

however, when Na+ and Cl- ions are introduced into the bulk, the water 
bands are strikingly increased. This could be explained by the fact that an 
increase in electrolyte concentration would facilitate an increase in the 
deprotonation of the carboxylic acid. Such a response would cause an 
increase in the intensity of the COO- stretch. Another explanation would be 
that sodium ions would bind to the monolayer which would cause a spectral 
shift of the carboxylic signature. However, no change in the intensity or 
position of the carboxylic band is detected rendering both suppositions 
unfeasible. Chloride ions approach remains as the rather unexpected 
candidate to explain the observed water ordering/charge phenomenon 
associated with sodium chloride addition. 

 
The enrichment of chloride ions at the fatty acid water interface is 

unexpected and not completely trivial to explain.  One potential explanation 
is that the hydration of the protonated acid groups (where the hydrogen 
atoms would point towards the aqueous phase) would lead to a hydration 
environment which is locally marginally more favourable towards chloride 
ions and thus leads to a slightly elevated population near the surface (see 
details in Paper V) 
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5 Concluding Remarks 
 

The research presented within this thesis highlights important aspects 
of interfacial properties of amphiphiles present at the air liquid interface as 
well as the interfacial structure of the liquid itself using mainly the surface 
sensitive technique Vibrational Sum Frequency Spectroscopy (VSFS).  

 
Water and Ethyl Ammonium Nitrate (EAN) (two hydrogen bonding 

liquids) share many similar properties. The structuring effect found at the 
air-EAN interface, appears to be one of the major findings of this work as it 
is known that water is also ordered at interface with air. Besides, adsorption 
of amphiphiles removed the EAN from the interfacial region.  

 
Due to its unique capabilities, VSFS has enabled successful 

assignments of vibrational mode of crown ethers which now allows a more 
extensive examination of their interfacial properties. The vibrational spectra 
have showed that a protonated, charged crown species is present at the 
interface which has a strong influence on the interfacial water rendering the 
hydration of the crown itself impossible to isolate. Despite the rather low 
surface excess, crown ether molecules appear to interact most probably via 
repulsive electrostatic interactions.  

 
Another important result of this work is the investigation conducted on 

insoluble amphiphiles at the water-air interface. Fatty acids monolayers 
spread on a water subphase in a Langmuir Trough were systematically 
investigated using VSFS. Arachidic Acid forms two dimensional moving 
domains of crystalline nature well before finite surface pressure is detected 
by the Langmuir Trough balance. Interesting to note is the difference in the 
interfacial behaviour when unsaturations are present in the alkyl chain. 
These kinks extend the compressibility of the layer besides changing its 
conformation. Once the layer is more compressible there is more room for 
the reactive species (such as ozone or HO-) to access the double bonds sites 
starting the degradation process. VSFS provided clear indication that 
pressure in the layer is an important factor in the degradation of the layer.  
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