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Abstract

The aim of this project is to measure and discuss surface concentration
profiles for acid and base pairs as a function of pH. This is done using
the surface and chemical state sensitive method X-Ray Photoelectron
Spectroscopy (XPS). It is shown that the neutral form of the acid-base
pair has a higher surface propensity than the charged one, and that the
difference in surface propensities between the acid and the base form
also changes with chain length. The general behaviour of the surface
concentration profiles is discussed: how this signal changes with pH,
with molecule chain length, and whether it depends on the concentration
of the solution. These surface concentration profiles are compared to
bulk concentration profiles using Nuclear Magnetic Resonance (NMR),
and possible causes for the observed effects are quantified and discussed.
Some additional insight is brought using Molecular Dynamics (MD).
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1. Introduction

Chemical processes happening at aqueous interfaces are of crucial importance for a variety
of fields including atmospheric chemistry, soil chemistry, biochemistry or photocatalysis.
In the atmosphere, the chemical composition of the water to air interface has a critical
influence on cloud droplet formation and evaporation [1]. A lot of different types of organic
molecules that are found in the atmosphere are likely to be surface enriched. Among
them are carboxylic acids and their conjugate bases that are in constant equilibrium that
depends on the local concentration of hydronium and hydroxide ions.

1.1 Motivation

Several studies suggest a different acid-base behaviour at the surface of water, suggesting
that the surface is either basic or acidic [2-8]. Whether aqueous surfaces are acidic or basic
could influence the chemical processes happening at these interfaces in the atmosphere.
Our understanding of heterogeneous physical and chemical processes in the atmosphere
is very incomplete to this day, and is primordial to improve climate predictions [9].

Using X-Ray Photoelectron Spectroscopy, information on the surface concentrations of
chemical species can easily be probed. Since this method is also chemical state sensitive,
the concentrations of the protonated and deprotonated species can be compared. In a

Figure 1.1: Measured surface acid fractions with XPS from [10] and ex-
pected acid fractions in the bulk as calculated from the Henderson-Hasselbalch

equation (see section 3.1.6 for more on this equation).

previous study [10], it was shown that for three solutions of different carboxylic acids
having their pH adjusted to the pKa , the intensities of the signal of the acid and base
species do not reflect the bulk chemical composition. As shown in figure 1.1, the magnitude
of the measured acid signal is much higher than expected from standard chemistry with
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respect to the base signal. These measurements were performed on solutions of formic
acid (C1), acetic acid (C2) and butyric acid (C4) at concentrations of 1M. In this work,
a set of different acid-base pairs will be probed and it will be examined whether any
contribution to the debate on the surface acidity or basicity can be given. How the
surfactant behaviour of these molecules affects the chemical equilibrium between an ionic
and nonionic surfactant will be investigated by comparing measured photoelectron signals
as a function of pH and concentration. The observed effects will be discussed in parallel
to results from MD simulations. Observed pKa shifts will be explained as well as the
saturating effect of the photoelectron signal with increasing concentration. The acid-base
pairs studied are shown in table 1.1. The main acid-base pairs of interest for this thesis
are the short-chain fatty acids and salts.

Symbol Acid form Formula Base form Formula pK0
a

C1 Formic acid HCOOH Formate HCOO− 3.75

C2 Acetic acid CH3COOH Acetate CH3COO− 4.76

C4 Butyric acid C3H7COOH Butyrate C3H7COO− 4.83

C5 Valeric acid C4H9COOH Valerate C4H9COO− 4.83

C8 Caprylic acid C7H15COOH Caprylate C7H15COO− 4.89

A6 Hexylammonium C6H13NH+
3 Hexylamine C6H13NH2 10.56

Table 1.1: Acid-base pairs investigated in this project. The symbol given
in the first column is the abbreviation that will be used in this thesis when re-
ferring to a certain acid-base pair. pK0

a values are from reference [11]. The last
two lines correspond to measurements that were not measured in the framework

of this project, but of which results will be mentioned in this thesis.

1.2 Restrictions

Measuring the surface properties of molecules possessing longer alkyl chains would also
be of interest. The main problem that is encountered then is the low solubilities of such
molecules. The first four carboxylic acids formic, acetic, propionic and butyric acid are
freely miscible in water, but longer chain-length carboxylic acids are only miscible up to a
certain value that decreases quickly with increasing chain length [12]. Moreover, the same
acids also start to interact with each other in solution, creating dimers, micelles or even
vesicles. From this point, the chemical phenomena implied in aqueous solutions become
even more complicated. So as a first study, the focus will be on the shorter chains in water.
Still, some data for caprylic acid will be shortly mentioned in this study. Also another
set of data will also be shortly mentioned, which is a pair of alkylamine-alkylammonium.

1.3 Short on aqueous surfaces

In this project, we will focus on the air-water interface. This interface is very different
from the bulk and that is seen in very different phenomena. The underlying reason for this
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is that interfaces are the locations in a system when physical properties change abruptly
from the values of one phase to the ones in another, in this case from the liquid phase
to the gas phase. Properties like the density, dielectric permittivity and dipole moment
change over a distance of around 1 nm from the liquid phase values to the gas phase values
[3]. Solvation is not isotropic anymore close to the surface, which means that molecules
and ions may orient and pack in the interface region.

1.3.1 Surface behaviour of water

There is a strong debate in water surface science on whether water surfaces are rather
acidic or basic. Some studies probe the surface propensities of a chosen indicator (for
example [2, 8]) to affirm that the surface of water is more acidic or basic than the bulk.
Other studies show from simulations how the hydronium ion is more stable at the surface
than the hydroxide ion (for example [4]), while other show from experiments that droplets
of water in oil exhibit a behaviour that suggests a negative charge at their surface (for
example [3]). In this project, we will use an approach comparable to [2, 8] in the sense
that the amount of acid and base present at the surface will be probed on a set of so-called
indicators.

1.3.2 Surfactants

The molecules that we will investigate here are part of a category of molecules called
surfactants. Surfactants are by definition molecules or ions that lower the surface tension.
They are surface enriched, and because of their higher surface concentrations lower the
surface tension. Surfactant molecules are typically molecules that can be described by
two functional groups: a hydrophobic one and a hydrophilic one. This specific kind of
molecule is called an amphiphilic molecule. They prefer to be situated at interfaces with
the hydrophilic end being solvated in water, and the hydrophobic end sticking out of the
surface. In the bulk, if the concentration of the surfactants is high enough, they will
assemble in either micelles, tubes, vesicles or bilayers to reduce the hydrophobic contact
area to water. The hydrophilic group of the surfactant is often a charged group, but it
can also be only polar. In this work, the chemical equilibrium between ionic and nonionic
surfactants will be probed, the ionic form being a carboxylate and the nonionic being a
carboxylic acid1.

1.4 Atmospheric context of this project

We have mentioned that this project is connected to atmospheric chemistry phenomena.
Indeed, the surface has an importance influence on chemical processes in the atmosphere,
and are one of the multitude of sources of uncertainty of climate modelling. Knowing
these processes better could possibly lead to better estimates of for instance the critical
supersaturations needed in Köhler theory [13]. A few more details on some of these
mechanisms will be given below, as well as some insight into the presence of the chosen
molecule type in the atmosphere.

1Or for the alkylamine and alkylammonium pair, the ionic form is the alkylammonium and the nonionic
form is the alkylamine.
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1.4.1 Importance of the surface for atmospheric phenomena

Liquid and solid aerosols contribute to the largest uncertainties of the estimates of the
Earth’s energy budget and the consequent radiative warming or cooling due to aerosols
[9]. Surface effects are insufficiently understood in order to describe them appropriately,
and are generally not included in the current climate models. In order to improve this,
our molecular scale understanding of atmospheric surface phenomena and processes needs
to be bettered.

Qualitatively, whether a chemical species has an increased surface propensity or not
will have some influence on several processes. A few examples will be presented here in a
non-exhaustive list:

• There are thousands of chemical reactions continuously happening in the atmosphere
in the gas, liquid, and aerosol phase and also between each one of these phases.
Chemical processes occurring between the gas phase and the liquid phase will take
place at the aqueous interface, which we are focussing on in this project. Some
studies (for instance [14]) already showed how increased surface propensities can
explain the prevalence of certain chemical processes, when bulk reactions can not.

• Surfactants lower the surface tension, and by doing so, they can reduce the critical
supersaturation that is required to activate a cloud droplet [15]. Reducing this
critical supersaturation leads to an increased number of cloud droplets that have
a smaller size on average. Knowing cloud droplet populations is crucial to climate
modelling since they will affect cloud albedo among others and thus also the global
radiation balance.

• Surfactants can also for instance form a blockage for chemical transport across
the interface if a layer of organic molecules is formed around an aqueous droplet
[1, 16, 17]. This would also affect cloud droplet growth.

• It has also been found that surfactant layers at the surface of supercooled water
droplets could possibly act as ice nuclei [1, p. 11].

Before being able to predict how real systems in the atmosphere are influenced by surface
enriched species, one needs to build models with simpler systems in order to understand
how these molecules behave alone on aqueous surfaces. Mixing different types of organic
molecules in solution and analysing the results is a difficult process, since the individual
contributions of the species can not easily be distinguished with the techniques chosen
here. In this project, we will focus on one type of organic molecule and its conjugate base
at a time, but we need to keep in mind that such systems do not exist in the atmosphere
as such.

1.4.2 Carboxylic acids in the atmosphere

Short-chain fatty acids have different prevalences in different phases, that depend on
their volatility. Short-chain acids will be more in the gas and liquid phase, whereas
longer chain acids will be more present in the solid particulate phase. Depending on the
location and the season, formic acid and acetic acid may contribute to up to 65% of the
acidity of the precipitation [18]. These two carboxylic acids are the most prevalent in
the atmosphere, but longer chain acids are also present even though their concentrations
are lower. In gas phase for example, acetic acid, propionic acid and butyric acid have
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measured concentrations of 15.9, 1.63 and 0.776 µg m−3 respectively for a study in Tokyo
in urban area [18]. Longer-chain monocarboxylic and dicarboxylic acids are present in
organic aerosol particles, up to 0.294 µg m−3 for monocarboxylic acids (see Figure 1.2)
and 0.214 µg m−3 for dicarboxylic acids in organic aerosol [19]. Aromatic polycarboxylic
acids are also quite present with a total concentration of 0.108 µg m−3. For comparison,
the rest of the organic molecules measured simultaneously with no carboxyl group sums
up to 0.171 µg m−3. With these numbers, one can see the importance of the carboxylic
acids in the atmosphere. However, these numbers still have to be taken with care since
only 10-40% of the actual mass of the organic aerosol could be attributed to specific
chemical species. The proportion of molecules carrying a carboxylic acid functional group
could vary a bit, without reducing the importance of this class too much.

Figure 1.2: Carboxylic acid compounds identified in organic aerosol and
their measured concentrations in California in 1982. The sources are divided
into meat cooking, automobiles, road dust (including tire wear), vegetation,
natural gas home appliances, cigarette smoke, asphalt, boilers, and wood burn-

ing [19].
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2. Experimental setups and techniques with
theoretical background

2.1 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS), or sometimes referred to as Electron Spec-
troscopy for Chemical Analysis (ESCA) is a technique in which samples are exposed to
high energy photons in order to gain information on the core electron levels of atoms or
molecules, and thereby learn about the chemical composition and structure of the sam-
ple. This technique has mainly been used on solids and gases. Applying this technique to
liquids requires special set-ups since the high vapor pressure of liquids destroys the vac-
uum needed to transmit the photoelectrons to the detector. Photoelectron spectroscopy
is surface sensitive and can distinguish different chemical states of the elements.

2.1.1 Theoretical background

Photoelectron spectroscopy relies on the measurement of the intensity and the kinetic
energy of the electrons created when high-energy photons hit on a sample (see figure
2.1 for a schematic view of the creation of photoelectrons). From the recorded kinetic

Electron hole

Electron

Photon

Photoelectron with ��

Photon

Photoelectron

Some

molecule

Absorption

Figure 2.1: Left: Schematic view of the creation of a photoelectron. Right:
The photoelectrons undergo inelastic scattering in the sample, and lose kinetic
energy. Thus, the probability of absorption of the photoelectrons is higher, the
deeper the sample is probed. As a consequence, there are more unscattered

photons emitted from the surface than from deeper below.

energy Ek of the photoelectrons, the binding energy EB of the orbital from which they
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are originating can be calculated with the frequency of the incident photons ν:

Ek = hν − EB, (2.1)

where h is Planck’s constant. The output of the measurements is then the intensity of
the measured signal of the photoelectrons as a function of their binding energy. Since the
binding energy of the photoelectrons is probed, subtle differences can be seen between
atoms connected to different atoms. Atoms having different electronegativities will affect
the electron probability densities of the neighbouring atoms, and create binding energy
shifts. In the spectra recorded, the electronic transitions between the bound state and the
free electron state appear as broadened peaks. The broadening is due to the experimental
apparatus, and the one that is inherent to the system. The experimental broadening is
caused by the limited photon energy resolution, and the electron energy resolution. The
inherent broadening has two distinct origins: the vibrational states and phononic coupling
of the atoms, as well as the distribution of local geometries leading to different screenings
giving rise to a Gaussian broadening of the peak, and the core-hole decay lifetime that
creates an uncertainty in energy that creates a Lorentzian broadening.

In this project, it will be possible to distinguish between the electrons emitted from
the carbon atoms on the chain of the molecule (either acid or base), from the electrons
emitted from the carbon atom in the carboxylic group of the acid and from the electrons
emitted by the carbon atom in the carboxylate group of the conjugate base. This is shown
in figure 2.2 on the example of butyric acid at pH 5.87. In this spectrum, there are three

Figure 2.2: Example of the binding energy splittings of a C1s spectrum of
a carboxylic acid. This spectrum was measured on a solution of butyric acid
at pH 5.87. The contributions of the different carbon atoms is shown in colors:
the blue carbon atom is the one that is part of the carboxylic/carboxylate
group and that has a higher binding energy, the green carbon atoms are the
ones on the alkyl chain of the molecule that constitute the more intense peak.

different resolved peaks. The one at highest binding energy at approximately 294 eV
corresponds to the carbon atom connected to the two oxygen atoms of the carboxylic acid
species. At a lower binding energy of approximately 293 eV, there is the same carbon
atom but for the carboxylate species. The last peak at approximately 290 eV corresponds
to the three other carbon atoms that are connected to hydrogen atoms. This bigger peak
is made of the contributions of the three carbon atoms on the alkyl chain.
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Photon energies

The emitted photoelectrons are subject to various interactions with matter on their way
to the detector such as scattering and absorption. Photoelectrons emitted from deeper
within the bulk either never reach the detector, or lose a lot of kinetic energy on their way
to the detector. A major fraction of the intensity of the measured signal comes from the
matter that is closer to the surface, which makes this technique highly surface sensitive.
The phenomenon is shown in figure 2.1 on the right.

Photoelectron signal intensities I can be approximated to be proportional to the in-
tegrated density function of a species i that is exponentially attenuated over the sample:

I = αFσT

∫ ∞
0

ρi(z) exp

(
− 1

EAL

∫ z

0

ρtot
ρ0

dy

)
dz, (2.2)

where I is the relative photoelectron signal, α is a factor that depends on the alignment,
F is the total photon flux, σ is the photoionization cross section, T is the transmission
function of the analyzer, ρi(z) is the density profile of species i, EAL is the electron
attenuation length, ρtot(y) is the total density of all compounds at distance y from the
interface, and ρ0 is the bulk density of the whole system. The EAL is a measure of
the strength of the attenuation in a material. It depends strongly on the photoelectron
kinetic energy as shown in figure 2.3. In this project, two different photon energies are

Figure 2.3: EAL dependence on the electron kinetic energy from [20]. The
black curve is in general called the universal curve.

used: 360 eV for the surface sensitive measurements, and 1000 eV for the more bulk-
sensitive measurements. Indeed, the EAL values in the figure feature a minimum around
100 eV electron kinetic energy, which corresponds roughly to the difference between the
incident photon energy 360 eV and the C 1s binding energy range around 290 eV, showing
that this photon energy yields the most surface-sensitive measurements for water. For
higher photon energies around 1000 eV, the EAL is much larger.

Photoionization cross sections

Using different photon energies also means having different photoionization cross sections.
They are the probabilities that an electron is emitted from its ground state by the ab-
sorption of a photon. These cross sections depend on the element, on the state of the
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electron, and on the energy of the incident photon. Cross sections have been theoretically
calculated for elements in their standard oxidation state [21]. These numbers are shown
in figure 2.4 for the carbon atom. They are not quantitatively applicable to the carbon
atoms in molecules considered in this project, but they give an idea of how much the
photoelectron signal decreases when increasing the incident photon energy. Considering

Figure 2.4: Atomic Subshell Photoionization Cross Sections for Carbon for
photon energies ranging from 0 to 1500 eV from [21]. The three different
subshells are shown with different markers. The one of interest in this work is

the subshell 1s shown with squared markers.

the two photon energies that are used in this work, one sees that the cross section of the 1s
shell decreases a lot: from 0.9 Mb at 360 eV to 0.03 Mb at 1000 eV. As a consequence, the
photoelectron signals recorded are much lower in intensity. An additional consequence of
choosing higher photon energies is that the photon flux from the synchrotron decreases.
In order to have a reasonable intensity of the photoelectron signal, the spectrometer slit
size had to be increased for the high photon energy measurements, which in turn gives a
worse resolution.

2.1.2 Beamlines at Maxlab

The XPS experiments were performed on the beamlines I411 and I1011 at Maxlab in Lund,
Sweden. The location of the beamlines is shown in figure 2.5. Max II is a third-generation
synchrotron facility, meaning that the X-ray intensity is quite high.

Beamline I411: The beamline has an undulator source with a period of 59 mm. Pho-
tons can be used in a big range, from 40 eV to 1500 eV. [22]. The photon flux on the
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sample is around 1012 photons per second. The spot has a horizontal size of 0.4 mm and
a vertical size of 0.2 mm [23].

Beamline I1011: The beamline has an elliptically polarized undulator source. Photons
can be used from 200 eV to 2000 eV. [22]. The photon flux on the sample is around 1012

photons per second. The spot has a horizontal size of 0.2 mm and a vertical size of 0.8
mm.

Figure 2.5: Left: The MAX II and Max III synchrotron facilities [22].
Beamline I411 is shown with the number 3, and beamline I1011 is number
10. Right: Scheme of an undulator showing the periodic array of dipole mag-
nets (1) with wavelength λu. The particle beam (2) oscillates following the

magnets and creates radiation (3) at every deflection [24].

2.1.3 Synchrotron Radiation

The X-Ray radiation created in synchrotron facilities is emitted by high-energy particles
that are deflected radially [24]. It is a special form of Bremsstrahlung. The bending of the
path of the particles can be achieved by simple magnets, wigglers or undulators. Wigglers
and undulators are periodically aligned magnets, the difference between the two is the
range of frequency over which radiation is emitted. An example of undulator is shown
in figure 2.5. Radiation emitted from undulators is concentrated in narrow frequency
intervals, whereas radiation emitted from wigglers has a much broader spectrum. The
main advantages of synchrotron radiation for experiments are that the light produced has
a high intensity, is polarized, spatially coherent, and that the photon energy is tunable.

2.1.4 Experiment chamber setup

Liquid XPS measurements require special setups because of the high vapour pressure of
most liquids. Several ways to avoid this issue have been used, the one used here is the
liquid micro-jet, that renews the probed portion of the liquid continuously, avoids its
freezing in vacuum and maintains a constant chemical composition. Since this liquid jet
has a very small surface area, the increase in pressure due to the evaporation of the liquids
can be counteracted with vacuum pumps. This liquid micro-jet is shown in figure 2.6.
It is created by a glass nozzle that has a diameter of approximately 20µm. The liquid
jet’s temperature is not exactly known but is estimated to be approximately 5◦C at the
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Figure 2.6: The glass nozzle and the liquid micro-jet [25] as used in the
experiments.

position where it is probed. The jet usually has a speed of 25m/s [26]. The whole liquid
jet set-up is schematically shown in figure 2.7. Since there is a relatively high pressure
inside the chamber, the electrons pass through a skimmer to have a lower pressure inside
the electron energy analyser. If the pressure inside the electron energy analyser would
be higher, the electrons would be more scattered and the signal quality would decrease.
The position of the nozzle relative to the skimmer can be moved in all three directions
and is usually positioned so that the skimmer is approximately 1 mm away from the jet
and 1 mm away from the nozzle. Further down the jet, evaporation starts to cool the jet
which would not only change the temperature of the probed portion of the jet but also the
concentration of the probed solution. The liquid jet ends up in a cooling trap cooled with

Figure 2.7: Schematic side view of the chamber set-up [27]. The liquid jet
comes out of the glass nozzle and travels all the way to the liquid nitrogen trap.
The skimmer before the electron energy analyzer prevents a too high pressure

in this part of the installation.

liquid nitrogen in order to prevent the solutions to evaporate and increase the pressure in
the whole chamber.
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2.2 Nuclear Magnetic Resonance (NMR)

NMR measurements are a widespread method for determining pH values in cells, but can
also be applied, in this case, to determine the pKa of an acid-base pair. Standard H1NMR
measurements were performed on the same solutions used for the XPS measurements to
determine the speciation of the acid-base pairs in the bulk phase. The NMR set-up consists
of a Bruker 600 MHz Avance III spectrometer that is equipped with a QCI CryoProbe.
The temperature of the experiments was kept constant at 298 K.

NMR Spectroscopy relies on the idea that atomic nuclei that have a spin will absorb
and reemit electromagnetic radiation when situated in a magnetic field. Atoms having an
odd number of nucleons have a non-zero spin, so can be studied using NMR Spectroscopy.
The most commonly studied atom is hydrogen H1. H1 is the hydrogen isotope that
constitutes the major part of the hydrogen of usual matter, so in order to have contrast,
5% D2O was added to the measured solutions.

Since all atoms possess different gyromagnetic ratios, it is possible to distinguish be-
tween the resonant frequencies of different atoms. Since nuclear spins interact with each
other, it is also possible to learn about the neighbouring atoms, the chemical bonds, the
molecular structure etc. The difference in resonant frequencies is expressed in chemical
shift and given in ppm. In our particular case, it is possible to distinguish the protonated
and the deprotonated forms of a carboxylic acid. A pure carboxylic acid solution and
a pure carboxylate solution will have one of their peaks with a different chemical shift.
Solutions that have intermediate pH will not show two peaks, but have a chemical shift
inbetween since the proton transfer reaction is a fast-exchange process. In that way, it is
possible to see pH effects on solutions using NMR, and to measure bulk pKa values, since
NMR is a bulk sensitive method. This method will be used on two sets of solutions: for
butyric acid and valeric acid, in order to know the bulk pKa value for the same solutions
measured with XPS.

2.3 Molecular Dynamics (MD)

Information on the software used for the MD simulations can be found in the appendix,
and in reference [28].
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3. Method

3.1 XPS measurements

To get surface concentration profiles as a function of pH with XPS, the peak areas that
experience a shift when a proton is lost or gained will be compared. The main focus in this
study is on carboxylic acids, but one amine will also be mentioned. Surface concentration
profiles can be plotted when calculating the acid fraction

R =
IHA

IHA + IA
, (3.1)

IHA being the acid area and IA being the base area. The areas are extracted from the
spectra by using the SPANCF fitting routine [29] for IGOR Pro. The output curve will
then show a value that is proportional to the surface concentration as a function of pH.
From this curve, we will see that an apparent pKa can be extracted.

3.1.1 Preparation of the solutions

The solutions were prepared using the pure chemicals from Sigma-Aldrich and deionized
water (Millipore Direct-Q, resistivity > 18.2MΩ). For the titration curves, stock solutions
that had twice the concentration of the end solutions were prepared. Their pH was ad-
justed with sodium hydroxide1 solutions to the wanted values, and then diluted to obtain
the required concentrations. The pH given all along this thesis is the pH measured after
dilution. For the concentration-dependent measurements, the solutions were prepared to
be measured on two different beamtimes, thus from different stock solutions.

3.1.2 Measurements

The measurements were performed on beamlines I411 and I1011 at Maxlab. The chosen
photon energy for all presented measurements was set to 360 eV unless specifically men-
tioned. The photon energy resolution for measurements at 360 eV was around 250 meV
on beamline I411 and 800 meV on beamline I10112 For the measurements at 1000 eV,
the spectrometer slit had to be changed to get a better signal since by changing the pho-
ton energy, one loses a lot of photon intensity and the cross section decreases. It results
from this that the resolution on the binding energy axis was bigger than 800 meV [30],

1Using different kinds of salts to adjust the pH might lead to salting-out or salting-in effects. All
solutions in this thesis had their pH adusted to the wanted value using one type of salt, with the exception
of the solution of 50 mM butyric acid at pH 1.67 that was adujsted using hydrochloric acid. Nevertheless,
no salting-in or salting-out was observed for this single measurement point.

2Estimated from ∆E = EpS/(2R0), where ∆E is the resolution, Ep is the pass energy, S is the slit
size of the beamline, and R0 is the radius of the spectrometer.
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broadening the peaks. The spectral resolution for measurements at 360 eV was between
600 and 800 meV, estimated from the 1b1 gas phase vibrational line width of water. This
spectral resolution could not be estimated for the measurements at 1000 eV since no water
valence band was measured. The angle between the hemispherical electron analyzer and
the polarization plane of the synchrotron radiation was 54.7◦, the so-called magic angle.

3.1.3 Data preparation

Normalization

Each spectrum was normalized to the photon beam intensity, since the synchrotron ring
current steadily decreases over time. For the measurements performed on beamline I411,
the photoelectron intensity was normalized to the synchrotron ring current. Let cR be
the ring current at the time of the measurements start, and n the number of sweeps, then
the normalized intensity IN is

IN = 1000 · I

cR · n
.

The factor 1000 was used in order to have high enough values, since the fitting proce-
dures used later on work better with higher values. On beamline I1011, there were more
photoelectron signal stability problems, so the normalization was done according to the
gold grid current cG

3

IN =
I

cG · n
.

Energy calibration

The binding energy scale in XPS experiments can be shifted by several processes, for
example sample charging. To correct this, a well known peak needs to be measured
in order to calibrate the energy axis. Since sample charging depends on the chemical
composition of the sample, the reference transition needs to be measured on the same
sample. In the experiments with the liquid jet, the calibration of the energy axis was
done with respect to the 1b1 transition of the water valence band between 5 and 15 eV.
The energy of this transition is known from literature to be 11.16 eV [31] as shown in
figure 3.1. The difference between this value and the experimental one is taken to be the
energy shift of the experimental system. The measured valence bands before and after
calibration are shown in figure 3.2. Comparing the two cases, it is clear that the liquid 1b1
peaks has a different binding energy depending on the alignment. What also appears is
the different binding energies of the gas phase with respect to the aqueous phase showing
that this shift changes for different measurements.

Final check

After calibration, all the spectra corresponding to one sample were compared to check
for measurement errors. For example if the measurements were started too early when
the sample is still mixed with the cleaning water in the liquid jet, then the first spectra

3On beamline I1011, a gold grid is positioned on the beamline and measures the intensity of the
X-Rays from the synchrotron by measuring the induced current. On beamline I1011, the alignment was
not as stable as on beamline I411, but normalizing to the gold grid current removed the variations that
were probably due to the beamline’s alignment.
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Figure 3.1: Left: Figure from [31] showing the valence bands of liquid and
gas-phase water with the different transitions indicated. Right: Two measured
water valence bands measured at I411 in MaxLab showing mainly the 1b1

transitions. Since the X-rays hit on both the liquid jet and the surrounding
gas phase, both are present in the measurements. The transition of interest is
the 1b1 transition of liquid water that lies very close to the 1b1 transition of

the gas phase.

Figure 3.2: Water valence band measurements for the different samples of
butyric acid before calibration (left) and after calibration (right). It is also
interesting to notice the shift of the gas phase peaks with respect to the aqueous

phase peaks that is due to potentials forming on the liquid jet.

would have a lower intensity than the later ones, and can be left out for the analysis.
On beamline I1011, it has happened that the photoelectron intensity was much higher or
lower for a short time, so that one measured spectrum had twice the intensity of the ones
before and after. Such variations are probably due to a temporary change of alignment,
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maybe when filling in the cool traps or touching the chamber. After checking for such
variations and leaving out the data that cannot be compared, an average is extracted
from the remaining spectra to get better statistics. This average is then the spectrum
considered for the rest of the analysis.

3.1.4 Area extraction

To get information on the systems, we are interested in the areas of the different transi-
tions. To constrain the fits appropriately in order to have physically correct values, the
spectra are fitted simultaneously, having some interlinked parameters. The liquid peaks
are fitted using Voigt profiles, and the gas phase peaks are fitted with asymmetric PCI
profiles.

As first approach, the spectra were all loaded in one Igor file, considering only the
region of the spectrum with the carboxylic group C1s peak. This approach proved to
be too dependent on the background chosen, and was abandoned since it was difficult to
estimate how much acid was left at high pH. To avoid these issues, another approach was
used in which the whole C1s region was considered. Since this region requires twice as
many Voigt profiles and since the SPANCF fitting procedure used here is more efficient
with a limited amount of degrees of freedom, only four spectra (or less) were considered
simultaneously4. The spectra were thus grouped forming several sets of spectra:

1. First the gas phase in order to know the Full Width at Half Maximum (FWHM),
the binding energy difference between the alkyl group and the carboxyl group, and
the intensity ratio of the two same groups. The aim is to be able to remove this
contribution from the areas of the following spectra5

2. Then, one chosen spectrum at intermediate pH, where the acidic and basic species
can both clearly be seen. This step is useful to fix the binding energy shift between
the two species for the two next spectra.

3. Then, one spectrum at low pH,

4. And finally one spectrum at high pH.

The fits are performed with the following conditions:

• The gas phase spectra is fitted once, and then the parameters of the profiles are
fixed for all measurements of the same acid-base pair.

• Two Voigt profiles are used to fit the alkyl chain peak, except for acetic acid and
formic acid. For acetic acid, only one Voigt profile was used since there is only one
atom on the alkyl chain. Formic acid has no alkyl chain at all, so no Voigt profile
was used. The Gaussian FWHM of each alkyl peak is kept constant for all spectra
in a set.

4Except for formic acid that requires only three profiles per spectra - one for the acid, one for the
base, and one for the gas phase. The four spectra could be loaded into one single Igor Experiment file to
be fitted simultaneously.

5For valeric acid, no gas phase was added to the fitting procedure since it was very weak, and hardly
to be seen when measured.
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• One Voigt profile is used to fit the carboxylic group, and one for the carboxylate
group. The binding energy difference between the two is fixed to be constant for all
spectra within a set, and the Gaussian FWHM of each peak is constant throughout
the set.

• The Lorentzian FWHM are fixed to 0.1 eV regardless of the peak, which approxi-
mately corresponds to the C1s core hole lifetime broadening.

An example is shown in figure 3.3. For the peaks that were not clearly visible, as for
the acid peak at high pH or the base peak at low pH, the initial intensities fed into the
procedure were set to some minimal value since the Igor procedure SPANCF is much
better at finding higher intensities than lower. If SPANCF did not manage to change
those values on its own and find a saddle point, the intensities were gradually increased
until it did find a saddle point.

Figure 3.3: Example of how a spectrum is fitted: Butyric acid 1 M at
pH 6.88 (left) and pH 2.44 (right). The peak corresponding to the alkyl chain is
at lower binding energies than the carboxyl peak. The energy splitting between
the protonated (at around 294 eV) and the deprotonated (at approximately 293
eV) forms of the molecule is visible in the left picture. The gas phase signal
is visible in the right figure at higher binding energies than the liquid peaks.
The black curve is the sum of the red curves. The blue curve is the difference
between the data points and the black curve and gives an idea of the quality

of the fit.

3.1.5 Error estimation

To estimate the error on the areas extracted from Igor, several contributions have to be
taken into account:

1. The fit quality: The error on the fitting procedure is estimated for every single peak
separately. Each peak intensity is varied in order to see how much the peak area can
vary while getting an acceptable fit quality. The differences between the extreme
peak areas are kept as the error on the fitting procedure for each individual peak.
The error on the fit includes the error on the background, since one of the first things
the procedure does when the intensity of a single peak is changed is to adapt the
background. In the end, to avoid error underestimation, the smallest error values
are increased to be closer to the ones of spectra measured in similar conditions.
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2. The stability of the measurement conditions: This contribution is not needed for the
XPS-titration curve since the ratio of two areas that vary in the same manner will
not change when the overall spectrum is more intense. It is nevertheless necessary
to take it into account for absolute intensities comparing. The error due to unstable
conditions can be estimated by comparing the 1b1 transitions of the water valence
band measured between the samples.

3. The concentration: Variations in concentration will induce a variation in peak in-
tensities. To have an idea of its magnitude, we can estimate how much a small
concentration variation will induce a change in peak intensity from the knowledge
we have from section 4.7. Assuming that the photoelectron signal intensity changes
linearly between the points on the graph, we can see that a variation of 0.6 mM of
the concentration around 50 mM6 will have as consequence a variation of 0.3% in
peak area for the carboxyl group, and 0.4% for the alkyl group for butyric acid. We
assume that the error is similar for the other acids.

4. The error on the measured spectra: The error on the measurements due to the noise
level was estimated by comparing the peak areas of individual measurements from
the same sample. It was found that for low intensity peaks, the error was as high as
5%, whereras the error for high intensity peaks was as low as 1%. In order to make
sure that the error is not underestimated, small peak areas were attributed an error
of 5%, and all other 2%.

Assuming that those errors are all independent, they can be added up as following for the
error on absolute areas:

∆IA =
√

(fit)2 + (stability)2 + (concentration)2 + (noise)2,

and for the error on relative areas:

∆IR =
√

(fit)2 + (concentration)2 + (noise)2

The difficulty with the method chosen to fit the data is that there is no unique solution.
Even when leaving only three parameters free for each spectrum (the energy of one peak,
and the intensities of both peaks), the program needs help to find something physically
reasonable since it depends very strongly on the initial conditions fed into the program.
There is thus need for a careful check of the fit and whether it is physically correct before
going to the next step of the analysis.

3.1.6 Creation and fit of the titration curve

Once the absolute intensities values are ready, the acid fraction for each sample is calcu-
lated using equation 3.1. The error on these values is calculated using error propagation
as follows:

∆R =

√(
IA∆IHA

(IHA + IA)2

)2

+

(
IHA∆IA

(IHA + IA)2

)2

, (3.2)

where ∆IHA corresponds to the error on the area of the carboxylic peak, and ∆IA corre-
sponds to the error on the area on the carboxylate peak. The acid fraction values are then
plotted as a function of pH, and are fitted using the Henderson-Hasselbalch equation.

6Such high variations of concentrations between the samples are not expected, since all the solutions
were prepared in a similar fashion, but this number will be taken as pessimistic estimate.
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Figure 3.4: Left: 1b1 transition of the water valence band measured on
50mM NaCl inbetween the samples’ measurements of butyric acid. As can be
seen, the intensity of the transition is not uniform troughout a day, especially
right after injection. These differences in intensities are then taken into ac-
count for the error estimation. N.B. The energy axis on this graph cannot
be trusted since it was not energy calibrated. Right: Different measurements
for sodium butyrate solutions at pH 12.12 showing the noise level for different

measurements performed one after the other.

The Henderson-Hasselbalch equation

The Henderson-Hasselbalch equation describes the behaviour of acid-base reactions quite
well for the bulk in normal conditions:

pH = pKa + log
[A−]

[HA]
, (3.3)

where [A−] is the concentration of the base, and [HA] is the concentration of the acid. It
is derived from the formula for the acid dissociation constant:

HA
 H+ + A−, Ka =
{H+}{A−}
{HA}

, (3.4)

where the brackets denote activities. By defining pKa = − logKa and using pH =
− log{H+}, one finds that:

pKa = pH − log
{A−}
{H+}

, (3.5)

that gives the Henderson-Hasselbalch equation 3.3 if we assume that the activity coef-
ficients are all equal to 17. This assumption is only valid for ideal solutions, which are
solutions in which the ions don’t interact with each other, i.e. dilute solutions. More
on this will be presented in section 5.1.3. In this project, we are interested in the acid
fraction as a function of pH :

R =
[HA]

[HA] + [A−]
. (3.6)

7Activity coefficients are defined as follows:

{HA} = γHA · [HA],

where {HA} is the activity of species HA, γHA is its activity coefficient, and [HA] is its concentration.
The activity coefficients account for any deviation from ideal behaviour.
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Rewriting equation 3.3 to get
[A−]

[HA]
= 10pH −pKa (3.7)

and using
x

x+ y
=

1
y
x

+ 1
, (3.8)

one finally finds

R =
1

10pH −pKa + 1
. (3.9)

The base fraction can be found by taking 1− R. The behaviour of those two theoretical
fractions is shown in figure 3.5 for the example of acetic acid.

Figure 3.5: Example of normalized concentration profiles for acetic acid
and its conjugate base acetate. The pKa of this reaction is 4.76 [11]. From now
on, these concentration profiles will be called titration curves in this project, in
order to not mix up names with the MD simulations density profiles that will
be presented later, but they are not strictly titration curves from a chemist’s

point of view.

3.2 NMR measurements

To be able to compare the surface sensitive titration curve obtained from XPS with a bulk
titration curve, the same solutions were measured by proton NMR. The chemical shifts
were measured along with the pH for both butyric and valeric acid. They are reported in
figure 4.4.

The average chemical shift of two species in a fast-exchange regime is a weighted
average of the two species [32]:

CS = CSHA · χHA + CSA · (1− χHA), (3.10)

where CS stands for the chemical shift of the measured solutions, CSHA for the chemical
shift of the pure acidic species and CSA for the pure basic species, and χHA and χA are
the molar fractions of the two species in the solutions. Using the Henderson-Hasselbalch
equation for molar fractions

pH = pKa + log
χA

χHA

(3.11)
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and rewriting it in order to get an expression for the molar fraction of the acid χHA, one
finds

χHA =χA · 10pKa−pH (3.12)

=(1− χHA) · 10pKa−pH (3.13)

=
10pKa−pH

1 + 10pKa−pH
. (3.14)

This expression can then be used and included in equation 3.10 to finally get:

CS =
CSA + CSHA · 10pKa−pH

1 + 10pKa−pH
. (3.15)

3.3 MD simulations

As complement to the experimental part, six MD simulations using Gromacs 4.6.5 were
performed. Three simulations were set up for butyric acid and sodium butyrate:

1. A slab of 128 molecules of butyric acid in 13559 molecules of water,

2. A slab of 128 butyrate ions and 128 sodium ions in 13442 molecules of water,

3. A slab of 64 molecules of butyric acid, 64 butyrate ions and 64 sodium ions in 13507
molecules of water.

And three analogous simulations were also prepared for acetic acid and sodium acetate.
Their concentrations can not be directly compared to the experiments and are not stated
on purpose, since the MD systems are very limited in size due to the computational cost
of these simulations, and phenomena like bulk depletion will occur. The relative amounts
of surfactants in the bulk and at the surface in MD simulations can not at all be compared
to the ones that exist in real solutions. A snapshot of a simulation’s final set-up is shown
in figure 3.6. More details on the set-up of the MD simulations presented in this work
can be found in the appendix, and in reference [28].

Figure 3.6: Snapshot of the end configuration of the simulation of sodium
butyrate in water. The organic molecules are shown with spheres, the water
molecules are shown with sticks, and the sodium ions are shown with purple

small spheres.
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4. Results

The results of the measurements at different pH values and different concentrations will
be presented in this chapter. The measured spectra and the titration curves are shown in
figure 4.1 for the four different carboxylic acids. All measurement sets were not measured
at the same concentration, formic acid and acetic acid were measured at 1 M, and butyric
and valeric acid were measured at 50 mM. The results of some additional measurements
will be mentioned later but not shown here, those being caprylic acid at 100 mM1, and
hexylamine at 12.5 mM [33]. The results of the theoretical work will also be presented
here parallel to the experimental work, in order to confirm the trends observed.

4.1 Spectra

Several features can be noticed in the measured spectra. First, one can notice that a gas
phase contribution is clearly visible at low pH for the formic acid samples (red curve) at
higher binding energies. This contribution becomes less and less visible for higher chain
lengths as the acid become less volatile. For acetic acid, the contribution of the gas phase
is not very visible, probably due to the alignment of the jet with the photon beam.

Secondly, for the acids that have more than one carbon atom, two distinct peaks are
to be seen. The carbon atom of the carboxyl group has its binding energy higher since
its electron density is perturbed by the two oxygen atoms. The electronegative oxygen
atoms attract the electron density from the carbon atom, creating a partial positive charge
on it, and thus increasing the binding energy. For higher chain lengths, there are more
carbon atoms on the chain, so the peak corresponding to the alkyl chain becomes more
intense. If all of these atoms have the same probability of absorbing photons and emitting
photoelectrons, the ratio of the area of these two peaks should be the same as the number
of carbon atoms on the chain. If this is not the case, then this suggests possible orientation
effects occurring at the surface.

Last, one can already notice from the spectra that there is a much higher measured
photoelectron signal for the protonated forms (at low pH, the red curves) than for the
deprotonated form (at high pH, the blue curves) for all measurements sets. This effect is
even more pronounced for longer chain lengths.

1This set of data was measured as part of the project, but not of this master thesis. The results will
only be shortly mentioned as a complement and outlook.
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Figure 4.1: C1s spectra measured for the four different sets of samples and
the acid fraction extracted from them with fit, and what would be expected for
the bulk with the literature pKa. The lines of graphs corresponds to, in order:

formic acid, acetic acid, butyric acid, and valeric acid.
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From the spectra from the acetic acid solutions, it appears that the gas phase is not
well resolved, and difficult to remove from the peak areas of interest. Moreover, it also
appears that when the jet was moved in order to see only the gas phase signal, it was not
moved far away enough, and as a result the measured gas phase signal is a mixture of a
gas and liquid contribution. Consequently, the final results might be slightly biased for
this set of measurements, since the gas phase is stronger when the pH of these solutions is
low. A future analysis relying on the knowledge of the gas to liquid binding energy shifts
would help analyze this kind of data better.

4.2 Titration curves

After fitting, which was explained in section 3.1, the acid fraction could be calculated, and
plotted as a function of pH. These results are also shown in figure 4.1 for the different
acid-base pairs, in the right column. In these figures, the experimental data is shown
along with its fit, and with the acid fraction that would be expected from bulk acid-base
chemistry using the Hendersson-Hasselbalch equation (see section 3.1.6, equation 3.9). As
one can see, the experimental fit is shifted with respect to the theoretical curve. This
shift also appears to increase for longer chain lengths.

The error on the fitted pKa values was automatically calculated by the fitting pro-
cedure and accounts for the error on every single measurement, but it does not take
into account the lack of data around the pKa . For later plots, the uncertainties on the
pKa values will be taken as being ±0.2.

4.3 Absolute intensities comparison

The areas fitted from the spectra illustrated in figure 4.1 are shown in figure 4.2 for the
four different acid-base pairs. The areas that correspond to the protonated form are
shown in red, and the areas of the peaks that correspond to the deprotonated form are
shown in blue. As in the spectra and the titration curves, it is clear that the acid form
is more visible at the surface from XPS measurements. The fit for each curve is shown,
and the fit coefficients are given in the legend. The coefficients gHA and gA represent the
difference in intensities of the acid and the base form respectively, as in section 5.3.2, and
only have meaning when compared to each other2.

It was mentioned in the previous section that it is difficult to distinguish the gas
phase contribution in the spectra measured for acetic acid, and that as a result, the
analysis of the spectra at low pH could be slightly biased. It indeed appears in figure
4.2 that the acid species absolute intensity does not follow a Hendersson-Hasselbalch-like
shape. The influence of the gas phase signal is most important for low pH when there
is most acid in the solution. But the amount of evaporated acid does not necessarily
follow the dissolved acid concentration linearly. As a consequence, the behaviour of the
absolute intensities of the acid species, with a gas phase contribution would not follow
the Hendersson-Hasselbalch equation. This deviation will be reflected in further results
in this report.

From the fit coefficients, one sees that the fitted pKa values are different for the acid
and the base. The pKa of the base form is in all cases lower than that of the acid. There

2To compare the different acid-base pairs together, one would need to measure together, or compare
them to a common reference. This has been done but is not presented in this thesis, nor published yet.
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Figure 4.2: Fitted areas for the four different acid-base pairs with fits. The
vertical axis values only have meaning in individual graphs. The intensities of

the different graphs have not been scaled to each other.

does not seem to be a systematic trend as a function of the chain length of the molecule,
and from the plots one also could discuss the validity of the pKa values, since there is
usually only one data point in the slope around the pKa . The error given in the legends
is automatically calculated by the fitting procedure, but does not reflect this lack of data.

If one goes back to the fitting procedure, one sees that since the acid form is so much
more surface enriched than the base form, then it is very difficult to distinguish the base
peak from the background. This is shown in figure 4.3. In the left picture on the example
of butyric acid, it is shown how the fitted pKa depends on the measurement at pH 3.1.
Two different possible fits are shown, where one sees how this particular point appears
to have very different values depending on the fit. The reason for this is clear when
considering the spectra simultaneously, as shown in the right picture of figure 4.3. The
base peak is shown in green, while the acid peak is shown in red, and the gas phase in
grey. It is clearly apparent from this spectrum that the green area is only a fraction of
the total area, and that this value could easily be doubled or more without having an
odd looking fit. The same reasoning is also valid for the measurement at pH 1.67. The
other points show the uncertainties due to the fitting procedure mainly. One could discuss
whether the fitting should then be done assuming that the base behaves as in the bulk
and pushing this value to zero, or whether one should let the fitting procedure totally free.
In this thesis, the approach was in-between, meaning that the intensities were pushed to
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Figure 4.3: Left: Two different fits are showed showing the minimal and
the maximal area that can be extracted while fitting the data for C4. The dif-
ferences depend both on the fitting procedure, but also on the measurements
themselves, as shown in the right picture. Right: Example of the C1s peak
corresponding to the carboxyl group of the C4 molecules. The peak corre-
sponding to the carboxylate (thus the base) is shown in green, and the peak

corresponding to the carboxylic acid is shown in red.

zero, before letting the fitting procedure adapt the result.
In the end, the pKa fitted from the minimal base area is already much closer to the

pKa fitted from the acid area, which indicates that overall, this difference in pKa of the
acid and base species could merely be an artefact of the joint influence of the fitting
procedure, and of the much higher intensity of the protonated species.

One could wonder whether this uncertainty on the base areas is a big issue when
considering the titration curves. But since the intensity of the base form is much lower
than the intensity of the acid form, these uncertainties do not have a very big influence
on the titration curves, and are included in the error bars. Overall it seems that it is more
convenient to consider the titration curves rather than the absolute areas, for this reason,
and also because there are less uncertainties from the instabilities of the experimental
set-up.

4.4 Titration curve from NMR chemical shifts

To test whether the observed shifts on the titration curves is not due to a problem with the
chemicals used, or the way the solutions were prepared, the same solutions were measured
using proton NMR. Since NMR is sensitive to pH, one can reproduce similar titration
curves that are not from a surface sensitive method. Shown in figure 4.4 are the results of
the measurements with the NMR for the solutions of butyric acid and valeric acid3. The
data was fitted using equation 3.15. The resulting pKa values are 4.75± 0.05 for butyric
acid, and 4.73± 0.05 for valeric acid. Taking into account the lack of data on the central
part of the curve, the error bars are estimated to be bigger than only from the standard
deviation of the fitted pKa. Compared to literature values [11], both acids have a pK0

a of

3For the NMR measurements, 5% D2O had to be added to the solutions. The pH was monitored
before and after adding the 5% D2O, and the change in measured pH was 0.01 which is much smaller
than the uncertainty on the pH measurements.
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4.83. The difference between the two can be explained by temperature or ionic strength
influences, since the pK0

a is defined for standard conditions4. As will be shown in section
5.1.3, experimental pKa values of carboxylic acids decrease with increasing ionic strength
by the same order than what is seen with these measurements.

In figure 4.1, the apparent pKa fitted to the XPS data are 6.11± 0.2 for butyric acid,
and 6.15±0.2 for valeric acid. The difference between the pKa found with NMR and XPS
is too big to not be an effect, and the cause can not be the chemicals used.

Figure 4.4: Chemical shifts measured from the NMR as a function of pH
for butyric and valeric acid. The fits were done in Igor Pro, with the function

from equation 3.15. The fit coefficients are given in the graph.

4.5 Measurements at a higher photon energy

The photon energies can also affect the spectra measured as was described in chapter
3.1. The photoelectron mean free path depends on the initial photon energy of the X-ray
beam. If the observed shift of the titration curves is a surface effect, one should see a
smaller shift when using higher photon energies, since a bigger fraction of the bulk is
probed. A solution of butyric acid at pH 5.62 was measured at 360 eV and 1000 eV. The
effect can be seen as shown in figure 4.5 on the left. The acid fractions could be estimated
for both spectra as shown in figure 4.5 on the right. Assuming there is 100% acid at pH
0 and 0% acid at pH 14, one can use the Henderson-Hasselbalch equation to show what
the titration curves should look like. As shown in the figures, the shift of the titration
curve is the biggest for the lowest photon energy, as expected. At 1000 eV, the titration
curve lies still closer to the 360 eV than to the bulk one.

It is also interesting to look at the ratio between the alkyl chain peak area, and the
total carboxyl group peak area that gives us information on possible orientation of the
molecules. And indeed we find that the ratio is different for both photon energies. For
360 eV the ratio is 4.18± 0.27 , and for 1000 eV the ratio is 3.30± 0.28. If the molecules
would be randomly oriented within the probed volume, this value should be 3 for butyric
acid. Seeing that the ratio is higher than three in both cases indicates that the alkyl
chain’s atoms are statistically more probed than the carboxyl group’s carbon atom. The
big difference between these two values suggest that the orientation is mainly a surface

4Temperature of 25◦C, zero ionic strength.
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Figure 4.5: Left: C1s Photoelectron spectra of butyric acid at pH 5.62
measured at 360eV, and 1000eV. Right: The calculated acid fractions at both

photon energies, and the fitted functions for each one.

phenomenon. This kind of orientation makes sense on a molecular scale: the carboxyl
groups are stronger solvated than the hydrophobic alkyl chain causing the molecules to
stand up on the surface to optimize the solvation.

For completion, the titration curve of butyric acid is also shown on the graph. Between
the measurement at 1000 eV and the point of the titration curve that gives a similar acid
fraction, there is only a difference of 0.25 on the pH scale. This limits the confidence with
which we can state that there is an observed difference. Still, there clearly is a broadening
of the main carboxyl peak that cannot be explained by the change in slit size, and not
entirely by the bad statistics of the spectra. In order to state this with certainty, one
would need to remeasure these spectra, on a solution that has a higher concentration to
not be limited as much in intensity when measuring at high photon energies.

4.6 Surface enrichments from MD

Molecular Dynamics simulation can add some information to the discussion on surface
enriched molecules. In this section, three types of simulations will be presented for both C4
and C2 that can be attributed to three positions on the titration curves, namely at low pH,
at high pH and at the pKa . The simulations are still very different from the experiments
and must be compared with care, first because the MD models are not optimized for
surface phenomena, and also since there are no chemical reactions implemented, and no
hydroxide and hydronium ions involved.

4.6.1 Butyric acid and sodium butyrate simulations

In figure 4.6, the number density profiles of some atoms of two first simulations are shown.
The oxygen atoms of water (labelled OW) are shown in blue, and their number density
was downscaled for convenience. The two other curves show the end of chain carbon
(labelled C), and the two oxygens of the organic molecules (labelled O). In addition, the
profile of the sodium ions is also shown on the right figure (labelled Na). What one sees is
that both species have a tendency to sit at the surface since the number density reaches a
high maximum when the water density profile becomes lower. It is also clear that butyric
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Figure 4.6: Number density profiles of the simulations with butyric acid,
sodium butyrate, acetic acid and sodium acetate in water. The profiles are
shown for the oxygen atoms of water, the end-of-chain carbon of the solute
molecules, the two oxygen atoms of the solute molecules, and the sodium ions.

The water density profile was downscaled for convenience.

acid has a higher surface propensity than butyrate since its surface peak is bigger than
the one of butyrate, the butyrate ions stay much more inside the bulk.

The C and O profiles of butyrate also suggest a dip right underneath the surface,
where much less molecules are to be found. This is probably due to molecules lining up
at the surface, creating a surplus of negative charges at this position and repulsing other
negative charges. The density profile of the sodium ions supports this idea since there is
a high increase in the density of sodium where there are less butyrate ions. A similar but
weaker phenomenon also occurs for butyric acid.

The distance between the red (oxygen atoms) and green (end of chain carbon) peaks
gives an idea of the average orientation of the molecule at the surface. In both cases,
the carbon atom is on average further away from the water than the oxygen atoms. This
agrees with the observation in section 4.5 on the experimental ratios of alkyl to carboxyl
peak areas. In the figures presented here, the distance between the two profiles’ maxima
is approximately 4 Å for butyrate, and 2 Å for butyric acid, which suggests that butyrate
has a more defined orientation at the surface than butyric acid.

In the mixed simulation, one can more or less see the same phenomena (figure 4.7).
The surface affinity of the protonated form appears again much higher than that of the
deprotonated species, and the surface propensity of the acid is much higher than the one
of the base. It can also be seen that the distance between the maximum of the profiles
at the surface for the two organic molecules is a little bit more than 1 Å, which means
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that the protonated form is situated on average 1 Å further at the surface than the ionic
form.

Figure 4.7: Number density profiles of the simulation with equal amounts
of the carboxylic acid and sodium carboxylate for C4 (left) and C2 (right).
The profiles of the oxygen atoms of water are shown (OW) along with the
density profiles of the sodium ions (Na), of the whole molecule of carboxylic
acid (HA), and of the whole carboxylate ion (A). The profiles of the molecules
were normalized to the number of atoms constituting the molecule, and the

water was downscaled for visibility.

4.6.2 Acetic acid and sodium acetate simulations

In figures 4.6 and 4.7, number density profiles are also given for acetic acid and sodium
acetate simulations. As one can see in figure 4.6, acetic acid also appears to be surface
enriched, whereas acetate appears to be rather avoiding the surface. For both simulations
presented in this figure, one sees still that the portion of organic molecules present at the
surface is oriented, with the carbon atom of the end of the chain preferring to sit on the
outside of the surface, and the oxygen atoms preferring to be inside.

In the mixed simulation in figure 4.7, it appears that acetate is closer to the surface
in the presence of acetic acid than when there is nothing. Whether this is a real effect
or not is difficult to discuss, but a similar effect has been suggested by other studies [34]
for longer chain lengths. Since the magnitude of this effect is not very significant, it can
also be due to fluctuations of the simulations. A deeper look into this effect would be
necessary in order to make a statement.

A comparison of the differences in enrichment of the two acid-base pairs will be given
in section 5.3.2.

4.7 Concentration dependence of the photoelectron

signal intensity

Since there is a limited area per molecule available at surfaces, surfaces can become
saturated with molecules if they are surface enriched. To get information on the coverage
of the water surface by butyric acid, the absolute intensity measured in the C1s region was
measured for different concentrations. The areas of the carboxyl group and of the alkyl
group in aqueous phase are the parameters of interest for this experiment. When plotting
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the total area of the alkyl and carboxyl peaks, one gets information on the coverage of
the surface. When plotting the ratio of the alkyl group to the carboxyl group

Ra/c =
Ialkyl
Icarboxyl

one gets an idea of the orientation. For butyric acid, if this ratio is close to 3, it means that
both groups are probed equally, so that there is no preferred orientation of the molecule.
If the ratio is bigger than three, it means that the alkyl group is closer to the surface, and
the photoelectrons emitted from these carbon atoms are less scattered. The results are
shown in figure 4.8. One third of the data was measured on beamline I411, and the rest on

Figure 4.8: Left: Peak area as a function of concentration butyric acid.
Right: Ratio of the alkyl peak area to the carboxyl peaks area showing the
orientation as a function of concentration for butyric acid. The ratio found for
gas phase is shown as the two green lines on the graph. This gas phase ratio

shows what this ratio is equal to for randomly oriented molecules.

beamline I1011. As a consequence, some spectra were measured on different alignments,
so in order to compare all the data together, common samples were measured on the
different alignments so that everything could be normalized and compared to each other.

From the left graph in figure 4.8, one sees that at low concentrations the measured
photoelectron signal increases dramatically. Since the surface is not entirely covered at
low bulk concentrations, any increase in concentration will induce an even bigger increase
in surface coverage. At slightly higher concentrations, the photoelectron signal increase
steadies out. Every additional molecule demands a stronger forcing to take its place at
the surface, since it requires some space from the other molecules at the surface. Finally,
the photoelectron signal reaches a saturation value around a concentration of 1 M. There
is no notable difference between what is measured from a 1 M solution and from a 2 M
solution, the surface is saturated and there is no space left for additional molecules of
butyric acid.

The photoelectron signal intensity as a function of concentration follows a Langmuir-
like behaviour. The Langmuir adsorption isotherm describes the adsorption of surfactants
in solutions. It is based on the assumptions that the adsorbent is homogeneous, that the
solute and the solvent have equal molar surface areas, that the surface and bulk phases
have no solute-solute of solute-solvent interactions, and that the adsorption film is a
monolayer [35]. The Langmuir adsorption isotherm is a typical type of adsorption for
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surfactants in solutions, even if not all the assumptions are fulfilled. From this curve, it
would ultimately be possible to extract the adsorption free energy, which would relate to
the observed enrichment observed in this work. This has not been done in this thesis, but
will possibly be published at a later stage.

The intensity ratios on the right graph of figure 4.8 suggest that the molecules at the
surface are slightly oriented. There also seems to be an increase of ordering with higher
concentrations, but the magnitude of the error bars rules out any certainty.

In the left graph of figure 4.8, two additional curves are also plotted. The blue curve
corresponds to the absolute values of photoelectron signal of the butyric acid shown in
section 4.3 plotted as a function of the bulk concentration of butyric acid that can be
calculated from the pH using the Henderson-Hasselbalch equation. The green points
correspond to three measurements that were performed on three solutions of butyric acid
1 M at pH 2.44, 6.88 and 12.07 from which absolute intensities could also be extracted.
The two curves show similar behaviour as the red curve. From the green curve, one can
guess the same saturation behaviour as in the red curve. The signal increases a lot at low
acid concentrations, and then less at higher concentrations. From the blue curve, one can
see that the increase is very close to linear (see figure inset) as is the red curve at these
concentrations.

4.8 Higher concentration titration curves

Until now, the different titration curves investigated were for acid-base pairs with different
chain lengths. In section 4.7 it was shown that the concentration also has an effect on the
recorded photoelectron signal. In this section it will be shown how the titration curves
change with increasing concentration.

Some measurements performed earlier using the same experimental set-up combined
with the three measurements mentioned in the previous section show a titration curve for
1 M butyric acid. Both titration curves are shown in figure 4.9, the red markers with the
red fitting curve are for the one at 50 mM that as already been presented, and the green
markers are at 1 M. As we have seen in figure 4.8, 1 M is the concentration at which the
photoelectron signal reaches a constant value, which means that the surface reached its
maximum coverage.

We indeed observe that the shape of the titration curves are somewhat different. The
titration curve at higher concentration seems so be ”flattened out” compared to the low
concentration one. Some kind of offset also appears at high pH , suggesting that the
smallest amount of butyric acid present in solution automatically finds its way to the
surface. The overall trend of the curve agrees with the photoelectron signal intensity
saturation for higher concentrations as seen in section 4.7. At high pH, when the bulk
acid concentration is very low, one sees on the right of figure 4.8 that the increase in
photoelectron signal is the biggest. This would explain the early increase of the acid
fraction of the 1 M titration curve. For acid bulk concentrations approaching 1 M, the
system reaches saturation. This also qualitatively explains why the acid fraction does not
increase as fast at pH lower than the apparent pKa.

As in the previous section, it would be interesting to compare absolute values of the
acid photoelectron signal from the titration curves, to the signal of pure acid in solution.
Unfortunately, no stability measurements were performed between the samples of the
1 M titration curve, so no direct comparison of the absolute intensities can be done.
Nevertheless, it would be interesting to compare the two in the future, in order to see
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Figure 4.9: Titration curves of butyric acid at two different concentrations:
50 mM and 1 M.

if they yield the same trend. If they don’t, it could mean that there are interactions
between the acidic and the basic species that either pull or push one species from or to
the surface. Some studies [34] suggests that the distance between the charged form and
the neutral form is smaller than between the neutral forms, or between the charged forms
in the context of for instance foaming experiments. Such phenomena could possibly be
investigated using this technique if stable conditions are available.
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5. Discussion

In the previous chapter, it was shown that the neutral form of the chosen acid-base
pairs gives a higher photoelectron signal intensity, and that there is an observed shift in
the titration curves. In this chapter, possible explanations for this phenomenon will be
suggested or ruled out.

5.1 Some parameters influencing pKa and pH values

Measured pKa and pH values can vary as a function of temperature and pKa values also
depend on the ionic strength. Whether these parameters could partly explain the observed
shifts on the titration curves will be investigated in this section. As was mentioned earlier,
the liquid jet is subject to evaporational cooling, and as a consequence the temperature
of the jet drops with distance from the nozzle. The exact temperature of the jet is not
known precisely, but is estimated to be between 5 and 10◦C. This change in temperature
affects pKa and pH values, and the magnitude of this effect will be shown below. The
ionic strength of a solution is another parameter that can affect pKa values greatly, the
magnitude of this effect will also be investigated below.

5.1.1 Temperature dependence of the pKa values

First we will look at the pKa change when changing the temperature. pKa values depend
on the temperature, as described by the van’t Hoff equation:

d lnK

dT
=

∆H◦

RT 2
(5.1)

where K is the equilibrium constant, T is the temperature, R is the gas constant, and
∆H◦ is the standard enthalpy change of the reaction. According to [36, 37, 38, 39],
pKa values for formic acid, acetic acid and propionic acid increase when decreasing the
temperature from 20◦ to 0◦. Reference [38] derived an expression for the pKa values of
acetic acid, and propionic acid as a function of temperature:

CH3COOH : pKa = −45.200 +
2205.6

T
+ 7.4696 lnT (5.2)

CH3CH2COOH : pKa = −44.289 +
2146.8

T
+ 7.3651 lnT, (5.3)

where the temperature T is given in Kelvin. For acetic acid, it gives a pKa value of 4.756
at 20◦ and 4.763 at 10◦. For propionic acid, it finds 4.872 at 20◦, and 4.875 at 10◦. For
formic acid, another study [39] suggests the following pKa temperature dependence:

HCOOH : pKa = −57.528 +
2773.9

T
+ 9.1232 lnT, (5.4)
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which gives a pKa of 3.760 at 20◦and 3.778 at 10◦. The behaviour of the three functions
is shown in figure 5.1. The order of magnitude of the differences in pKa values can hardly
be seen with the precision of this study and are much smaller than the observed effect on
the titration curves, so the observed pKa at the surface cannot be explained by a change
of temperature along the liquid jet in the set-up.

Figure 5.1: Change of pKa with respect to the standard pK0
a of formic acid

(C1), acetic acid (C2) and propionic acid (C3) as a function of temperature
from [38, 39].

5.1.2 Temperature dependence of the pH measurements

Another possible parameter that could affect the results is whether the measured pH values
are the same as the pH values of the liquid jet. Measured pH values also depends on tem-
perature, since the water auto-dissociation product changes with temperature. In order to
know how much the measured pH values change with a change of temperature, the pH of
the 1 M acetic acid solutions was measured both at room temperature and after being left
in a fridge for a few hours. The resulting pH values and the corresponding temperatures
are given in table 5.1. From those values, we can see that the pH does not vary more

Solution pH T (◦C) pH T (◦C) ∆pH

6 2.29 20.8 2.26 7.4 0.03

4 4.11 20.6 3.94 6.1 0.17

5 5.28 20.5 5.18 6.0 0.1

1 6.88 20.5 6.83 6.1 0.05

3 8.43 20.5 8.47 8.9 -0.04

2 11.49 20.6 11.93 8.7 -0.44

Table 5.1: Measured pH at two different temperatures for the 1 M acetic
acid solutions. One sees that the change in pH is positive and very small for the
acidic solutions, and negative and quite higher for the alkaline solutions. These
changes depend on the strength of the acid and on the activity coefficients, and

their magnitude are comparable to results from literature [40, Table 3].
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than ±0.2, except for the highest pH solution, where it varies by almost ±0.5. The cold
temperatures are closer to the actual temperature of the liquid jet in the chamber because
of the strong evaporation cooling that takes place there. Seeing that close to the pKa,
the pH values don’t change more than ±0.2, a temperature effect on the pH scale cannot
explain the results that are shown in this chapter.

5.1.3 Ionic strength and pKa values

If the ionic strength is not the same in the bulk and at the surface1, we can expect the
pKa to not have the same value at the bulk and at the surface. The ionic strength I is
defined as follows:

I =
1

2

∑
i

Ciz
2
i (5.5)

where the sum is over all ions in the solution, Ci and zi being the concentration and the
charge of the ion in solution. For the dissociation of a weak monoprotic acid having a
charge z:

HAz + H2O 
 H3O
+ + Az−1 (5.6)

the reaction rate from one side to the other will be slowed down due to counter ions that
drag the reactants in the solution because of their hydration shells.

The thermodynamic acid dissociation constant pK0
a does not vary with increasing ionic

strength, since it is expressed in terms of activities. The pKa that we measure in this work
is a mixed dissociation constant that is the product of the activity of the hydrogen ions
and of the concentrations of the acid and base species in solution:

Ka =
{H3O

+}[Az−1]

[HAz]
, (5.7)

since the activity of the hydronium ions is the value measured by the pH-meter electrode.
In general, activities are the product of the concentration of the solute [Solute] multiplied
by a activity coefficient γSolute. We can thus rewrite the previous relationship to find the
pKa as a function of the pK0

a and the activity coefficients of the solutes in solution:

pKa = pK0
a + log γA − log γHA. (5.8)

Several theories exist to calculate deviations of the pKa with respect to pK0
a . Unfortu-

nately, all hold only for very dilute solutions. Using Debye-Hückel theory, the effect of
the ionic strength on the pKa can be written as follows [41, p. 187]

pKa = pK0
a (I = 0) +

0.51(2z − 1)
√
I

1 + 1.6
√
I

(at T = 25◦C) (5.9)

where pK0
a (I = 0) is the acid dissociation constant at zero ionic strength, and z is the

charge on the acidic form of the acid-base pair involved. For all carboxylic acids, z would
equal -1, and thus, the pKa would decrease with increasing ionic strength, as shown for
example for acetic acid and acetate in table 5.2. From these values of pKa , one can
see that the effect of the ionic strength on the pKa is in the opposite direction to the
observed shift on the titration curves, and also that the magnitude of this effect is very

1Whether and how these parameters change at the surface is not entirely clear, but it is reasonable to
think that they might.
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small compared to the shifts observed earlier in this work. Since in equation 5.9, the only
parameter that depends on the acid is the actual charge on it, this effect can be expected
to be the same for all carboxylic acids. We can conclude from this that the ionic strength
is not a parameter that can explain the acid fraction observed from XPS measurements,
but would rather have a low-magnitude counter-effect. For the highest concentrations
though, it would be necessary to titrate the solutions since the models don’t predict the
change of pKa .

pKa
0(I = 0 M) 4.76

pKa (I = 0.01 M) 4.72

pKa (I = 0.1 M) 4.66

Table 5.2: Change of the pKa with ionic strength for the pair acetic acid-
acetate [41]. In our experiments we have typical ionic strengths of 50 mM or
1 M around the pKa. The change for 50 mM carboxylic acids is expected to
be small when considering these numbers. For the 1M solutions, a titration of
the bulk solutions would be necessary since no models can predict the pKa for

such high ionic strengths.

5.1.4 Influence of a hypothetical increase in surface concentra-
tion of hydroxide or hydronium ions

An increased surface concentration of OH− or H3O
+ with respect to the bulk concen-

trations would influence the surface acid base chemistry of the species involved. Some
studies [4] suggest concentrations of both ions at the surface of pure water. However, these
hypothetical concentrations can not be directly used to estimate how this would influence
the speciation of the acid-base pairs under study here, since the presence of surfactants
and impurities would disrupt the equilibrium found in pure water. As a consequence, it
is not possible in this work to quantify the hypothetical influence of a possible acidity or
basicity of the surface of water. Still, if one would calculate surface concentrations, one
would see that the surface concentrations found for these samples is so high that it can
not be caused by an increased concentration of hydroxyde or hydronium ions2. [4] suggest
pH and pOH values in their work, but the consequent hydroxyde and hydronium ions are
far too low to explain any influence on the presented data in this work.

5.2 Parameters influencing the spectra

In chapter 3.1 it was shown how photoelectron signal intensities depend on the cross
sections. The cross sections are also influenced by the binding energy of the electrons.
In the spectra shown in figure 4.1, the probed energy range varies by approximately 10
eV. Over this range of binding energy, a change of cross section can not be excluded,
so to see the magnitude of this effect, one can look at the gas phase spectra and at the
ratio of the area alkyl chain peak to the carboxyl peak area. This is done in section

2If one goes back to figure 4.8, it is clear that the surface becomes saturated at 1 M, meaning there
is no space left at the surface for additional molecules. In that sense, the surface concentration must be
very high even below 1 M.
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4.7. The gas phase ratios found in that section are slightly higher than expected from
stoechiometry, suggesting a possible influence of the cross sections. This would mean
that there is a higher cross section for the alkyl peak than for the carboxyl peak, and
thus, that the cross section decreases with increasing binding energy. If one assumes
that the cross section would decrease linearly over this 10 eV range decreasing for higher
binding energies, then the change in cross section between the carboxylic peak and the
carboxylate peak would be in favor of the carboxylate. For the measurements presented
earlier, this would counter act the observed shift of the curves. So while we can not
exclude an influence of the cross section on the measurements, we can exclude that it is
the reason for the observed effect on the pKa .

The chosen photon energies also influence the spectra, as it was shown in section 4.5.
Since all of the compared titration curves were measured with the same photon energy,
no influence from this is expected to influence the results.

5.3 Parameters influencing surface concentrations

Measured photoelectron signals are proportional to concentrations, so as a consequence,
if one species yields a high intensity, then its surface concentration must be high. These
higher concentrations can be explained in terms of solvation energies.

5.3.1 Differences in solvation

The differences in enrichment between the protonated and deprotonated forms of the
molecules can be explained in terms of solvation. For example, when calculating the
number of hydrogen bonds that a molecule of butyric acid or butyrate forms when sitting
at the surface of a water cluster using MD [28], one finds that the carboxylic group of
butyric acid forms on average 3.0 ± 0.7 hydrogen bonds, and the one of butyrate forms
6.5± 0.7 bonds. The charged form has a stronger solvation, and it is thus more favorable
for it to stay inside the bulk. Similar results were found for acetic acid and acetate [42].
In that study, it was found that there are on average 6 hydrogen bonds formed by the
carboxylate group of acetate, but only 2.5 hydrogen bonds formed by the carboxylic group
of acetic acid. In this same study, the pKa is then calculated using

pKa =
1

2.303RT

(
∆Gg + ∆Gs(A)−∆Gs(HA) + ∆Gs(H3O

+)
)
, (5.10)

where ∆Gg is the gas-phase free energy of the deprotonation reaction, ∆Gs(A) and
∆Gs(HA) are the solvation free energies of the base and the acid species respectively,
and ∆Gs(H3O

+) is the solvation free energy of hydronium. So according to this formula,
the pKa is a consequence of the solvation of the species involved.

In reference [8], a thermodynamic approach has been used to probe the surface pKa shift.
The difference in solvation free energies between surface and bulk for the two species is
-2.57 kcal/mol for trimethylamine, and +1.81 for trimethylammonium. As a consequence,
it is energetically favorable for trimethylamine to be situated at the surface, and unfa-
vorable for trimethylamine, and the acid-base equilibrium is shifted accordingly. Their
calculation for trimethylamine shows that the pKa decreases dramatically from 5 Å from
the surface until in vacuum. This result agrees with the idea that the surface is an area
of transition between the bulk and the vacuum properties. This 5 Å distance is much
smaller than the typical EAL that one would have for a photon energy of 360 eV, and the
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shifts predicted are very big, but it could agree with the magnitude of the effect seen in
this thesis, since the probed area with XPS also probes a non-negligible portion of bulk.

Even though the results from [8] seem to agree really well, the idea that there is a
well defined different pKa at the surface seems in contradiction with the observed acid and
base concentration behaviour at the surface. In section 4.3, it was shown that the absolute
intensities of the acid and base species reach half of their respective concentrations at the
bulk pKa. This seems in contradiction with saying that there is a surface pKa, but needs
to be further investigated.

5.3.2 Simple enrichment model

When looking at the absolute intensities as a function of pH shown in figure 4.2, one
sees that the curves are qualitatively very close to what is predicted by the Henderson-
Hasselbalch equation 3.9. This equation can be modified in order to account for surface
enrichment. Let the photoelectron intensities of the acid and the base species be expressed
as:

IHA = gHA · x · [HA] (5.11)

IA = gA · x · [A−], (5.12)

where gi represents the enrichment factors for each species, x is an experimental factor
that depends on the setup, and [HA] and [A−] are the concentrations of the two species.
If the two photoelectron intensities IHA and IA are measured in the same setup, the x
factor can be ignored and the intensities expressed in arbitrary units. The acid fraction
at the surface could then be expressed as follows:

RS =
gHA[HA]

gHA[HA] + gA[A−]
=

1

1 +
[A−]

g · [HA]

, (5.13)

where g = gHA/gA was defined for convenience. Using equation 3.7, the last expression
can be rewritten as

RS =
1

10pH −pKa

g
+ 1

=
1

10pH −pKa−log g + 1
. (5.14)

The final expression shows that the acid fraction with different enrichments follows the
same function as a bulk function, only displaced in the direction of higher pH for the
case where the acid is more enriched, or to lower pH if the base would be more enriched.
In figure 5.2, g was set to 10 and 100, modelling different relative enrichments of the
acid-base pair. From this, we can describe surface titration curves using an apparent pKa
that depends on the relative enrichments of both species:

pKa,app = pKa + log g = pKa + log
gHA

gA
. (5.15)

This behaviour is shown as the red curve in figure 5.3 on the left.
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Figure 5.2: Acid fractions for modelled concentrations with the acid species
being either 10 times (left) or 100 times (right) more present at the surface.
The acid fraction is shown on the left axis, and the arbitrary concentrations of

the acid and base species are shown on the right axis.

Predicting apparent pKa using this model

Using the experimental data from the surface sensitive titration curves, and the absolute
intensity values, one can test this model by plotting the observed pKa shift against g. The
results are shown in figure 5.3 on the left. The results agree quite well in general with the
model, except for the titration curve of acetic acid. As was shown in section 4.3, both the
g factor and the pKa shift could be misjudged especially in this set of data. Overall, the

Figure 5.3: Left: pKa shift as a function of g. The point labelled A6 12.5
mM corresponds to work that is still in progress at the time of the end of this
thesis [33]. Right: pKa shift as a function of the number of carbon atoms in
the molecules. There are two points for butyric acid (four carbon atoms) for
two different concentrations. The lowest point corresponds to the data that
has been presented before at 50 mM, the other one corresponds to a titration

curve at 1M. It will be presented in section 4.8.

model and the experiments seem to show the same behaviour.
If instead of an acid-base pair where the acid is the neutral form, an acid-base pair

where the base is the neutral form is considered, it can be expected that the pKa shift
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would be negative. In the figure, temporary results from [33] show what is seen when the
same procedure is applied to an amine. In this case, the surface propensities of the acid-
base pair hexylamine and hexylammonium were investigated, showing that the resulting
g factor is smaller than 1, and that the pKa shift is negative. These first results seem to
confirm the model, showing that for the case where the base form is neutral and more
surface enriched, one sees an apparent pKa that is lower than the literature pKa. For the
final results, see the finished report and results [33].

Predict the apparent pKa using MD

From the number density profiles from MD shown in figures 4.6 and 4.7, one can evaluate
relative photoelectron intensities using equation 1 of [20]:

I ∝
∫ ∞
0

ρi(z) exp

(
− 1

EAL

∫ z

0

ρtot
ρ0

dy

)
dz, (5.16)

where I is the relative photoelectron signal, ρi(z) is the density profile of species i, EAL
is the electron attenuation length in nm, ρtot(y) is the total density of all compounds at
distance y from the interface, and ρ0 is the bulk density of the whole system. The only
unknown parameter in this equation is the EAL. Estimations have been performed [20]
giving values ranging from 18 Å to 30 Å, or between 10 Å and 25 Å [43].

Using the density profiles from the three different types of simulations, one can esti-
mate two things: the estimated acid fraction at the pKa from the mixed simulation, and
the relative enrichment of the two species g. The estimated acid fractions are shown in
figure 5.4. To find numerical values similar to the experimental values (see figure 4.2), one

Figure 5.4: Modelled photoelectron signals for C4 (full markers) and C2
(hollow markers) as a function of the chosen EAL. The protonated species
photoelectron signal is shown in red and the deprotonated species photoelectron
signal is shown in blue. The acid fraction of these two signals is given in green

as a function of the chosen EAL.

would need to assume an EAL that is physically unreasonable. Indeed, the acid fractions
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calculated converge to 1 for unreasonably small EAL values. Qualitatively, one finds that
for EALs bigger than 1 nm, the acid fraction at the pKa is higher for butyric acid than for
acetic acid. This agrees with our experimental results. For smaller EALs however, one
finds the opposite. But recalling the MD density profiles in figures 4.6 and 4.7, one sees
that acetate does not appear surface enriched whereas acetic acid does. This explains why
the acid fraction increases so much when the calculated photoelectron signal is chosen so
that the probed portion of the system is very small.

Concerning the relative enrichment factors, the modelled photoelectron intensity of
butyric acid is at best 1.5 bigger than the modelled photoelectron intensity of butyrate.
Experimentally, one finds a factor of 22 between these two photoelectron intensities (see
the gHA and gA factors for butyric acid 50 mM on figure 4.2). MD simulations seem to
overestimate the surface propensity of butyrate compared to the experiments. For acetic
acid and acetate, the experimental g value is around 4.5, which can be found numerically
for an EAL between 0.5 and 1 nm. These EAL values are not too far from the experimental
values cited before. Overall, it seems that MD simulations are better at reproducing some
of our experimental data for shorter chain lengths. This can probably be attributed to the
fact that these simulations are done with non-polarizable fields, meaning that the charges
are local and poorly describe the real behaviour of the charges at interfaces. Another
issue could be that any MD system with interfaces is limited in size and cannot reproduce
correct bulk to surface concentration ratios accurately, as surface enrichment leads to bulk
depletion.

Still, if one compares the photoelectron signals quantitatively, one finds for the two
acid-base pairs that the neutral form gives a higher intensity than the charged one. It
also agrees with the idea that butyric acid is more surface enriched than acetic acid. So
if one only compares qualitatively, then MD reproduces our experiments well. Though
if one would like to reproduce the numbers with MD, the relative enrichment is not
quantitatively the same as in our experiments, varying as much as by a factor of 10.

5.4 Enrichment model for g factors that depend on

concentrations

Considering the previously presented change in photoelectron signal intensity as a function
of concentration for butyric acid in section 4.7, it becomes clear that the fact that the
g factor changes with concentration is also important for the low concentration titration
curves. Indeed, the increase in photoelectron signal with concentration is the highest at
low concentrations. This phenomenon is not clear in the 50 mM titration curves since
the difference in enrichment between butyric acid and butyrate is probably the dominant
effect. Still, a model taking into account how g changes with concentration would be
primordial for the interpretation of these results. Moreover, such a model would make it
possible to predict the shape of titration curves for higher concentrations as the one that
is shown in figure 4.9.
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6. Conclusion

The aim of this thesis was to investigate the surface properties of carboxylic acid-carboxylate
pairs. This was done by looking at the photoelectron signals of the two species when vary-
ing pH, and for butyric acid when varying the concentration.

As was concluded in reference [8], it becomes clear from this set of data that the
observed pKa shifts can not be solely explained invoking surface acidity or basicity of
water, since these changes would be negligible compared to the influence of the differences
in enrichment of the two species in equilibrium. Moreover, since a pKa shift is observed
for two different types of acid-base pairs, one involving a preferential surface enrichment
of the acid and the other of the base form, the acidity or basicity of the water surface is
not a sufficient explanation. The preferential enrichment of one of the two species can be
explained in terms of differences in solvation of the two species involved in the chemical
equilibrium. In the species investigated, the charged species is much stronger solvated in
water than the neutral one.

Increased concentrations of surfactants lead to additional phenomena that need to
be taken into account when dealing with high concentrations. One phenomenon is the
saturation of the surface when many surfactant molecules accumulate there. Another one
that could not be observed in this thesis but that could maybe contribute is the formation
of intermolecular interactions in the bulk. Surfactant molecules do not behave as ideal
solutions since they have strong Van der Waals interactions between their alkyl chains.
These effects would need to be taken into account for further studies, even though it will
be difficult to investigate them using XPS or MD.

From a broader point of view, this project has applications for atmospheric science. All
of the studied molecules, with the exception of formate, are surface enriched molecules to
different degrees. In that sense, it means that these molecules will lower the surface tension
of water. Knowing this is crucial for predicting cloud droplet formation in atmospheric
science. However, the results found in this thesis cannot be used for parametrizations for
climate models without care, since such systems would not occur in nature without any
mixing with another species. And as was shown in another study [44], mixing of acids of
different chain lengths will perturb the monolayer-like behaviour, and lower their surface
propensities by unefficient packing. Studies involving mixed solutions of different types
of organic molecules would shed some more light on this matter.
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Populärvetenskaplig sammanfattning

Upptäckten av röntgenstr̊alning ledde till många applikationer. Den mest kända av dem
är röntgenbilder för medicinska ändam̊al, men man kan ocks̊a använda dem för att f̊a
information om material. Röntgenstr̊alning utgörs av högenergi-fotoner, och när de träffar
p̊a materia, kommer fotonerna att kasta ut elektroner. Genom att f̊anga de utkastade
elektronerna kan man f̊a information om materialens yta och veta vad som finns p̊a ytan.
Ytor skiljer sig fr̊an resten av materialen p̊a olika sätt och dess egenskaper har till exempel
stor p̊averkan p̊a kemiska reaktioner.

Syftet med det här projektet är att f̊a information om vattenytor, och hur molekyler
uppför sig där. Resultaten kan kanske ha inflytande p̊a v̊ar först̊aelse av kemi i atmosfären.
Klimatmodeller behöver mycket insats av kemi för att förutsäga hur moln bildas. I syfte
att bidra till atmosfärsvetenskap, har vi mätt vattenbaserade lösningar med organiska
molekyler. Molekyler som mättes är myrsyra, ättiksyra, smörsyra och valeriansyra i vat-
ten. Den första syran finns bland annat i giftet fr̊an myror. Vinäger är en utspädd lösning
av den andra, ättiksyra. Den tredje syran finns i mejeriprodukter, och är ansvarig för den
d̊aliga lukten av härsket smör. Den sista syran valeriansyra finns i växten Läkevänderot
till exempel. Alla de här molekylerna finns i atmosfären, fr̊an naturliga källor eller fr̊an
antropogena utsläpp (orsakade av människan), och interagerar eller reagerar med andra
molekyler.

Resultatet av projektet är att den synbara jämvikten i en reaktion p̊averkas av hur
mycket ämnena gillar att vara p̊a ytan. Ytkoncentrationerna kan vara annorlunda än
koncentrationerna i bulken vid jämvikt. Detta resultat stöds av b̊ade experiment och
beräkningar.
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[15] H. Köhler, The Nucleus in and the Growth of Hygroscopic Droplets, Trans. Faraday
Soc., 1936.

49



Delphine Wenger Short-chain fatty acids on aqueous surfaces

[16] G. V. Chistyakova et al., Dependence of the Solubility of Atmospheric Oxygen in
Weakly Alkaline Aqueous Solutions on Surfactant Concentration, Russian Journal of
Physical Chemistry, 2012.

[17] R. Archer et al., The Rate of Evaporation of Water through Fatty Acid Monolayers,
J. Phys. Chem., 1955.

[18] A. Chebbi et al., Carboxylic Acids in the Troposphere, Occurrence, Sources, and
Sinks: a Review, Atmospheric Environment, 1996.

[19] J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry and Physics, From Air
Pollution to Climate Change, 2006.

[20] N. Ottosson et al., Photoelectron Spectroscopy of liquid water and aqueous solution:
Electron effective attenuation lengths and emission-angle anisotropy, Journal of Elec-
tron Spectroscopy and Related Phenomena, 2009.

[21] J.J. Leh and I. Lindau, Atomic Subshell Photoionization Cross Sections and Asym-
metry Parameters: 1 < Z < 103, Atomic Data and Nuclear Data Tables, 1985.

[22] https://www.maxiv.se/sv/maxlab, retrieved 2015.03.04.
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Appendix: Molecular Dynamics

The molecular dynamics (MD) simulations presented in this project were part of another
project realized at Uppsala University in the same group under supervision of Carl Cale-
man. Details on MD that are not given here can be found in the report [28]. The MD
simulations were run using the GROMACS set of packages. The chosen force field for
the simulations presented here was GAFF [45, 46], with TIP3P for water [47]. The sim-
ulations were performed in a similar fashion to what is presented in reference [48]. The
initial set-up was created as shown in figure 1. The final box was 12×6×6× nm3 of liquid
inside a bigger empty box of 24×6×6× nm3. Periodic boundary conditions were applied.
There are six simulations presented here that correspond to simulations performed on two
types of systems (acetic acid-sodium acetate and butyric acid-sodium butyrate) in three
different cases:

1. when there is only undissociated acid in water,

2. when there is only the base form of the acid in water, with sodium ions to neutralize
the charges,

3. when there is an equal amount of both the acid and the base in the system.

The concentration was not varied in these slab simulations, because the systems become
numerically unstable after a few ns simulation, probably due to domain decomposition
issues that could not be solved within a reasonable amount of time.

Figure 1: Process with which the simulations slabs were set up. The name
of the program is shown in the box, with a short description of what it did.
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