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Abstract 

 

Atmospheric corrosion, the most common form of metal corrosion, occurs within the 

interfacial region between a solid, and the surrounding atmosphere. In fact three phases and 

two interfaces are involved: the gas, a thin liquid layer, a solid, the gas/liquid and the 

liquid/solid interfaces. In this thesis, the vapor/liquid and liquid/metal interfaces have been 

studied by the in-situ techniques vibrational sum frequency spectroscopy (VSFS), and infrared 

reflection/absorption spectroscopy (IRAS). The main focus has been on characterization of 

the corrosive organic molecules formic acid, acetic acid, and acetaldehyde, at the two 

interfaces. Additionally, the headgroup of sodium dodecyl sulfate (SDS) has been examined at 

the air/water interface.  

 

VSFS is an inherently surface sensitive laser spectroscopy technique, which provides 

vibrational spectra solely of the molecules residing at the surface of for example a liquid, 

despite the vast excess of the same molecules in the bulk. To obtain a comprehensive 

molecular picture of the organic compounds at the air/liquid interface, studies have been 

undertaken in several spectral regions, targeting the CH, C=O, C-O, OH, and SO3 stretching 

vibrations. Furthermore, the surrounding water molecules have been investigated in order to 

study hydration phenomena. Acetaldehyde has been determined to partly form a gem-diol 

(CH3CH(OH)2) at the air/water interface, whereas acetic acid forms various hydrogen-bonded 

species, with hydrated monomers at low concentrations and centrosymmetric cyclic dimers at 

high concentrations. Formic acid was found to form a different complex at very high 

concentrations, in addition to the species observed at low concentrations. Performing 

experiments with different polarizations of the laser beams has enabled the determination of 

the orientation of the interfacial molecules. The methyl group of acetic acid was concluded to 

be oriented close to the surface normal throughout the concentration range, whereas the tilt 

angle of the CH group of formic acid was determined to be ~35°. The SDS studies revealed 

that the headgroup orientation is constant in a wide range of concentrations, and also in the 

presence of sodium chloride.    

 

IRAS has provided information regarding the composition and kinetics of the corrosion 

products formed upon exposure of a zinc oxide surface to the organic compounds. The 

importance of the water adlayer on metal surfaces has been confirmed by the faster kinetics 
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observed at higher relative humidities. Exposure to formic acid resulted in the formation of 

zinc formate, whereas both acetic acid and acetaldehyde formed zinc acetate upon reaction 

with the zinc oxide surface. However, the kinetics were faster for acetic acid than 

acetaldehyde, which was explained in terms of an acetate-induced zinc dissolution process 

and a more complicated reaction path involved in the acetaldehyde case to form the zinc 

acetate surface species. Scanning electron microscopy indicated the formation of radially 

growing reaction products for acetic acid and filiform corrosion for acetaldehyde.  
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Introduction 

1. Introduction 
 

1.1. Atmospheric corrosion 

 

Atmospheric corrosion is the interaction of any material, commonly a metal, with the 

surrounding atmospheric environment. A well-known example is the rust formation on cars 

and other vehicles, but also electronic devices, construction materials, our cultural heritage 

and military equipment, to mention a few examples, are susceptible to atmospheric corrosion. 

Additionally, this kind of corrosion is important to many naturally occurring processes. Due 

to the enormous economical impact corrosion has on society, a good knowledge of the 

fundamental processes involved is essential in the search for new preventative measures. 

Since atmospheric corrosion involves many physical and chemical processes, it requires a 

good knowledge in several scientific areas, and can thus be considered a truly 

interdisciplinary field. 

 

The corrosion of a metal, and its concomitant transformation to the mineral it was extracted 

from, has been known for a long time, but it was not until the 1920’s that scientific 

investigations of corrosion phenomena commenced. This pioneering work was performed by 

Vernon, who examined the corrosion products formed upon exposure of a metal surface to 

corrosive gases, such as carbon dioxide (CO2) and sulfur dioxide (SO2).1,2 He also studied the 

influence of relative humidity on the corrosion rate, and realized the importance of water in 

atmospheric corrosion. During the following decades, the central role of electrochemical 

reactions was discovered. In the 1960’s, instruments capable of analyzing the chemical 

composition of the corroded surface started to emerge, and X-ray photoelectron spectroscopy 

(XPS), and Auger electron spectroscopy (AES) became work-horses as surface analytical 

tools. Towards the end of the sixties, the in-situ technique infrared reflection/absorption 

spectroscopy (IRAS)3 was invented, and enabled studies of an ongoing corrosion process. 

More recent instruments able to provide valuable in-situ information are the quartz crystal 

microbalance (QCM) for obtaining the mass of corrosion products, atomic force microscopy 

(AFM) to probe the morphology of the surface, and the Kelvin probe for measuring the Volta- 

or corrosion potential of a corroding metal surface. In addition to these experimental 

techniques, computational models are increasingly being used in corrosion research.   
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Studies aiming at describing corrosion phenomena can be performed either as field4-7 or as 

laboratory experiments. The advantage of field experiments is that a real world corrosion 

process is examined. However, since there are several parameters involved in a corrosion 

process, such as humidity, temperature, salt concentration, and airflow, there is a difficulty in 

isolating the individual dependences in the same way as can be obtained in a laboratory 

experiment. Depending on whether the atmospheric corrosion occurs indoors or outdoors, 

there are generally different corrosion promoters that are important. From this follows that 

different corrosion products are to be expected depending on the environment. In outdoor 

environments, SO2 and Cl- are considered as being of profound importance in inducing 

corrosion processes, whereas these compounds are regarded as less dominant indoors due to 

lower humidities, concentrations, and the fact that their sources exist outdoors rather than 

indoors.7 Several organic compounds are known to act as important corrosion promoters in 

indoor environments, with acetaldehyde, formic acid, and acetic acid as a few important 

examples.8 These species have been studied in some detail in this thesis by means of in-situ 

analytical techniques in order to investigate their role on a molecular level at the solid/liquid 

and liquid/air interfaces.   

 

Since ambient air has a certain relative humidity (RH), all metal surfaces will be covered with 

a thin adlayer of water. This layer acts as a solvent for gaseous species and is an important 

arena for chemical reactions to take place. Hence, relative humidity is a crucial parameter in 

determining the rate of a corrosion process. The thickness of this layer is dependent upon the 

RH in the surrounding air, and it has been proven that many metals exhibit approximately the 

same thickness dependence with RH.9 At 25% RH, the coverage is approximately 1 

monolayer of water, at 50% RH 2 monolayers, at 70% RH 3-4 monoalyers, and at 90% RH 

the number of monolayers has increased to 10. Thus, a fast increase in the amount of adsorbed 

water is observed at higher RHs.  

 

Due to the presence of the adlayer of water, there are two interfaces of significance in 

atmospheric corrosion, the water/metal and the air/water interfaces. Traditionally, it is the 

water/metal interface that has been studied, a result of the fact that the active center of the 

corrosion process is assumed to be located solely here, but also because there have been no 

instruments capable of exploring the air/water interface before. However, with the arrival of 

the nonlinear optical technique vibrational sum frequency spectroscopy (VSFS) in 1987,10 

studies of top monolayers of liquid/air interfaces became feasible.  
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In this thesis we provide novel information by VSFS about the air/liquid interface of aqueous 

solutions of various organic corrosion promoters. In addition, the liquid/metal interface of 

zinc surfaces exposed to the same organic compounds has been analyzed by IRAS, in order to 

determine the rate and nature of the corrosion products formed. 

 

 

1.2. Atmospheric corrosion of zinc 

 

A fresh zinc surface reacts very fast, and already after less than a second, the surface will be 

covered with a layer of zinc oxide (ZnO) with a thickness of a few nanometers. Additionally, 

in a humid environment a layer of zinc hydroxide (Zn(OH)2) will form as well. After a few 

hours, zinc hydroxycarbonate (Zn5(CO3)2(OH)6) will commonly form on the surface. 

Depending on the environment the zinc surface is exposed to, different corrosion products 

tend to form. The products formed in indoor and outdoor environments are similar to the 

generally encountered products of metals, as discussed above. The choice of zinc as the metal 

under study in this thesis relies on the fact that it is known to undergo a rapid corrosion 

process upon exposure to the organic compounds examined.  

 

 

1.3. Liquid surfaces 

 

Aqueous surfaces and interfaces are ubiquitous in our world, and are of profound importance 

for countless physical, biological, and chemical processes. Of certain significance for this 

thesis is the aqueous layer present on metal surfaces, since it assists corrosion processes. 

Biological systems constitute another interesting area, where numerous interfaces are present 

in cells, proteins, and membranes, as a few examples. Despite the fact that water probably is 

the most studied liquid, there are still numerous questions waiting to be unraveled. The 

complexity of water relies in the formation of hydrogen bonds, both between themselves, and 

also to other molecules, such as proteins and atmospheric gases.  

 

Many techniques suitable for investigating solid surfaces require ultrahigh vacuum, and thus 

are not appropriate for liquids. Linear spectroscopic techniques have frequently been 

employed to study liquid surfaces, but have the drawback of not probing only the true surface 

region, since the waves penetrate into the bulk region. However, with the advent of nonlinear 
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spectroscopy, the possibility of examining solely the top monolayers of a liquid became 

feasible. Methanol was the first liquid studied by VSFS,11 the first second harmonic 

generation (SHG) spectrum of a pure water surface was reported in 1988,12 and the first VSFS 

spectrum of water in 1993.13 Since then, several water spectra have been reported, but also 

spectra of aqueous salt solutions,14,15 acid solutions,16,17 small organic molecules,18-22 

inorganic molecules,23 and surfactant molecules24-26 with water as the solvent. In contrast to a 

solid surface, where the molecules are packed in a static manner, the liquid surface is in 

equilibrium with the surrounding environment, with a rapid exchange of molecules in the gas 

and liquid phases. Thus, it is quite remarkable that it is possible to acquire an SF spectrum of 

a liquid surface at all, an issue which has been discussed for a water surface.27 At the water 

surface, the molecules facing the air must necessarily have some broken hydrogen bonds, and 

thereby lose the energetically more favorable network formed in bulk water, which explains 

the high surface tension of water. A consequence of this is the rapid contamination of a water 

surface upon exposure to the surrounding air, which emphasizes the importance of performing 

VSFS experiments in a clean and closed cell.28 

 

 

1.4. Metal surfaces 

 

In the ideal case, metal surfaces consist of a perfect two-dimensional lattice terminating a bulk 

where the atoms are arranged in a well-defined periodic manner. Single crystals are 

commonly used in experiments to mimic a perfect surface, and provide valuable information 

for the field of catalysis as an example. Such experiments are usually carried out in ultra-high 

vacuum, to avoid contamination of the surface and increase the mean free path in electron-

based techniques. However, in corrosion science, there is a desire to perform experiments that 

more resemble the real world, and thus polycrystalline metals under atmospheric pressure are 

more appealing to study. Frequently used techniques to examine the corrosion of metals are x-

ray powder diffraction (XRD) and x-ray photoelectron spectroscopy (XPS), and also the 

vibrational technique IRAS. With the intention to avoid structural changes of a sample 

between the actual corrosion process and the analysis, the performance of experiments in-situ, 

i.e. during a reaction, has proven to be of great value. This has for example been realized in 

IRAS experiments.29,30                
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2. Theory 

 
2.1. Infrared spectroscopy 

 

An extensive treatment of the theoretical framework of infrared spectroscopy, description of 

the instrumentation, comparisons of various IR techniques, and applications are presented in 

paper IV, and here only the most important concepts are reviewed. This summary will be 

mainly focused on infrared reflection/absorption spectroscopy (IRAS), which is the technique 

used in the experiments carried out in this thesis to probe the liquid/solid interface.  

 

IRAS is a reflection-based technique well suited for studies of thin films and adsorbed 

monolayers on metal surfaces. The method involves an incident IR beam penetrating the thin 

film, followed by reflection at a metal surface and the subsequent retransmission through the 

film, before the beam enters the detector. An analysis of the reflected beam provides 

information on the molecular vibrations in the surface film, and can be used to identify the 

surface species.   

 

The IR process is governed by a direct absorption of a photon (usually from the vibrational 

ground level) to an excited state. A selection rule in IR spectroscopy is that the dipole moment 

µ must alter with respect to the normal coordinate Q during a vibration, which is formalized 

in equation 1, 

 

0≠







∂
∂
Q
µ                  (1) 

 

Additionally, the frequency of the incident light has to match a vibrational transition 

frequency to induce an IR absorption. In the specific case of IRAS, an additional requirement 

denoted as the “surface selection rule” also applies.3 This rule stresses that a component of the 

dipole derivative is required to be along the surface normal in order to activate a molecular 

vibration. The origin of this selection rule stems from the fact that radiation polarized 

perpendicular to the plane of incidence (s-polarized) undergoes a phase shift of approximately 

180° upon reflection from a metal surface, with the concomitant cancellation of an s-polarized 

electric field in the surface region. Therefore vibrations aligned along the surface plane will 
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not give rise to any signal in an IRAS spectrum. The interaction of p-polarized light with the 

metal surface is markedly different, since the phase shift is dependent on the angle of 

incidence, with a constructive interference prevalent for high angles of incidence, measured 

from the surface normal. An incident angle of around 88° is desired for many metals.3 By 

employing the surface selection rule, the orientation of the adsorbed molecules can be 

deduced.31 

 

 

2.2. Raman spectroscopy 

 

Since VSFS is a combination of an IR and a Raman process, a knowledge of the theory 

behind Raman spectroscopy is very valuable. Moreover, in order to be able to perform an 

orientation analysis based on SF spectra, information regarding the Raman depolarization 

ratio is frequently needed. 

 

The first experimental observation of Raman scattering was made by the Indian scientist C.V. 

Raman in 1928,32 who confirmed the theoretical predictions by Smekal in 1923.33 In the early 

years, mercury arc lamps were used to obtain the monochromatic wavelength necessary for 

performing Raman experiments, but with the advent of the laser in 1960 and further 

refinements in the 1970’s, the technique became readily available.  

 

The Raman process34 is an inelastic scattering technique and occurs off-resonance, in contrast 

to an infrared absorption. The molecules undergoing a Raman transition are exposed to 

photons with a significantly higher energy than a vibrational transition, and are momentarily 

excited to a virtual state. It is important to point out that the virtual state is not a stationary 

electronic state, but rather an intermediate state between two stationary states. Upon the 

annihilation of the incident photon, a new photon is immediately scattered from the virtual 

state and is accompanied by a relaxation process of the molecules. There are three different 

scattering phenomena possible: Rayleigh, Stokes, and anti-Stokes scattering, as displayed in 

figure 1. Rayleigh scattering results in the scattering of a photon of the same energy as the 

incoming photon, and thereby no information regarding molecular vibrations is obtained. In a 

Stokes process, the molecules originally occupy the vibrational ground state, υ0, and the final 

state of relaxation is a higher vibrational state, υ1, as shown in figure 1. The scattered photon 
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then possesses a lower energy compared to the incident photon. Anti-Stokes scattering occurs 

for molecules initially in an excited vibrational state, with the subsequent relaxation to the 

vibrational ground state. Consequently, the energy of the scattered photon will be higher in 

comparison to the incident photon. Thus, the expression for the oscillating induced dipole 

moment consists of three terms, scattering at the frequencies ω0, ω0+ωn, and ω0-ωn, 

corresponding to Rayleigh, anti-Stokes, and Stokes scattering respectively. To the left of the 

Stokes process in figure 1, a normal infrared absorption is shown as a comparison. 

 

 

 

 

 

∆ Ev 
υ0 

υ1  

Virtual state 
 

 

 

 

 
              IR                  Stokes         Rayleigh     anti-Stokes 
                              Ev = hν - ∆ Ev     Ev = hν     Ev = hν + ∆ Ev  

  

Figure 1: Stokes, Rayleigh, and anti-Stokes scattering. υ0 represents the vibrational ground 
state, υ1 the first excited state, ∆Ev the energy difference between the ground and the first 
vibrational state, hν the energy of the incident photon, and Ev the energy of the scattered 
photon. An IR absorption is shown to the left for reference. 
 

∆Ev in figure 1 corresponds to the distance between the two energy levels involved in an IR 

transition from υ0 to υ1, and is the wavenumber on the x-axis of a Raman spectrum. In IR 

spectroscopy, the position of an absorption band is related to the absolute frequency of the 

incoming photon, whereas in Raman spectroscopy, the band positions are rather associated 

with the difference in frequency between the exciting and the scattered photon. The selection 

rule associated with Raman spectroscopy requires the polarizability, α, to change during a 

vibration (equation 2).  

 

0≠







∂
∂
Q
α                  (2) 
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Thus, the selection rule in Raman spectroscopy differs from IR spectroscopy, where the 

dipole moment necessarily must change with respect to the normal coordinate during a 

vibration. 

 

Raman spectroscopy confers a significant benefit over IR spectroscopy in investigations 

where water is employed as the solvent, since the IR cross section of the water stretching 

vibrations is very high, leading to an effective exclusion of studies of thick samples of water. 

  

According to the classical picture of the Raman effect, molecules that are irradiated by a laser 

with an electric field, E [V/m], will be subject to a force, and a dipole moment, µ [Cm], will 

be induced (the bold indicates that the quantity is a vector, matrix, or tensor). This induced 

dipole moment can be expressed as a power series according to equation 3, 

 

 µ = µ(0) + µ(1) + µ(2) + µ(3) + …               (3a) 

 

where µ(0) is the static dipole moment and 

 

µ(1) = α .E                 (3b) 

µ(2) = 1/2β :EE                    (3c) 

µ(3) = 1/6γ MEEE                      (3d) 

 

in which α is the second-rank polarizability tensor, β the third-rank hyperpolarizability tensor, 

and γ the fourth-rank second hyperpolarizability tensor. The polarizability is a macroscopic 

property related to the refractive index, describing the ease with which the valence electrons 

are distorted from their equilibrium positions. Only the term in equation 3b is important in 

off-resonance Raman scattering, and thus the nonlinear terms will be neglected in the 

following discussion. However, in vibrational sum frequency spectroscopy, the third-rank 

hyperpolarizability is used, as discussed below. The polarizability tensor is real and 

symmetric, implying that αyx = αxy etc. The symmetry constraint is valid as long as the 

exciting frequency is far away from electronic transitions. Since α is a tensor, an electric field 

polarized in one direction can induce a dipole moment in another direction.  
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The Raman depolarization ratio, ρ, contains valuable information concerning the symmetry of 

normal modes. A common method for obtaining the depolarization ratio relies on experiments 

performed with plane polarized light incident on the sample under study. The intensity of the 

scattered light is subsequently determined in a certain direction, commonly in a 90° geometry 

to the incident beam, and the depolarization ratio is defined as the ratio of the intensity of the 

light scattered perpendicular and parallel to the polarization of the incident beam. The ensuing 

expression describing the depolarization ratio is seen in equation 4, 

 

22

2

'4'45
'3

γ
γρ
+

=
a

                                  (4) 

   

where γ’ and ’ are the anisotropy and mean polarizability (based on the derived 

polarizability tensor), respectively, defined in equation 5.  

a

 

  )(' 3
1

zzyyxxa ααα ++=                          (5a) 

))(6)()()((' 222222
2
12

zxyzxyxxzzzzyyyyxx αααααααααγ +++−+−+−=          (5b) 

 

where the indices represent the tensor components of the derived polarizability. The 

depolarization ratio ranges from 0-0.75. In a totally spherically symmetric vibration, the 

depolarization ratio is zero and the band is denoted polarized. Vibrations possessing 

depolarization ratios of 0 < ρ ≤ 0.75 are called depolarized, and have accordingly less 

symmetric character. These depolarized vibrations will change the polarization of the incident 

beam in contrast to the spherically totally symmetric vibrations, which will conserve the 

original polarization of the laser beam.   

 

 

2.3. Linear and nonlinear optics 

 

Most of the light phenomena we experience everyday stem from linear optics, such as the 

light generated by lamps and sunlight. A prerequisite for second harmonic generation (SHG) 

and sum frequency generation (SFG) is the presence of strong electromagnetic fields, which 

was realized with the advent of the laser in 1960. The history of non-linear optics commenced 

in 1961 with the discovery of second harmonic generation in a quartz crystal by Franken,35 
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and bulk SFG was first demonstrated in 1962 by the same researchers.36 In 1962 Bloembergen 

formulated the underlying theory of nonlinear phenomena,37 for which he was awarded the 

Nobel Prize in 1981. Surface SHG was obtained in 1974 for the first time,38 and SFG 

generated from a surface was first reported by Shen in 1987.10   

 

When a medium is exposed to an electric field, a force is exerted on the negatively charged 

electrons. This force will cause a displacement from the equilibrium positions, and thus a 

dipole oscillating at the same frequency as the electric field is induced. As described in the 

section of Raman spectroscopy, the dipole moment can be expressed as an infinite sum in 

terms of the electric field (equation 3). In VSFS where condensed media are involved, the 

dipole moment per unit volume, denoted as the macroscopic polarization, P, is properly used 

instead. In accordance with equation 6, the induced polarization is given by, 

 

P = P(0) + P(1) + P(2) + P(3) + …                      (6a) 

 

where P(0) is the static polarization and 

 

P(1) = εoχ(1).E                   (6b) 

                                P(2) = εoχ(2):EE                                                          (6c) 

                                            P(3) = εoχ(3) MEEE                                                 (6d) 

 

where χ(1) is the linear susceptibility, χ(2) … χ(n) the nonlinear susceptibilities, and εo the free 

space dielectric permittivity. χ(1) is a second rank tensor and χ(2) a third rank tensor. The 

susceptibilities are the macroscopic counterparts of the molecular polarizabilities averaged 

over all orientations. When the electric field is weak, the linear harmonic term P(1) suffices to 

make a valid approximation of the polarization. Examples of phenomena governed by linear 

optics are reflection, refraction, and absorption. The electrical displacement, D, is defined as 

 

D = εoE + P = εoεE                          (7) 

 

which combined with equation 6b results in an expression for the dielectric constant, ε 

 

  ε = 1 + χ(1)                        (8) 
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The refractive index (N) contains one real (n) and one imaginary term (k), where the former is 

related to the speed of light in the medium, and the latter to absorption, according to equation 

9, 

N = n + ik                 (9) 

 

The real refractive index can be expressed in terms of the dielectric constant  (equation 10), 

 

n = Re(ε½) = Re((1 + χ(1))½)               (10) 

 

whereas k is related to the imaginary part of the dielectric constant. Both n and k are of 

profound importance in VSFS, not only in the visible region, but also at infrared wavelengths. 

 

For stronger fields, generated by lasers for example, the electrons will experience a force of 

the same order as the field from the nuclei, usually ~3*1010 V/m. Fields of these strengths can 

be obtained by the use of lasers with intensities of ~1014 W/cm2.39 Under those circumstances, 

the harmonic approximation is no longer valid, with the consequence that also the 

anharmonic, nonlinear terms in equation 6 must be included.  

 

In contrast to linear optics, light with frequencies differing from that of the incident radiation 

can be generated when nonlinear phenomena apply. In VSFS, the term of interest in equation 

6 is P(2) = εoχ(2):EE, producing sum frequency generation (SFG). In the experiments 

performed in this thesis, visible and infrared radiation interact at a surface of a sample to 

produce another visible beam. The two incident electric fields are described as E1cos(ω1t) and 

E2cos(ω2t). Introducing these fields into equation 6c, results in the following expression for 

the second order polarization, 

 

P(2) = εoχ(2)(E1cos(ω1t) + E2cos(ω2t))2   (11) 

 

Using trigonometry yields equation 12, 

 

P(2) = εoχ(2)(½E1E1 + ½E2E2 + ½E1E1cos(2ω1t) + ½E2E2cos(2ω2t) + 

E1E2cos(ω1 + ω2)t + E1E2cos(ω1 - ω2)t)                          (12) 
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where the first two terms represent a DC field, terms three and four second-harmonic 

generation (SHG), the fifth term sum frequency generation and the last term difference 

frequency generation (DFG). Thus, the generation of the sum frequency (SF) field at ω1 + ω2, 
is accompanied by several other fields not used in our experiments. An important property of 

χ(2) is that it changes sign upon inversion, . In media with inversion symmetry, 

such as gases, and most solids and liquids, all directions are equal, resulting in that 

. From this follows necessarily that = 0 in media with inversion symmetry.  

)2()2(
kjiijk −−−−= χχ

)2(
ijkχ)2()2(

kjiijk −−−= χχ

 

 

2.4. Vibrational sum frequency spectroscopy (VSFS) 

 

The main advantage of VSFS in comparison to IR and Raman spectroscopy is its inherent 

surface sensitivity. For two centrosymmetric media in contact with each other, such as a 

liquid and a gas, solely the interfacial region where the symmetry is broken will give rise to 

SF signal under the electric dipole approximation. No signal will be generated in the bulk 

media since χ(2) = 0 there, as discussed above. As an example, these characteristics enable 

investigations of the surface molecules of a pure liquid, despite the vast excess of the same 

molecules in the bulk. Indeed any interface accessible to light can be probed by VSFS, such 

as the liquid/vapor, liquid/liquid, solid/liquid, and solid/vapor interfaces. Other advantages are 

the submonolayer sensitivity, high pressure studies are possible, the method is in-situ and 

non-destructive, and a femtosecond time resolution is achievable. A disadvantage is that the 

SF process is very inefficient. 

 

The systems examined in this thesis are consistently liquid/air interfaces, and therefore the 

theory will be focused on this interface. In the discussion outlined here, the system is treated 

as consisting of three layers, the bulk liquid, the bulk gas, and the interface, where the latter is 

either a bare interface between two bulk media or a monolayer adsorbed to the surface. The 

gas phase will be denoted “1”, the liquid “2”, and the interfacial layer by “ ´ ”.  

 

Extensive treatments of the theory of SFG and VSFS can be found in several sources,37,40-43 

and here only an overview is presented. In VSFS, two pulsed, coherent laser beams are 

overlapped in time and space at a surface and a third beam with the sum frequency of the 

incident beams, 
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ωvis + ωIR = ωSF                              (13) 

 

is emitted and detected. The copropagating SF geometry employed in our laboratory is 

displayed in figure 2. 
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Figure 2: Copropagating SF geometry. The β values represent the incident and reflected 
angles from the surface normal for the three beams, “1” represents the gas phase and “2” the 
liquid phase. 
  

To deduce the emission angle of the SF beam, the law of conservation of momentum is used, 

 

SFSFIRIRvisvis βωβωβω sinsinsin =+                         (14) 

 

where all beams are assumed to be aligned in the XZ plane. It is worth noting that the 

emission angle of the SF beam changes slightly when the IR beam is scanned.  

 

The SF process can be viewed as a combination of an IR and a Raman process, according to 

figure 3, and thus a vibrational mode must necessarily be both IR and Raman active to be SF 

active. 
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Figure 3: The SF process as a combination of an IR absorption from υ = 0 to υ = 1, and a 
Raman anti-Stokes process. (Compare to figure 1 for a single Raman process) 
 

The induced surface nonlinear polarization takes the form, 

 

)()()( )2()2(
IRIRvisviseffIRvisSF EEP ωωχωωω =+=                    (15) 

 

as recognized from equation 6c.  is the effective surface second-order nonlinear 

susceptibility tensor. The intensity of the SF beam is described by equation 16,

)2(
effχ

40 

 

)()(
)()()(

sec8
)(

2)2(

111
3

23

visvisIRIReff
IRvisSF

SF
SFSF II

nnnc
I ωωχ

ωωω
βπ

ω =                (16) 

 

where c is the speed of light, and Ivis and IIR the intensities of the visible and IR beams 

respectively. is in turn a function of the unit polarization vectors ê(ω)2(
effχ n)  (ωn is any 

frequency of concern) and the Fresnel factors L(ωn) according to equation 17, 

 

[ ] [ ][ ])ê()()ê()(:)()ê( )2()2(
IRIRvisvisSFSFeff LLL ωωωωχωωχ ⋅⋅⋅⋅=                    (17) 
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The Fresnel factors relate the electric fields in medium 1 to the fields in the interfacial layer 

and depend on the refractive indices and the angles of incidence. Mathematically the L factors 

are expressed as shown in equation 18,40 
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where Lxx, Lyy, and Lzz are the diagonal elements of the Fresnel tensor, βn and γn (obtained 

from Snell’s law) are the incident and refracted angles for the respective beams, and n´(ωn) 

are the refractive indices of the interfacial polarization sheet.  

 

χ(2) is a tensor containing 27 elements, but in the case of an azimuthally isotropic interface as 

the liquid surfaces considered in this thesis, only four independent tensor elements are non-

zero due to symmetry constraints. These are χyyz = χxxz, χyzy = χxzx, χzyy = χzxx, and χzzz, where 

the indices refer to the SF, visible, and IR beams respectively. Moreover, far away from 

electronic transitions, the Raman tensor is symmetric (see above), implying that χyzy = χzyy = 

χxzz = χzxx. Thus, only three independent susceptibility elements remain. By performing 

experiments with different polarizations of the laser beams, information regarding the values 

of these susceptibilities can be obtained. The polarization combinations giving rise to SF 

signal at an azimuthally isotropic surface are ssp, sps, ppp, and pss, where the letters designate 

whether the beam is polarized parallel (p) or perpendicular (s) to the plane of incidence, for 

the SF, visible, and IR beams, respectively. The plane of incidence is defined as the plane 

involving the laser beams and the surface normal. The ssp, sps, and pss polarization 

combinations probe the single susceptibility elements χyyz, χyzy, and χzyy, respectively, 

whereas ppp depends on the four elements χxxz, χxzx, χzxx, and χzzz, according to equation 19,40 
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yyzIRIRzzvisyySFyysspeff LLL χβωωωχ sin)()()()2(
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The susceptibility contains two terms, a nonresonant contribution (χ(2)
NR) and the frequency 

dependent part (χ(2)
R,n) carrying information concerning the interfacial molecular vibrations, 

 

∑+=
n

nRNR
)2(

,
)2()2( χχχ                          (20) 

 

where the sum is taken over all surface vibrations contributing to the SF signal. For 

dielectrics, like the liquids studied in this thesis, χNR is real.44 The macroscopic nonlinear 

susceptibility is related to the microscopic hyperpolarizability, β(2), averaged over all 

molecular orientations, described by equation 21, 

 

)2(

0

)2(
, n

s
nR

N
β

ε
χ =                     (21) 

 

where Ns is the number of molecules per unit area and the brackets denote averaging over all 

orientations. Thus, the susceptibility is proportional to the actual number of molecules and 

their average orientation. Consequently, the SF intensity is proportional to the square of these 

properties. As mentioned above, the SF process is a combination of an infrared and a Raman 

transition, a fact which is shown in equation 22, where the hyperpolarizability is expressed in 

terms of the IR transition dipole moment, µγ, and the Raman tensor, ααβ,  

 

Γ−−
=

iIRn ωω
µα

β γαβ
αβγ

)2(                           (22) 
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in which βαβγ is the hyperpolarizability in molecular coordinates, ωn is a vibrational transition 

frequency and Γ  the inverse relaxation time, describing the homogeneous bandwidth of the 

vibration. Far away from vibrational resonances, β(2) is negligible, but when ωIR is in close 

proximity of ωn, the hyperpolarizability is resonantly enhanced, as evidenced by equation 22. 

Plotting the intensity of the SF beam versus IR wavenumber generates a characteristic 

fingerprint in terms of a vibrational spectrum of the molecules residing in the interfacial 

region. 

 

 

2.5. Orientation analysis 

 

Since VSFS is a coherent technique, the performance of experiments with different 

polarization combinations enables the orientation analysis of different molecular bonds.40,45,46 

It is important to note that the average molecular orientation is probed, implying that 

disordered interfacial molecules will not give rise to any SF signal.  

 

In VSFS, three different coordinate systems are commonly employed, depending on which 

quantities are to be described. The molecular system (α,β,γ = a,b,c) is used for single 

molecules. As an example, for a C3v group, the c axis is along the rotation axis, the a axis is 

perpendicular to the c axis and in the plane of a CH bond, and the b axis is perpendicular to 

the first two axes. The surface coordinate system (i,j,k = x,y,z) is in the case of an isotropic 

liquid surface coincident with the laboratory system (I,J,K = X,Y,Z), where the Z axis is along 

the surface normal, the X axis is perpendicular to the Z axis and the laser beams are incident in 

the XZ plane. The Y axis is perpendicular to the X and Z axes.  

 

The hyperpolarizability is often expressed in molecular coordinates, whereas the macroscopic 

susceptibility generally is described in laboratory coordinates. The transformation between 

these coordinate systems is performed using the rotation transformation matrices, involving 

the Euler angles (θ, χ, φ).47 The angle θ is the tilt angle of the molecular c axis with respect to 

the laboratory Z axis, χ is the azimuthal angle, and φ is the twist angle. For isotropically 

symmetric interfaces, such as liquid surfaces, the azimuthal angle is randomly distributed, and 

consequently it is possible to integrate over that parameter, leaving the twist and tilt angle to 

be determined. In many cases, such as a freely rotating methyl group, the twist can be 
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averaged out as well. Hence, solely the tilt angle remains unknown. The procedure for 

determining θ consists in relating the fitted amplitude ratios of the different polarization 

combinations to theoretical SF curves, which simulate the amplitude ratios as a function of the 

tilt angle. To obtain the spectral amplitudes, the peaks are fitted in accordance with equation 

23, 
2

)( ∑ Γ−−
+=

n IRn

n
NRIRSF i

A
AI

ωω
ω                         (23) 

 

where ANR describes the nonresonant amplitude and An the different resonant amplitudes. As 

evident from equation 23, the spectral peaks are fitted with Lorentzian line shapes, which 

accounts for the homogeneous spectral broadening. When inhomogeneous broadening 

prevails in addition to the natural broadening, the Lorentzian line shape is convoluted by a 

Gaussian function.48 However, in the analysis performed in this thesis, the Lorentzian line 

shape has proven to accurately describe the spectral features. 

 

Most frequently in the experiments performed in our laboratory, an orientation analysis has 

been carried out on functional groups exhibiting C3v (or Cs approximated to C3v) and C∞v 

symmetry, such as methyl and C=O groups respectively. The theoretical framework for an 

analysis of these groups is well established, and frequently encountered in the VSFS 

literature.40,45,46,49 The transformation from the hyperpolarizabilities expressed in the 

molecular system to the susceptibilities in the laboratory system, is shown in equation 24 for 

groups belonging to both the C3v and C∞v point groups.50 Depending on whether the vibration 

is symmetric or anti-symmetric, different hyperpolarizability elements characterize the mode, 

and accordingly the expressions for the susceptibilities will also differ.  
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where r = βaac / βccc and Ns the number of molecules. These equations are based on a δ-

distribution of tilt angles. This supposition does probably not simulate the actual molecular 

configuration in most cases, although it might be a good approximation. A more proper 

description of the molecular state would be to incorporate a distribution function of tilt angles, 

and for example the Gaussian function serves this need.49,51 Then the cosine terms have to be 

replaced by their orientational averages, for example <cosθ>. As evidenced by equation 24, 

there are two independent hyperpolarizabilities connected to symmetric vibrational modes 

exhibiting C3v and C∞v symmetry, βaac = βbbc, and βccc. However, since ratios of 

susceptibilities are employed in the calculations of the tilt angle, it is clear from studying 

these equations that the ratios of the symmetric susceptibilities will rely only on the factor r 

and the tilt angle θ. The factor r is related to the Raman depolarization ratio discussed above, 

since 

cc

aa

ccc

caa

ccc

aacr
α
α

µα
µα

β
β

===                         (25) 

 

which is an equation solely dependent upon the Raman transition moment. The r factor is 

related to the Raman depolarization ratio ρ by,34  

 

  
12

1
12

4
51

4
3

−



















−
+

+=
r
rρ             (26) 

 

Consequently, studying symmetric vibrations of C3v and C∞v symmetry only requires the 

relative polarizability derivatives obtained from Raman spectroscopy, although the same 

results can be obtained by the bond polarizability derivative model.45,46 Performing an 

orientation analysis based on the degenerate stretch of a methyl group is a simpler task, due to 

the fact that only one independent hyperpolarizability element is non-zero. By calculating the 

susceptibility ratios, βaca vanishes and the tilt angle will be the only parameter remaining in 

the equations.  

 

To improve the accuracy and reliability in the determination of the orientation of a molecular 

bond, the use of more than one vibration is desired. This can be exemplified in the analysis of 

a methyl group, where both the symmetric and degenerate stretching vibrations provide 

orientation information,25 the results of which necessarily have to concur. 
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3. Experimental 

 
3.1. IRAS 

 
The IRAS spectrometer employed allows in-situ studies of a corrosion process induced by 

various corrosive gases. A corrosive air generator enabled the generation of gas mixtures of 0-

100% RH containing acetic acid, formic acid, and acetaldehyde. These organic compounds 

were produced by evaporation from permeation tubes, and resulted in concentrations of ~200 

parts per billion (ppb) at the sample surface. Typical indoor concentrations of the three 

organic compounds are of the order of 10-20 ppb,3 but the resulting corrosion processes under 

current accelerated laboratory conditions are similar to what has been observed in 

representative indoor exposure.7 During the experiments, the zinc oxide surface was exposed 

to the corrosive air at 19.5±0.5oC and a laminar flow velocity of 3.5 cm/s over the sample. 

The reaction chamber was made of stainless steel and coated with Teflon on the inside walls.  

 

Zinc samples of  99.7% purity, with a size of ~15x15 mm, were polished by SiC paper down 

to 4000 mesh, carefully rinsed in water, polished with 1 and 0.25 µm diamond paste, and 

finally cleaned with a smooth cloth and ethanol. 

 

The infrared beam is made p-polarized before entering the chamber, passes through a ZnSe-

window upon entrance into the chamber and is reflected at the sample surface at a grazing 

angle of 88o from the surface normal. The reflected beam passes through another ZnSe-

window and is detected by an external mercury cadmium telluride (MCT) detector.  

 

Background spectra were acquired in both dry and humid air at the beginning of the 

exposures. The latter effectively cancelled the absorption bands from water inside the cell and 

physisorbed at the metal surface, which was important since the carboxylate stretching bands 

mainly studied in this thesis coincide in frequency with the water bending vibration. All 

spectra were recorded in absorbance units, -log(R/R0), with R being the reflectivity spectrum 

at actual exposure conditions, and R0 the background spectrum. 
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3.2. VSFS 

 

The establishment of the sum frequency facility was a huge technical challenge and at least 

50% of the time devoted to the doctoral project was spent on installation, optimizing the laser 

performance, and solving a vast number of teething problems. An extensive description of the 

experimental setup is found in paper I and here only the most important concepts are 

summarized. 

 

3.2.1. Laser 

 

A modelocked, Q-switched Nd:YAG laser (PL2143A/20) from EKSPLA was used in all 

experiments. Characteristics of the laser involve an output wavelength of 1064 nm, a 

repetition frequency of 20 Hz, and a pulse duration of approximately 24 ps. The maximum 

output energy is ~60 mJ, but in the experiments the amplification level is reduced to obtain an 

energy of 40 mJ, to avoid subsequent damage of the nonlinear crystals and optics.  

 

 

3.2.2. Optical parametric generator / optical parametric amplifier (OPG/OPA) 

 

The output 1064 nm beam from the laser serves as the input beam to the OPG/OPA, where 

two beams are generated, one at a fixed wavelength of 532 nm, and the other tunable in the IR 

region, spanning approximately from 850-4000 cm-1. A schematic of the OPG/OPA is 

displayed in figure 4. 
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In figure 4, the six nonlinear crystals employed to produce the IR and visible beams are 

indicated. The AgGaSe2 crystal is only used for wavenumbers < 2000 cm-1. The bandwidth of 

the generated IR beam ranges from 7-9 cm-1 for wavelengths < 5 µm and is < 15 cm-1 for 

wavelengths > 5 µm. Traditionally, SF spectra have most frequently been acquired in the CH 

region around 2900 cm-1, partly due to the higher energy conversion efficiency compared to 

the region covered by the AgGaSe2 crystal. However, with this OPG/OPA design, sufficient 

energies for generating SF signals down to 850 cm-1 have been reached. In the region 850-

4000 cm-1, the output energies are observed to span from ~5 to ~800 µJ.    

 

 

3.2.3. Sum frequency generation at surfaces 

 

The beams generated in the OPG/OPA are directed towards the sample surface, where the 

beams overlap in time and space. The visible beam passes through two half-wave plates, to 

enable the control of the intensity and the polarization, and finally a telescope before being 

directed to the surface. To normalize for laser fluctuations, a small part of the visible beam is 

reflected to an energy meter.  

 

The IR beam passes through a MgF2 tunable half-wave plate before being focused to the 

surface under study. A computer controlled motor allows the tilt angle of the MgF2 half-wave 

plate with respect to the laser beam to be continuously adjusted, a necessary action since 

different IR frequencies achieve the maximum conversion efficiency from p- to s-polarized 

light at different tilt angles. As a part of the normalization procedure, a fraction of the IR 

beam is split off before the sample cell, and is directed through the headspace (figure 5) to 

account for energy losses due to gas phase absorption and laser fluctuations. The length of the 

headspace is equal to the distance the beams have to travel inside the cell before reaching the 

surface.  

 

The visible and IR beams are incident on the surface at angles of 55 and 63° from the surface 

normal, respectively. This combination of angles ensures moderate signals for all polarization 

combinations used. The beams are focused approximately 1 cm beyond the surface, to avoid 

burning the sample. The generated SF beam is focused through a monochromator to a 

photomultiplier tube (PMT), and is processed by an integrated boxcar and a PC. Before 
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entering the monochromator, the beam passes through a Notch Plus filter and a band pass 

filter to remove scattered light. Spatial filtration is accomplished by a number of irises. 

Further normalization is required to account for the wavelength and polarization dependence 

of the monochromator, and the wavelength dependence of the PMT, the Notch filter, and the 

bandpass filter. To reduce the strong IR absorption due to water bands, 90% of the path length 

from where the IR beam is generated in the OPG/OPA to the sample surface is purged with 

dry air, resulting in a relative humidity of less than 10%. 

 

 

3.2.4. Sample cell 

 

The sample cell is designed and constructed in a way to ensure a clean liquid surface over a 

long period of time, and to avoid evaporation of the sample (figure 5). The cell is made of 

glass with Teflon corks, and EPDM or Kalrez o-rings are used to house the CaF2 and BaF2 

windows. The meticulous cleaning procedure consists in soaking the cell overnight in a 

Deconex solution or in a 50/50 concentrated sulfuric/nitric acid mixture, followed by 

numerous rinsing and soaking periods in Milli-Q water (18.2 MΩcm). Before each 

experiment, the cell is dried with filtered nitrogen. 
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Figure 5: Sample cell for VSFS experiments. 
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In view of the fact that VSFS is a truly surface sensitive technique, the desire to perform the 

experiments in a clean environment is obvious. At atmospheric pressure, approximately 109 

monolayers/second impinge on the surface, and even in the case of a moderate sticking factor, 

the surface will be contaminated fairly rapidly. Most experiments carried out in our laboratory 

have utilized water as the solvent, and the high energetic surface of water is extremely 

sensitive to the presence of impurities, as indicated in figure 6.  
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Figure 6: Variation of the pure water surface SF intensity of the free OH peak at 3702 cm-1 

under the ssp polarization combination as a function of time, in a cell open to the laboratory 
air and in our closed cell. The ordinate is expressed as the percentage of the full SF signal at 
time 0. These experiments were carried out at 3oC in order to reduce the evaporation in the 
open cell.  
 

Figure 6 clearly indicates the importance of using a closed cell in VSFS experiments, since 

the intensity in the case of a closed cell remains constant over the whole acquisition time, 

whereas in the case of an open cell, the intensity decreases constantly.  

 

The temperature is constantly monitored by a thermocouple housed in a glass capillary inside 

the cell (not shown in figure 5). Since temperature variations can introduce conformational 

changes in the surface region, a cooling bath is employed in order to keep the temperature 

fluctuations to less than ± 0.5 °C. 

 

 

3.3. Surface tension 

 

Surface tension measurements were undertaken in order to independently obtain the surface 

concentration for a particular bulk concentration, and allowed the fitted SF amplitudes to be 

normalized by the number of surface molecules, to isolate the dependence on the orientation, 
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as discussed in the theory section. The measurements were carried out using the Wilhelmy 

plate method,52 which measures the change in weight of a plate brought into contact with a 

liquid. 

 

 

3.4. X-ray diffraction (XRD) 

 

X-ray diffraction provides a valuable tool for identifying crystalline structures, since each 

crystal generates a unique diffraction pattern. The technique relies on the fact that crystals 

consist of repetitive units, which will diffract monochromatic x-ray radiation at certain angles 

related to the characteristics of the atomic planes. Interference effects of the scattered waves 

will cause a diffraction pattern to appear, according to the Bragg equation, 

 

θλ sin2dn =               (27) 

 

where n is the order of diffraction, λ the wavelength, d the spacing between the atomic planes 

in the crystal lattice, and θ the diffraction angle. By the use of equation 27, it is thus feasible 

to estimate the lattice parameters of the crystal. In this thesis, XRD has been used for possibly 

identifying crystalline phases in the corrosion products formed after different exposures. 

 

 

3.5. Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) has been employed to evaluate the characteristics of the 

corrosion products formed on a zinc surface upon exposure of several organic compounds. 

The technique enables studies of the morphology and the elementary chemical composition of 

the corrosion products.53 Accordingly, it is, for example, possible to distinguish filiform 

corrosion from a radial growth of corrosion products. Unlike light microscopy, SEM utilizes 

an electron beam incident on the sample, whereupon three different sources of information are 

generated- elastic backscattered electrons, inelastic secondary electrons, and x-rays. The 

backscattered electrons provide information more related to the bulk elemental composition, 

but also related to the topography, secondary electrons image the surface region to a larger 
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extent and offer information regarding the topography, whereas emitted x-rays elucidate the 

bulk elementary composition.         
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4. General discussion of papers 
 

VSFS has been employed to examine the structure of various compounds at the air/liquid 

interface at equilibrium conditions, whereas IRAS has been used to investigate the 

liquid/metal interface during an ongoing corrosion process. 

 

 

4.1. VSFS studies of the air/liquid interface 

 

4.1.1. Water  

 

Water has constituted the base for all VSFS studies in this thesis, and thus deserves a detailed 

treatment. In spite of being the most ubiquitous liquid on earth and subject to numerous 

studies,13,54-62 the complex structure and dynamics of water still remain to be completely 

unraveled. In many disciplines, such as aerosol chemistry, diffusion, solvation, and catalysis, 

an increased knowledge of water would be of utmost importance. The reason for the complex 

behavior of water are the hydrogen bonds, which give water characteristics such as high 

melting, boiling, and critical points, a density maximum in the liquid range at 4 °C, high heat 

capacity, high dielectric constant, several crystalline polymorphs, and a negative volume of 

melting. The strength of a hydrogen bond is around 21 kJ/mol, which is considerably weaker 

than a covalent bond, but stronger than a van der Waals bond.54 Water has generally been 

assumed to successfully order in tetrahedral hydrogen-bonded networks, because the HOH 

angle of 104.5° for a free molecule is close to the optimum angle of 109.5° in a tetrahedral 

configuration. However, the hydrogen bonds are not static, but rather broken and formed on a 

time-scale of pico-seconds. Two common models to describe the liquid water structure are the 

continuous56 and mixture models,63 where the former describes the hydrogen bonds as being 

more or less distorted rather than broken or intact, whereas the latter treats liquid water as 

consisting of a small number of distinctively different hydrogen bonds. Recent studies 

indicate that approximately 80% of the molecules in liquid water form two strong hydrogen 

bonds (one donor and one acceptor bond), and two weaker hydrogen bonds.64,65Additionally, 

it is claimed that instead of tetrahedral networks, liquid water consists of chain and ring 

structures.  
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Of great interest is the air/water interface, where for example transport from the gas to the 

liquid phase occurs. However, due to a lack of instruments capable of detecting the few 

molecules at a surface with respect to the vast amount in the bulk, successful surface studies 

have been difficult to carry out. With the advent of nonlinear spectroscopy a new field 

emerged, and investigations of the water surface as well as other liquid surfaces became 

possible.13 VSF spectra of the pure water surface are shown in figure 7, and reveal two main 

features in the ssp spectrum: the broad band extending from ~2800-3600 cm-1, and the sharp 

peak at ~3702 cm-1. The broad band is familiar from Raman59,66 and IR60,67 spectra and 

corresponds to OH stretching vibrations of hydrogen-bonded water molecules. Due to the 

large width, the precise assignments of the water species contributing to the band are 

complicated, and a broad range of peaks contributing to the intensity in the Raman spectrum 

have been proposed. Also in VSFS, various numbers of peaks have been suggested.14,43,68 The 

simplest approach has been to assign two peaks centered at ~3200 and 3450 cm-1 as 

constituents of the broad feature. These peaks are commonly denoted “ice-like” and “liquid-

like” respectively, due to the fact that they coincide with the main peaks of Raman spectra of 

ice and liquid water, implying that the molecules contributing to the 3200 cm-1 peak are more 

strongly hydrogen-bonded than the ones in the 3450 cm-1 peak. 
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Figure 7: VSF water spectra acquired with ssp, ppp, and sps polarization combinations. 

 

The peak at 3702 cm-1 has been assigned to the stretching vibration of an OH bond protruding 

out into the gas phase, not hydrogen-bonded in any way, and thereby referred to as the “free 

OH”.13 Thus, this peak unavoidably originates from water molecules residing at the top 
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monolayer.13 It is interesting to note that there is only one peak corresponding to OH bonds 

protruding out to the gas phase. This implies that only one OH bond of a water molecule will 

be directed in this way, whereas the other will point towards the bulk liquid phase. The 

orientation of the free OH has been calculated to be ~35° from the surface normal.13,49 If both 

OH bonds were to be directed into the gas phase, two stretching vibrations would have 

appeared in the SF spectrum, one corresponding to the symmetric and one to the asymmetric 

stretching vibration. The ppp spectrum also displays the free OH in addition to a weak peak 

around 3550 cm-1, that has been assigned to the OH stretch of weakly hydrogen-bonded water 

molecules. In contrast, the sps spectrum shows no distinct spectral features in the whole 

range. The origin of the different features in the three spectra depends on the average 

orientation of the interfacial water molecules and the experimental geometry, which in our 

particular case of pure water favors intensities according to ssp > ppp > sps.  The presence of 

the free OH is very sensitive to the addition of surface active compounds, as will be 

demonstrated below (see also figure 6). 

 

 

4.1.2. Acetic and formic acid at the air/liquid interface 

 

The following summary of results and discussion is based on paper I, II, and VII.28,49,69 

 

Acetic and formic acid are two carboxylic acids possessing very short chains, as shown in 

figure 8, where also acetaldehyde, which is discussed below, is shown. Understanding the 

behavior of these short-chained carboxylic acids provides a valuable starting point for 

investigations of the structure of longer-chained homologues in Gibbs monolayers at the 

air/water interface, in addition to their importance in atmospheric corrosion.  

  

 

 

 

 

Formic acid   Acetic acid   Acetaldehyde 

CC

O

H

H

H

HCC

O

HO

H

H

HC
HO

H

O

  

Figure 8: The structure of formic (left), acetic acid (middle), and acetaldehyde (right). 
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In contrast to many longer chain carboxylic acids, these molecules are infinitely soluble in 

water, due to the fact that the hydrophobic moieties are small compared to the polar groups. 

Nevertheless, they are still surface active and display a positive relative adsorption, implying 

that they are enriched at the surface in the whole concentration range. Being the simplest 

carboxylic acid, formic acid has only a hydrogen atom as the terminating “chain”, and has a 

lower driving force to the surface than acetic acid, which is known from surface tension 

measurements70 and will be verified by VSFS as well.  

 

In these experiments, we have not only focused on the traditional CH region, but also on the 

OH, C=O, and C-O stretching regions of the acids, striving to obtain a picture of the 

interfacial structure as complete as possible. Additionally, the OH stretching region of the 

water molecules hydrating the organic compounds has been targeted to further elucidate the 

interactions between the surface species. Both carboxylic acids have been studied in the 

concentration range 0-100%, under the polarization combinations ssp, ppp, and sps. These 

combinations provide information regarding the orientation of molecules at the surface, and 

also assist in revealing peaks that only might be observable for certain polarizations. 

 

In figure 9, the spectra of pure formic and acetic acid are shown, revealing a significantly 

higher intensity for acetic acid.  
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Figure 9: VSF spectra under the ssp polarization combination of (a) 100% formic acid, (b) 
100% acetic acid. The inset in (a) displays the double peak in the CH region of formic acid. 
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Upon a comparison of the spectral features, it is seen that formic acid possesses a double peak 

in the CH region, whereas acetic acid displays only one peak. The peaks at 2925 and 2965 cm-

1 in the formic acid spectrum have both been assigned to C-H stretching vibrations. The peak 

at ~2945 cm-1 in the acetic acid spectrum has been attributed to the symmetric methyl 

stretching mode, νs(CH3). Besides the CH stretching vibrations, the two spectra exhibit no 

clear features, aside from an increased intensity at higher frequencies. 

 

The free OH of the carboxylic acids is expected to appear slightly below 3600 cm-1, but no 

evidence for such a vibration is observed. However, the absence is not surprising, since the 

hydrocarbon groups are assumed to be directed towards the gas phase to minimize the surface 

free energy, and thus leaves the OH group pointing towards the bulk liquid where it 

participates in hydrogen bonding. A peak corresponding to the OH stretch of a hydrogen-

bonded carboxylic acid is supposed to be encountered as a broad band superimposed on the 

CH stretches and centered around 2980 cm-1,71 but the absence of such a band for the acids is 

ascribed to the formation of centrosymmetric cyclic dimers in the case of acetic acid. The 

residual intensity for the νs(CH3) mode of acetic acid is explained by the fact that despite the 

centrosymmetry of an isolated cyclic dimer, the inversion center is canceled for the methyl 

group at the surface, since one group vibrates in air and the other in the liquid bulk phase. In 

the case of formic acid, an explanation to the absence of the OH band is a centrosymmetric 

surface structure, possibly the formation of anti-parallel layers.   

 

Keeping in mind the spectra of the pure carboxylic acids and water now facilitates the 

interpretations of the mixtures. Figure 10 displays the spectra of 0.3 and 7% formic and acetic 

acid.  

 

At 0.3% formic acid only a small reduction in the intensity of the peaks characteristic of pure 

water is observed, whereas a significantly larger reduction is observed for acetic acid. This 

reflects the greater surface activity of acetic acid, and hence its ability to disrupt the hydrogen 

bonding network of the pure water surface. In view of the fact that a bulk concentration of 

0.3% acetic acid corresponds to a surface concentration of ~8%,49 it is remarkable that the 

decrease in intensity of the free OH is approximately 60%. From this follows the conclusion 

that in order to attain the sharp peak assigned to free OH bonds at the surface, single water 

molecules are not enough, but rather clusters or islands of water molecules supporting the free 

OH configuration.            
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Figure 10: SF spectra under the ssp polarization of (a) 0.3% formic acid, (b) 0.3% acetic acid, 
(c) 7% formic acid, and (d) 7% acetic acid. The spectrum of pure water is shown in each 
graph for reference. 
 

The lower driving force for formic acid to the surface is also directly evidenced by the less 

intense peak originating from CH stretching vibrations. Especially in the case of acetic acid, 

the concentration of 0.3% might be the most interesting one, because the spectrum contains 

all peaks encountered altogether in all concentrations: the symmetric methyl stretch at 2945 

cm-1, the OH stretch of hydrogen-bonded acetic acid to water at 2975 cm-1, the two peaks 

characteristic of pure hydrogen-bonded water at 3200 and 3450 cm-1, the peak of weakly/non 

hydrogen-bonded water to acetic acid at 3620 cm-1, and the free OH of water at 3702 cm-1. To 

clarify the assignments of the broad bands at 2975 and 3620 cm-1, experiments with 

deuterated compounds have been carried out. 
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Upon a comparison of the spectra of 7% formic and acetic acid, the features in the low 

frequency region are common, but at higher frequencies clear differences are seen. For formic 

acid, islands of unperturbed water still exist at the surface as indicated by the free OH of 

water at 3702 cm-1, whereas for acetic acid, the free OH is gone, evidencing a totally 

disturbed water network. This reinforces the findings at lower concentrations that the more 

hydrophobic carboxylic acid has a greater ability to disrupt the surface water structure.  

 

The results in the C=O region provide additional information regarding the relative interfacial 

behavior of the two carboxylic acids. In figure 11, the spectra in the C=O region of formic and 

acetic acid are shown. The lower signal to noise ratio reveals that the signal for formic acid is 

weaker, but in both graphs the intensity of the largest peak is normalized to a value of 10. As 

seen in figure 11, the frequencies of the C=O stretch are approximately similar at 1720 cm-1 

for the two acids, and correspond to hydrogen-bonded C=O groups. This peak position and 

the absence of peaks around 1400-1600 cm-1 (not shown) are proof of a protonated form of 

the interfacial acid molecules, and the absence of the anion. 

 

Noteworthy is that 43% is the highest concentration at which the C=O stretch of acetic acid is 

detected, whereas at 75% formic acid, there is still considerable intensity. The disappearance 

of the C=O stretch of acetic acid at concentrations above 43% could easily be misinterpreted 

in terms of an increased disorder, but a careful orientation analysis and the comprehensive 

treatment of both the C=O and CH3 groups, reveal that the opposite situation occurs: the 

signal vanishes due to an increased order as a result of the formation of the centrosymmetric 

cyclic dimer.  

 

Interesting is the fact that at 100% formic acid, a C=O stretch appears at 1675 cm-1, which is a 

red shift of ~45 cm-1 compared to lower concentrations. This frequency shift is correlated with 

the appearance of the new C-H stretch in 100% formic acid (figure 9a), and substantiates the 

findings of a new formic acid species in the surface region at very concentrated solutions. On 

the other hand, at 100% acetic acid, the only band observed is a peculiar step-like feature at 

the same frequency as for the other concentrations, which indicates some restructuring. 
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Figure 11: VSF spectra acquired under the ssp polarization of the C=O stretch of (a) formic 
acid, and (b) acetic acid. Note that the graphs show different concentrations and that the scales 
cannot be compared, since both are normalized to a value of 10 for the strongest peak. 
 

To determine the orientation of various functional groups, spectra with different polarizations 

have been acquired, as shown in figure 12.  
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Figure 12: VSF spectra in the C=O region of (a) 24% formic acid and (b) 7% acetic acid, 
under different polarization combinations. The scales in the two graphs cannot be compared. 
 

Figure 12 shows spectra of various polarizations for the C=O stretch of formic and acetic 

acid. The concentrations are chosen as the ones giving rise to the strongest peaks.  

 
Relating the fitted amplitudes of the peaks in the various polarization combinations, has 

enabled the determination of the orientations of the C=O groups. A similar procedure has also 

been carried out for the methine and methyl groups. The methyl group of acetic acid was 
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found to be aligned close to the surface normal in the whole concentration range, and the C=O 

bond to be oriented ~52° from the surface normal, as shown in figure 13.  
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Figure 13: The orientation of acetic acid at 7%. The methyl group is oriented more or less in 
an upright position, whereas the C=O group tilts by ~52° from the surface normal. 
 

Taking into account the constraints imposed by the geometry of the acetic acid molecule, the 

two orientations are consistent with one another and give credibility to the analysis.  

 

In marked contrast to the methyl group of acetic acid, the CH group of formic acid was found 

to tilt approximately 30-40° from the surface normal, and the C=O group around 40-55° in the 

whole concentration range. These tilt angles agree with the geometry of the formic acid 

molecule if a twist around the CH axis relative to the surface is imposed. 

 

The interfacial structure of the acetic acid complexes has been determined to be concentration 

dependent, according to figure 14. 
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At low concentrations, the hydrated monomer is the acetic acid species present at the surface 

(Regime I, figure 14), followed by the appearance also of centrosymmetric cyclic dimers at 

7% (Regime II), and the total dominance of cyclic dimers at concentrations higher than 50% 

(Regime III). The transformation from hydrated monomers to cyclic dimers agrees with bulk 

Raman and IR studies,72 with the difference that linear dimers are not detected in the VSFS 

spectra.     

 

The structure of formic acid is a more delicate problem since the bulk liquid structure is less 

understood, but there are signs of the formation of centrosymmetric species of formic acid as 

well. Recently, other compounds such as methanol19,20 and acetone21 have been determined to 

form antiparallel double layers at the liquid/vapor interface, which also might be the case of 

formic acid. 

 

Altogether, the two carboxylic acids examined tend to enrich at the surface, as expected from 

surface tension measurements. Further, acetic acid possessing the larger hydrophobic group, 

erases the features of a pure water surface more rapidly than formic acid. The difference in the 

hydrophobic group clearly manifests itself through the large discrepancy in the tilt angle of 

the CH versus the CH3 group. 

 

 

4.1.3. Acetaldehyde at the air/liquid interface 

 

The behavior of acetaldehyde at the air/water interface is of interest in comparison to acetic 

acid, since the corrosion process of these two compounds at the liquid/metal interface have 

been studied by IRAS. Upon oxidation, acetaldehyde forms acetic acid, and both compounds 

form zinc acetate when reacting with a zinc oxide surface as indicated by IRAS (see below). 

The structures of the two compounds are pictured in figure 8. Here we have explored the 

characteristics at the air/water interface by VSFS. Figure 15 displays the VSF spectrum of 

100% and 7% acetaldehyde.  

 

Like the spectra of the pure carboxylic acids (figure 9), the spectrum of pure acetaldehyde 

exhibits only a single peak (figure 15a), ascribed to the symmetric methyl stretch, νs(CH3), at 

2917 cm-1. An interesting phenomenon, also observed in bulk Raman spectroscopy,73 is the 

change of peak position for the aqueous solution of acetaldehyde, illustrated by the 7% 
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solution in figure 15b. The blue shift of approximately 20 cm-1 brings the νs(CH3) mode to 

2944 cm-1, and is explained in terms of the hydration process to which the acetaldehyde is 

subject to in contact with water. Thus, a gem-diol, CH3CH(OH)2, is formed by the addition of 

a water molecule. This induces a change of the local structure with an entailing shift of the 

frequency. 
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Figure 15: VSF spectrum of (a) 100% acetaldehyde and (b) 7% acetaldehyde, acquired under 
the ssp polarization. Note that the scales cannot be compared. 
 

Two new peaks can also be identified in the OH stretching region of the spectrum of 7% 

acetaldehyde as the OH stretch of the hydrogen-bonded gem-diol at 3250 cm-1, with possibly 

some contribution from water stretching vibrations as well, and the OH stretch of weakly/non 

hydrogen-bonded water at 3620 cm-1, in accordance with the spectra of the carboxylic acids in 

figure 10. To elucidate the interfacial behavior of aqueous acetaldehyde solutions in the 

presence of relevant ions, experiments were also performed with additions of zinc chloride 

(ZnCl2), No major changes occurred in the spectral features, besides a small decrease in the 

OH intensity and a small increase in the CH intensity. This implies that no additional 

formation of acetate from acetaldehyde takes place either in the presence or in the absence of 

zinc chloride. Acetic acid and acetaldehyde can be distinguished at the air/water interface by 

the fact that the broad OH stretching region of hydrogen-bonded acetic acid is centered at 

~2970 cm-1, whereas the gem-diol of acetaldehyde gives rise to a broad band at ~3250 cm-1. 

In contrast to the IRAS studies of the liquid/metal interface discussed below, acetic acid and 

acetaldehyde do not exhibit similar structures at the air/water interface.   
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4.1.4. Sodium dodecyl sulfate (SDS) adsorbed at the air/water interface  

 

This project expands the CH/OH wavenumber region usually probed (~2800-3900 cm-1) to 

the range extending from 980-1850 cm-1, which enables the detection of the sulfate headgroup 

vibrations of SDS.74 The reason why very few experiments have been performed in this 

region is because the energy generated in the OPG/OPA is significantly lower at these 

wavenumbers compared to the CH/OH range. Since the conformation of the hydrophilic head 

group has wide implications on the surface properties in addition to the hydrophobic tail, the 

capability of targeting both these groups by VSFS constitutes an important step in 

understanding the interfacial behavior of surfactant molecules. This knowledge can for 

example be applied to corrosion inhibitors, which commonly are large amphiphilic molecules. 

The success in probing S=O vibrations by VSFS is also of relevance in atmospheric 

corrosion, since it constitutes a step towards detecting the important corrosion promoter SO2 

in contact with a water surface.  

 

The most striking features of the SDS spectra in figure 16 are actually the lack of peaks, since 

several peaks originating from SO3 vibrations, C-C stretches, and hydrocarbon deformation 

modes in the 980-1850 cm-1 region are visible in Raman and IR spectra. However, many of 

these modes will not be SF active, since they either are IR or Raman inactive.  
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Figure 16: VSF spectra of SDS at the air/water interface for a concentration of 37 mM. The 
ppp and ssp spectra have been offset by 5 and 10 a.u., respectively. 
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The modes observed are the symmetric SO3 stretching vibration, νs(SO3), at 1070 cm-1 in the 

ssp and ppp spectra, and an anti-symmetric stretching mode, νa(SO3), at 1225 cm-1 in the sps 

spectrum, as displayed in figure 16. 

 

The relative amplitudes of the peaks in these spectra reveal that the headgroup has an 

orientation with the pseudo-C3 axis close to the surface normal, as later confirmed by other 

authors.75,76 Further, a constant ratio of the fitted amplitudes for the ssp and ppp spectra 

implies that the orientation is constant throughout the concentration range studied (1.0 mM to 

well above the critical micellar concentration (cmc, at 8.1 mM), as well for solutions above 

cmc with added sodium chloride (0-300 mM).  

 

To substantiate the findings of a concentration independent orientation, the fitted amplitudes 

of νs(SO3) can also be employed. However, since the fitted amplitudes contain information 

regarding both the number of molecules and the average orientation (see the theory section), 

an independent source for determining the number of molecules is required, which then 

allows the extraction of the pure orientation information. Such a source is surface tension 

measurements combined with Gibbs adsorption equation, which provides the concentration 

dependent adsorption isotherm. The conclusion regarding a constant orientation is verified by 

relating the concentration dependent fitted amplitudes of νs(SO3) to the normalized surface 

tension adsorption isotherm, according to figure 17.  
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Figure 17: The normalized adsorption isotherm (gray and black solid lines) of SDS is seen to 
correlate with the fitted amplitudes of νs(SO3) under the ssp and ppp polarization 
combinations. To the right is the orientation of the pseudo-C3 axis of the sulfate headgroup 
seen to be aligned close to the surface normal. This orientation is preserved at all surface 
densities examined.   
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The adsorption isotherm is seen to coincide with the data points obtained by VSFS, indicating 

that the SF signal only depends on the number of molecules. Thus, this verifies the constant 

orientation of the sulfate headgroup throughout the whole concentration range measured.  

 

The constant orientation of the sulfate headgroup attained under all conditions examined here, 

is markedly different to the hydrocarbon tail, which in infrared external reflection 

spectroscopy (IERS) studies has been concluded to reach a greater order at higher compared 

to lower concentrations.77 

 

 

4.2. IRAS studies at the liquid/metal interface 

 

The corrosion of a zinc oxide surface, induced by the small volatile compounds formic acid, 

acetic acid, and acetaldehyde, has been investigated by infrared reflection/absorption 

spectroscopy (IRAS). The results include the determination of the corrosion products formed, 

the kinetics, and the dependence of the relative humidity. In addition, SEM has been 

employed to characterize the morphology of the products and XRD to examine the bulk of the 

white powder formed after long exposure times.  

 

 
4.2.1 Acetic acid and acetaldehyde at the liquid/metal interface 

 
The acetic acid and acetaldehyde-induced corrosion of a ZnO surface has been compared 

regarding the parameters described above. In figure 18, the in-situ spectra of a zinc oxide 

surface exposed to acetic acid and acetaldehyde during 300 min and a relative humidity of 

90% are shown. 

 

Disregarding the sloping background, the spectra appear fairly similar, with several peaks 

indicating the formation of zinc acetate in both cases. The major peaks are the symmetric and 

asymmetric carboxylate stretching vibrations at 1419 and 1569 cm-1. The absence of 

physisorbed compounds is manifested by the absence of a peak at ~1690-1790 cm-1, 

characteristic of the C=O stretch.71-73 This is in contrast to the air/water interface studied by 

VSFS as discussed above, where no signs of acetate formation were observed in either case. 
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The steep increase in intensity close to the lower cut-off frequency for acetaldehyde is an 

indication of a significant formation of zinc oxide.78 
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Figure 18: In-situ IRAS spectra of (a) zinc oxide exposed to an atmosphere with 200 parts per 
billion (ppb) of acetic acid and 90% RH for 300 minutes, and (b) zinc oxide exposed to 
acetaldehyde (200 ppb) and 90% RH for 300 minutes. 
 

A comparison of the relative peak intensities between the symmetric and asymmetric 

carboxylate stretching vibrations reveal that upon exposure to both acetic acid and 

acetaldehyde, the relative values are in agreement with bulk zinc acetate.79,80 Thus, the acetate 

films formed are assumed to be randomly oriented, at least for shorter exposure periods for 

both acetic acid and acetaldehyde-induced corrosion. An alignment with the carboxylate C2 
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axis either perpendicular or parallel to the surface normal would have yielded IRAS spectra 

where either the symmetric or asymmetric carboxylate stretch would have been absent, 

according to the surface selection rule (see theory section). 

 

The determination of the structure of the zinc acetate can generally be carried out by 

analyzing the spacing between the peak positions of the two carboxylate stretches.79-82 A rule 

of thumb is that a spacing larger than that observed for the free acetate ion is ascribed to 

monodentate structures, while a significantly lower spacing is characteristic of chelating 

bidentate structures. Further, for bridging structures the spacing is greater than the chelating 

bidentate, but lower than the ion. The three structures are shown in figure 19. However, in the 

case of zinc acetate, the monoclinic anhydrous zinc acetate and the zinc acetate dihydrate 

exhibit almost coinciding frequency differences (118, 113 cm-1 respectively), despite the 

former having a bridging structure and the latter a chelating bidentate structure.79 Therefore, 

the prevalent structure in these experiments could either be chelating bidentate, bridging, or a 

combination of them. 
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Figure 19: (a) Chelating bidentate, (b) bridging, and (c) monodentate structures of zinc 
acetate.81 
 

At lower relative humidities, the corrosion products formed turn out to be equal to those 

formed at 90% RH. Although, it is clear that at lower RH the intensities of the peaks are much 

reduced for both the acetic acid and acetaldehyde case. This emphasizes the importance of the 
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water adlayer at the metal surface, and confirms that a thicker/more developed layer leads to a 

higher corrosion rate.  

 

To quantify the corrosion rate, the fitted amplitudes of the carboxylate stretches have been 

used as indicators of the amount of zinc acetate formed. Figure 20 displays the fitted 

amplitude for the symmetric carboxylate stretch for acetic acid and acetaldehyde. 

 

Common for both compounds in figure 20 is the initial rapid increase in amplitude up to 

approximately 100 min, followed by a lower increase rate. Comparing the scales on the y-axis 

also reveals that the formation of zinc acetate is significantly faster for acetic acid than 

acetaldehyde. The eventual decrease in amplitude for acetaldehyde is believed to originate 

from a decreased reflectivity of the initially lustrous zinc oxide surface due to formation of 

ZnO powder. The formation of zinc oxide appears to be more rapid when exposing the metal 

to an acetaldehyde atmosphere, as evidenced by the steeper increase for the ZnO peak close to 

the lower cut-off frequency. This peak has not been fitted though, since the whole peak is not 

seen in the spectrum. Similar tendencies are observed for lower relative humidities as well. 

Thus, both the nature of the corrosion products and the initial shape of the curve describing 

the kinetics are independent on the humidity. Only the absolute formation rate differs. As 

discussed above, the difference in corrosion rate is not surprising since a more pronounced 

adlayer of water provides a favorable environment for the induction of a corrosion attack.  
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Figure 20: (a) The corrosion rate of zinc oxide exposed to 200 ppb acetic acid and 90% RH. 
(b) The corrosion rate of zinc oxide exposed to 200 ppb acetaldehyde and 90% RH. In both 
cases the fitted amplitude of the symmetric carboxylate stretch has been used as a measure of 
the corrosion rate. 
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To acquire information regarding the morphology of the corrosion products, scanning electron 

microscopy (SEM) has been employed. Figure 21 displays two SEM pictures of the zinc 

oxide surface exposed to acetic acid and acetaldehyde at 90% RH for a period of 

approximately three weeks.  
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Figure 21: (a) SEM micrograph (100x) of zinc after 3 weeks of exposure in air with 200 ppb 
acetic acid and 90% RH.  (b) SEM micrograph (160x) of zinc after 3 weeks of exposure in air 
with 200 ppb acetaldehyde and 90% RH.  
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As seen in the figure, the morphology of the reaction products greatly differs, where the 

products originating from acetic acid exposure show a radial growth in an almost circular 

pattern, whereas acetaldehyde exhibits filament-like products, characteristic of filiform 

corrosion. The latter kind of corrosion appears when there is a limited supply of acetate in the 

acetaldehyde case, and suggests that the kinetics for the reaction paths are markedly different 

for the two compounds.  

 

The formation of zinc oxide proceeds according to the following reaction scheme, where the 

anodic reaction is, 

 
Zn → Zn 2+ + 2e-  

 
and the cathodic reaction, liberating OH- ions 

 
1/2O2 + H2O + 2e- → 2OH- 

 
resulting in the net reaction 

 
Zn2+ + 2(OH)- → ZnO + H2O 
 

In the presence of the water adlayer and oxygen in the air, the anodic reaction tends to be the 

rate-limiting step. This was verified by experiments performed with acetaldehyde and the use 

of nitrogen rather than air, and resulted in almost no formation of corrosion products. When 

acetic acid or acetaldehyde is introduced, protons and ligands are liberated that may promote 

zinc dissolution. 

 
Zinc acetate upon exposure with acetaldehyde is assumed to form through a nucleophilic 

attack by a surface oxygen according to,83 

 

CH3CHO(a) + O(s) → CH3CHOO(a) 

 

By breaking the C-H bond, an adsorbed acetate species, CH3COO(a), is formed: 

 

CH3CHOO(a) → CH3COO(a) + H(a) 

  

This acetate species coordinates with zinc to form a surface zinc-acetate ligand.  
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Acetic acid rather forms acetate by the breaking of the O-H bond, as follows,83 

 

CH3COOH(a) + O(s) → CH3COO(a) + OH(a) 

 

and the concomitant formation of the surface zinc-acetate ligand. For both acetic acid and 

acetaldehyde, this surface ligand is proposed to act as a precursor of the ligand-induced 

dissolution of zinc. Thus, the differences in kinetics between the gases can be explained in 

terms of the more complicated reaction path for acetaldehyde to form the zinc acetate surface 

species. The VSFS results of the air/water interface (see above) indicated that the 

acetaldehyde is partly hydrated to form the gem-diol. Since the gem-diol might form at the 

water adlayer on the zinc oxide surface, a different reaction scheme will be pertinent. 

However, the reaction path will still be more complicated and include the breakage of the C-H 

bond. 

 

Altogether, a zinc oxide surface exposed to acetic acid and acetaldehyde is proven to form 

zinc acetate in both cases. The kinetics is faster for acetic acid, which is explained as a result 

of acetate-induced dissolution of zinc and a more complicated reaction path for acetaldehyde 

to form the zinc acetate surface species. This causes a limited supply of reactants in the 

acetaldehyde case, with the entailing formation of filiform corrosion, in contrast to acetic 

acid, that forms reaction products with a radial distribution. The importance of the water 

adlayer ever present on metal surfaces at normal atmospheric conditions has been confirmed 

by the slower kinetics at lower relative humidities. 

 

 

4.2.2 Formic acid at the liquid/metal interface 

 

The formic acid experiments have been performed in a similar fashion as the acetic acid and 

acetaldehyde exposures. Alike those exposures, it has been established that formic acid 

produces carboxylate species upon reaction with a zinc oxide surface, but obviously formate 

rather than acetate species. The IRAS spectrum of zinc oxide exposed to formic acid at 90, 70, 

and 50% RH is shown in figure 22. In agreement with the acetic acid and acetaldehyde 

spectra, the spectra acquired upon exposure of formic acid stresses the importance of how 

extensive the water aldlayer on the metal surface is, as evidenced by the more intense peaks 

observed at higher relative humidities, in figure 22. 
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Figure 22: IRAS spectra of a zinc oxide surface exposed to formic acid and 90, 70, and 50% 
RH (up to down) after 500 minutes. The spectra have been offset for clarity. 
 

The formation of zinc formate is revealed by the carboxylate stretching vibrations. However, 

the difference of ~280 cm-1 between the peak maxima of the carboxylate stretches in formic 

acid is significantly larger than the spacing of ~150 cm-1 for acetic acid and acetaldehyde 

(paper V), and indicates dissimilar structures of the formate and the acetate compounds.   

 

The kinetics of the zinc formate formation, described by the amplitude of the symmetric 

carboxylate stretch, is displayed in figure 23.  
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Figure 23: Fitted amplitudes for the symmetric COO- stretch of a zinc oxide surface exposed 
to formic acid and 90, 70, 50, and 25% RH.  
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According to figure 23, the kinetics was found to be similar to the acetate formation upon 

exposure with acetic acid and acetaldehyde in the sense that an initially rapid corrosion 

process took place, followed by a slower reaction at longer times. 

   

The tendency of faster kinetics at higher relative humidities is clearly manifested in figure 23. 

Additionally, the kinetics is faster than for acetic acid and in particularly acetaldehyde. It is 

interesting to note the formation of zinc formate at 25% RH, since the acetate formation is 

very low already at 50% RH upon acetic acid and acetaldehyde exposure. 
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5. Concluding remarks 
 

The results of this thesis have provided insight into how vibrational sum frequency 

spectroscopy and infrared reflection/absorption spectroscopy can by used complementary to 

study the air/water and water/metal interfaces in the presence of the same organic molecules. 

Several papers have demonstrated the possibility of performing VSFS experiments in the low-

frequency region by targeting for example SO3, C=O, and C-O stretching vibrations. An 

important aim has been to combine information from various vibrations of a single molecule, 

as well as studying all molecules in a system, to obtain a picture of the interface as complete 

as possible. Illustrative examples are the aqueous acetic acid solutions, which were 

investigated in the CH, C=O, OH, and C-O stretching regions, in addition to the stretching 

modes of water. Orientation analyses have also been performed for several groups in a 

molecule, in order to strengthen the credibility of the interfacial structure. 

 

Major conclusions regarding the VSFS studies include the interfacial transition from hydrated 

monomers to centrosymmetric cyclic dimers of acetic acid when going from lower to higher 

concentrations. Formic acid also displays the appearance of a new species, but at very high 

concentrations close to pure formic acid. The different nature of the hydrocarbon “chains” of 

formic and acetic acid results in a higher surface activity of acetic acid and significantly 

different tilt angles of the molecules at the air/water interface. Both carboxylic acids attain an 

essentially constant tilt angle throughout the whole concentration region, but the CH group of 

formic acid is significantly tilted, in contrast to the methyl group of acetic acid, which is 

determined to be aligned close to the surface normal. Quite the opposite to the carboxylic 

acids, acetaldehyde undergoes a reaction in contact with water, and upon addition of a water 

molecule partly appears as a gem-diol at the interface. A rather unexpected result was 

obtained from the SDS studies, where the orientation of the sulfate headgroup was found to 

remain constant from the dilute region to well above the critical micellar concentration, and 

also in the presence of salt.    

 

The IRAS studies have revealed the importance of the water adlayer at metal surfaces in that 

higher relative humidities result in a more rapid corrosion process. A zinc oxide surface 

exposed to acetic acid and acetaldehyde was found to form zinc acetate in both cases, 

although with a significantly faster kinetics in the acetic acid case. Exposure of formic acid to 

 51



VSFS and IRAS studies at the Air/Liquid and Metal/Liquid Interfaces 

the zinc oxide surface resulted in zinc formate formation, with a faster kinetics than in the 

acetic acid and acetaldehyde cases.   
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