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Abstract

Aerosol particles play significant roles in atmospheric processes but their ef-
fects pose large uncertainties in climate predictions. This thesis presents
computational and experimental studies of aqueous organic and organic–
inorganic solutions that serve as model systems of cloud droplets for better
understanding of aerosols and their impact on climate. Carbon and oxygen
K-edge X-ray Absorption Spectroscopy (XAS) has been applied in order to
study molecular level interactions in aqueous solutions of glyoxal and methyl-
glyoxal and to investigate potential salting effects with addition of inorganic
salts to the solutions. The spectra were used for identification of chemical
bonds and hydrated forms in the solutions. Carbon K-edge XAS was ap-
plied also for the study of binary aqueous solutions comprising surfactants-
sodium hexanoate and sodium octanoate. The solutions were measured for
concentrations of solutes above and below the critical micelle concentration
in order to observe the formation of micelles in the solution. In the case of
aqueous sodium octanoate changes in the shapes of the spectra with increas-
ing concentrations suggest changes in the chemical environment of the carbon
atoms that could possibly be related to micelle formation. COSMOtherm,
a software based on COSMO-RS (COnductor like Screening MOdel for Real
Solvents), was used to predict solubilities and activity coefficients for C2–
C12 fatty acids with even number of carbon atoms and their sodium salts
in binary aqueous solutions and also in ternary solutions, comprising inor-
ganic salts. The computed values indicate that COSMOtherm can be used
to provide information about atmospheric organic components of aqueous
solutions where experimental data are currently inaccessible. The results of
these studies contribute to understanding of cloud microphysics and may be
used to improve accuracy of atmospheric model predictions.

Key words: aqueous solutions, liquids, glyoxal, methylglyoxal, surfac-
tants, fatty acids, fatty acid sodium salts, spectroscopy, X-rays, XAS, com-
putational chemistry, COSMOtherm, cloud microphysics



ii

Abstrakti

Aerosolihiukkasilla on merkittävä rooli ilmakehän prosesseissa, mutta niiden
vaikutuksiin liittyy suuria epävarmuuksia ilmastoennusteissa. Tässä tutkiel-
massa on tehty laskennallisia ja kokeellisia tutkimuksia orgaanisten aineiden
vesiliuoksista sekä epäorgaanisten suolojen kanssa että ilman niitä. Nämä
vesiliuokset ovat mallisysteemejä pilvipisaroille, ja niiden tutkimus auttaa
ymmärtämään paremmin aerosoleja ja niiden ilmastovaikutuksista. Hiilen ja
hapen K-kuoren röntgenabsorptiospektroskopialla tutkittiin molekyylitason
vuorovaikutuksia glyoksaalin ja metyyliglyoksaalin vesiliuoksissa ja näiden
orgaanisten aineiden aiheuttamia mahdollisia muutoksia epäorgaanisten
suolojen liukoisuuteen. Röntgenabsorptiospektrejä käytettiin kemiallisten
sidosten ja hydratoituneiden muotojen tunnistamiseen. Hiilen K-kuoren
röntgenabsorptiospektroskopiaa sovellettiin myös pinta-aktiivisia aineita (na-
triumheksanoaattia ja -oktanoaattia) sisältävien vesiliuosten tutkimiseen.
Mittauksia tehtiin pinta-aktiivisten aineiden pitoisuuksille molemmin puolin
ns. kriittistä misellikonsentraatiota, jossa misellien muodostumisen tulisi
alkaa; natriumoktanoaatin vesiliuoksen tapauksessa spektrien muoto muuttui
pitoisuuden kasvaessa, mikä kertoo hiiliatomien kemiallisen ympäristön muu-
toksesta mahdolliseen misellien muodostumiseen liittyen. COSMOtherm on
COSMO-RS-menetelmään (COnductor like Screening MOdel for Real Sol-
vents) perustuva mallinnusohjelma, jota käytettiin ennustamaan parillisen
määrän hiiliatomeja sisältävien C2–C12 rasvahappojen ja niiden natrium-
suolojen liukoisuuksia ja aktiivisuusvakioita vesiliuoksissa ja epäorgaanisia
suoloja sisältävissä vesiliuoksissa. Laskennalliset tulokset osoittivat, että
COSMOtherm voi antaa arvokasta tietoa ilmakehässä esiintyvien orgaanis-
ten aineiden vesiliuoksista, erityisesti tapauksissa, joissa kokeellisia arvoja
ei ole vielä saatavilla. Tutkimusten tulokset auttavat ymmärtämään pilvien
mikrofysiikkaa ja niitä voidaan käyttää ilmakehämallien ennusteiden tarken-
tamisessa.

Avaisanat: vesiluokset, nesteet, glyoksaali, metyyliglyoksaali, pinta-
aktiiviset aineet, rasvahapot, rasvahappojen natriumsuolat, spektroskopia,
röntgensäteet, XAS, laskennallinen kemia, COSMOtherm, pilvien mikrofysi-
ikka
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CHAPTER 1

INTRODUCTION

The atmosphere of the Earth is a mixture of gases that surrounds the planet.
By volume, it consists of ∼78% nitrogen (N2), 21% oxygen (O2) and 1%
argon (Ar). Other gases, known as trace gases, are also present in very small
concentrations [1]. The concentration of the atmosphere varies with altitude.
The chemical composition of the atmosphere also changes within the geologic
time, and the current atmosphere is a product of evolution due to biological
and geological processes [2].

The climate of a region denotes the state of the atmosphere over a long
period of time (at least 30 years) and describes the statistical properties
of the momentary state of the atmosphere of a region, which is defined as
weather. The climate can change due to natural and anthropogenic factors.
An example of natural factor is a volcanic eruption that releases carbon
dioxide (greenhouse gas) and aerosols into the atmosphere. Such an event
can have a significant cooling effect on the atmosphere [3, 4]. Climate change
is accelerated due to human activities [5]. Changes on the global energy
budget due to an external factor (e.g. CO2 emissions, changes in the surface
albedo etc.) are quantified in terms of the radiative forcing.

Aerosols, solid or liquid particles suspended in the air, play a significant
role in the atmosphere. They interact with the solar radiation (direct effect
on radiative forcing) and they can act as cloud condensation nuclei (CCN) to
form clouds (indirect effect). Therefore, aerosols can affect the properties of
clouds, the number concentrations of droplets and the lifetimes of clouds [6].
Aerosols vary in terms of size, chemical composition and optical properties.
Therefore, the impact of aerosols on climate change is difficult to estimate
and poses the largest uncertainty in calculations of radiative forcing from
human activities [5].

Water vapor is one of the most abundant trace gases and is found mainly
in the lowest layer of Earth’s atmosphere, the troposphere. The mass concen-
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2 CHAPTER 1. INTRODUCTION

tration of water vapor in the atmosphere decreases with temperature. When
the atmosphere becomes supersaturated with respect to water, the water
vapor condenses on aerosols which act as CCN. Köhler theory [7] describes
the conditions under which the cloud droplet formation takes place. Accord-
ing to the theory, the supersaturation needed for droplet activation depends
on the composition of the droplet solution (water activity), as well as the
curvature of the droplet and its surface tension. Water activity and surface
tension of a solution can be described as functions of the bulk composition.
However, surface activity or other solute–solvent interactions can alter the
bulk composition and the properties of droplet solutions, which may become
significantly different from macroscopic solutions with the same overall com-
position [8–11]. For example, atmospheric surfactants can accumulate in the
air-water interface or self-aggregate to form micelles [9, 12]. These effects
depend on the concentration of the components in the solution [8, 9].

Several spectroscopic methods, such as Nuclear Magnetic Resonance spec-
troscopy (NMR) [13, 14], X-ray Photoelectron Spectroscopy (XPS) [15–17],
X-ray Absorption Spectroscopy (XAS) [18, 19], have been applied in order to
identify the chemical structures and dynamics of aqueous solutions. XAS is a
technique that has been developed in the 1980s in order to study the molec-
ular structures of compounds comprising atoms with low atomic number.
This spectroscopic technique provides information about the system through
light–matter interaction [20]. XAS experiments can be performed at syn-
chrotrons that provide highly brilliant and tuneable X-ray radiation. In XAS
the sample is irradiated with photons with energies suitable for exciting core
electrons of a specific atom. The energies at which X-rays are absorbed due
to the excitations help in identifying the existing bonds between the probed
atom and its neighboring atoms. This spectroscopic method can also be
used to probe the length of the bonds and to provide information about the
orientation of the molecules. XAS can be applied to study solid, liquid and
gaseous samples [20].

In the present work, the author of this thesis applied experimental and
computational methods to study aqueous solutions with atmospheric rele-
vance. The studied solutions served as model systems of cloud droplets in
order to investigate the role of selected compounds in atmospheric chemistry
and cloud formation. More specifically:

1. Properties of organic surfactants were calculated in aqueous solutions.
The results aim to better understand the bulk-surface partitioning and
the solute-solvent interactions. They can be used further for modelling
CCN activity using Köhler theory (Paper I).

2. The quantum chemistry based thermodynamics method COSMO-RS
(COnductor like Screening MOdel for Real Solvents) was evaluated
for the calculation of properties of atmospherically relevant solutions.
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Calculated values could be used as input for model predictions when
experimental data are not accessible (Paper I).

3. The hydration products of aqueous organic solutions and their mixtures
with inorganic salts were identified experimentally applying XAS. The
observations aim to give insight into the uptake of these compounds
into the aerosol phase and to provide input on their contribution in
atmospheric chemistry (Paper II).

4. Micelle formation by surfactants in aqueous solution was studied ex-
perimentally using XAS. The results give information on the chemical
structures of the studied surfactants in solution and may be used to
provide insight into the effect of micelles on CCN activity (Paper III).

The thesis consists of six chapters. Chapter 2, Atmospheric background,
gives information on the atmospheric background and describes main prop-
erties of aqueous solutions that are relevant to this thesis. Chapter 3, X-ray
Absorption Spectroscopy, provides some basic terminology related to spec-
troscopy and describes the XAS method. The chapter also introduces the
reader to synchrotron radiation and presents briefly the beamline where the
experiments related to the Papers II and III were performed, and the re-
spective experimental setup that was employed for the measurements. Chap-
ter 4, COnductor like Screening MOdel for Real Solvents, describes COSMO-
RS and the methods that were applied to calculate thermodynamic properties
of aqueous solutions in Paper I. Chapter 5, Research summary and discus-
sion, contains the summary of included articles and main results. Chapter
6, Conclusions, presents overall conclusions and discusses briefly future pos-
sibilities.
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CHAPTER 2

ATMOSPHERIC BACKGROUND

This thesis is a study of atmospherically relevant compounds that can affect
cloud formation. In this chapter, an introduction to aerosols and the condi-
tions under which cloud droplets form (Köhler theory) is given. Fundamental
properties of the studied systems and relevant phenomena are also described.

2.1 Aerosols

Aerosols are solid or liquid particles that are suspended in the air. The origin
of aerosols in the atmosphere can be natural, such as dust, sea spray, volcanic
eruptions or anthropogenic, e.g. aerosols that are emitted from industry,
transportation and biomass burning [21–24]. Aerosols can be classified based
on the size in terms of the mobility diameter as ultrafine (<0.1 µm), fine
(<2.5 µm) and coarse (>2.5 µm) [1].

Effects of aerosols on climate can be quantified in terms of radiative forc-
ing (RF) as seen in Fig. 2.1. RF is a change imposed on the Earth’s radiation
balance and is measured by the change in net radiative flux (in W m−2) at a
given level in the atmosphere [1]. Aerosols have both direct and indirect ef-
fects on climate. The direct effect is described as the interaction (absorption,
scattering) of the aerosols with the solar radiation. While the scattering of
the solar radiation by aerosols has a net negative effect in RF (loss of energy
to space, radiative cooling), the absorption can have a positive or negative
RF, depending on the location that the aerosols are found [25]. The indirect
effect concerns the role of aerosols to act as cloud condensation nuclei
(CCN). When aerosols act as CCN, under favorable atmospheric condi-
tions, they grow in size to form fog or cloud droplets. The conditions can be
described by Köhler theory (presented in Section 2.2). The composition of
CCN varies, and consequently their properties and effect on the climate also

5



6 CHAPTER 2. ATMOSPHERIC BACKGROUND

vary. Due to the wide variety of aerosols present in the atmosphere, in terms
of their origin, chemical composition, size and optical properties, together
with the lack of knowledge on the mechanisms of formation, their effects
introduce large uncertainties on the estimated RF as is shown in Fig. 2.1 [5].

Figure 2.1: Bar chart with the currently known components of radiative
forcing (RF) for the period 1750-2011. The vertical lines represent the un-
certainty range of each component (IPCC, 2013, [5]).
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2.1.1 Chemical composition

A large fraction (∼50%) of the total mass of fine tropospheric aerosols is
comprised of organic compounds [21, 26]. The organic aerosols (OAs) can
be emitted directly into the atmosphere (Primary Organic Aerosols, POA)
or they can be formed in the atmosphere from chemical reactions that take
place either in the particle phase or in the gas phase followed by gas-to-
particle conversion (Secondary Organic Compounds, SOA) [23, 26]. SOA
are a significant fraction of OAs (approximately 10-40% [27]). Volatile or-
ganic compounds (VOCs), such as terpenes, have high vapor pressures and
can be easily released in the atmosphere and be precursors of SOA [28]. Semi-
volatile compounds, such as glyoxal and methylglyoxal, can also contribute
in SOA formation in aqueous phase [29–32]. Experimental results that are
presented in Paper II, show that these simple dicarbonyls tend to form hy-
drates and, in case of methylglyoxal, aldol condensation products with lower
vapor pressures. The hydration products can contribute to the particle’s
ability to act as CCN, or they can be involved in chemical reactions and
form new species (e.g. oxalic acid), enhancing SOA formation [33]. Thus,
the identification of hydrated species provides significant insight on the role
of glyoxal and methylglyoxal on SOA production and it could be used to
improve model predictions of aerosol RF.

Aerosol particles are often mixtures of organic and inorganic compounds.
For example, marine environments are rich in aerosols containing inorganic
salts, such as sodium chloride (NaCl), that are emitted into the atmosphere
by bursting bubbles (sea spray) [1]. Ammonium sulfate ((NH4)2SO4) is an-
other well-known aerosol constituent. (NH4)2SO4 is mainly formed in the
troposphere from chemical reactions involving sulfur dioxide (SO2), gener-
ated by e.g. fossil fuel combustion and biomass burning [34]. Interactions
between the organic and inorganic components in the particulate phase can
alter the CCN activation. This will be explained in more detail below in
relation to the description of formation and growth of cloud droplets using
Köhler theory.

2.2 Köhler theory

Köhler theory describes the equilibrium of water at the surface of a solution
droplet in terms of the variation of the water saturation ratio as function of
the droplet size [7]. The saturation ratio S is defined as the vapor pressure
pw(d) of water above an aqueous droplet with diameter d relative to the
saturation vapor pressure above a flat surface of pure water po:

S ≡ pw(d)

po
(2.1)
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Köhler theory incorporates two opposing effects: the reduction of the equi-
librium partial vapor pressure of water over an aqueous solution, compared
to pure water, due to the solute (Raoult effect), and the increase in the water
vapor pressure over a curved surface compared to that over a flat surface of
the same substance (Kelvin effect), in this case an aqueous solution. Both
effects are combined for a given temperature to yield the Köhler equation:

S = αw exp

(
4v̄σ

RTd

)
(2.2)

where αw is the water activity in solution, v̄ [m3 mol−1] is the partial molar
volume of the water in the solution, σ [N m−1] is the surface tension of the
droplet, R is the universal gas constant equal to 8.314 m3 Pa mol−1 K−1,
T [K] is the temperature and d [m] is the diameter of the spherical droplet.
The water activity term in Eq. (2.2) is also known as the Raoult term (see
Section 2.3.3) and the exponential term is known as the Kelvin term.

Figure 2.2: Schematic presentation of Köhler curves for two droplets with
different dry diameters Dp1 < Dp2.

When S ≥ 1, the air becomes supersaturated with respect to pure water.
The supersaturation SS can be defined as SS ≡ (S − 1) · 100%. A plot of
the equilibrium supersaturation (%) versus droplet diameter gives the Köhler
curve and is presented in Fig. 2.2. The maximum value of supersaturation
with its correspondent droplet size in a Köhler curve is referred as the critical
point or activation point. The critical supersaturation SSc (Fig. 2.2) varies
from each particle and depends on the initial number and chemical nature of
the solute molecules added to the droplet during its dissolution. If the ambi-
ent saturation ratio is equal or higher than the critical supersaturation, the
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cloud droplet will continue to grow only limited by the diffusion and avail-
ability of water vapor. Particles that are able to activate under given water
saturation conditions are cloud condensation nuclei [1] in these conditions.

2.3 Aqueous solutions

Water is a vital compound, that is found in the atmosphere in gas, liquid or
even solid phase; in addition to water vapor for example, as part of droplets
or ice particles [35]. Water consists of one oxygen and two hydrogen atoms
and due to its properties and wide presence, water is considered the universal
solvent of nature. The structure and thermodynamic behavior of water has
been studied extensively [36–38] but its many anomalies are still debated.
Because of the high electronegativity of oxygen, the oxygen atom attracts
the electrons of the two hydrogens. With the negative partial charge of the
oxygen atoms, water is a polarized molecule.

Water is liquid in Standard Ambient Temperature and Pressure (SATP)
conditions (IUPAC definition [39] at temperature of 298.15 K and absolute
pressure of 1 bar). In pure water, a very small fraction ionizes, according to
the equation:

H2O ⇀↽ H+ + OH− (2.3)

The pH of water is given by:

pH = −log10[H+] (2.4)

and for pure water at 298 K it is equal to 7.0.

A solution is a homogeneous mixture, comprised by the solute(s) and
the solvent. The solute can be one or more compounds that are dissolved
in another substance (solvent). When the solvent is water, the solution is
specifically called an aqueous solution.

In solutions the individual molecules bind together with intermolecu-
lar forces, which are weaker compared to intramolecular forces (see Sec-
tion 3.1.1). The dominant interaction between water molecules and between
water and certain solute molecules in aqueous solution is hydrogen bonding.
In general, hydrogen bonding is an attractive interaction that occurs between
two highly electronegative species (such as fluorine (F), oxygen (O) and ni-
trogen (N)) and a hydrogen atom (H). The ability of water molecules to form
hydrogen bonds with each other has been linked to water’s unique proper-
ties [38] but also to its role in interface phenomena, where the hydrogen
bonding network is terminated [40, 41].
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The interactions in an aqueous solution are influenced by the nature of
the dissolved species. For example, Van der Waals interactions take place be-
tween neutral molecules. These interactions are proportional to 1/r6, where
r is the distance between the molecules [42]. Polar molecules, such as fatty
acids that have been studied in Papers I and III, have a permanent dipole
moment and they interact with each other with electrostatic forces. The
potential energy of their interaction depends on their relative orientation.
Interactions between polar molecules are described as dipole-dipole inter-
actions. A polar molecule can also induce a dipole to a non polar molecule
(dipole-induced dipole interaction). Molecules without permanent dipole mo-
ments can also interact due to fluctuations on their electronic distributions
that create instantaneous dipoles (dispersion or London interaction). Such
interactions can also take place in polar molecules [42]. When the dissolved
species include ions, intermolecular interactions involve ion-dipole interac-
tions [43].

2.3.1 Surface tension

Surface tension σ can be expressed as the minimum amount of work dW
required to increase the area A of the interface between two bulk phases by
dA [12]:

σ =
dW

dA
(2.5)

A bulk phase can be described as a region, where all molecules have the same
environment, as opposed to the interfacial layer, where the molecules of two
phases co-exist and interact together. Surface tension can be also referred
to as interfacial tension, especially when the interface is the bordering limit
between two liquid phases [44]. The SI unit of σ is N m−1.

Increase of the surface area requires work because of the stronger inter-
molecular interactions in the bulk phase compared to the surface, that gives
the molecules of the solution a tendency to remain in the bulk. For the same
reason, the minimal internal energy of a liquid is achieved when the surface
area of the liquid is maintained at a minimum [44]. Typically, the surface
tension of a substance decreases with increasing temperature, which is also
the case for most aqueous solutions [45, 46].

Pure water has a relatively high surface tension, equal to 73 N m−1 at
20◦ [47]. This is mainly because the water molecules interact strongly with
each other due to hydrogen bonding. Addition of other compounds to water
can change the value of σ for the mixture, compared to that of pure water.
Aqueous solutions comprising strong electrolytes such as NaCl, often have
slightly higher surface tension compared to that of pure water. On the other
hand, surface active compounds can decrease significantly the surface tension



2.3. AQUEOUS SOLUTIONS 11

of aqueous solutions [48, 49]. This can have a significant effect in atmospheric
chemistry and cloud microphysics [9, 50–52], as indicated by the presence of
σ in the Kelvin term in the Köhler equation (Eq. (2.2)).

2.3.2 Concentration and solubility

Concentration defines the amount of a substance in a solution. Common units
of concentration are molarity M (amount of solute per volume of solution,
mol l−1) or molality m (amount of solute per mass of solvent, mol kg−1).
Molality is a very useful unit when the density of the solution is unknown
or changes significantly with composition. Another advantage of the use of
molality is that it does not depend on the temperature and can be used in
case that the temperature of the system changes. Concentration can also be
expressed as (dimensionless) mole or mass fractions. The mole fraction x of
the solute is the ratio of the amount of solute ns [mol] to the total amount
of substance ntot [mol] in the solution:

x =
ns
ntot

(2.6)

In Paper I, the concentrations of the studied compounds are given in
mole fraction, as this unit was found more convenient with the approach
that the computational framework COSMOtherm uses for the calculation of
solubility. Paper II and Paper III are experimental studies and the con-
centration of the samples was expressed in molarity. This unit was preferable
because the volume of the solutions had been measured during the prepara-
tion of the samples in the laboratory.

Solubility is the property that describes the ability of a substance (solute)
to be dissolved in a given solvent. The solute can before dissolution be in
solid, liquid or gas phase and solvents are commonly in liquid phase. The
solubility of a substance is defined as the concentration when the solution
contains the maximum amount of the substance that can be dissolved. It
depends on the pressure and temperature of the system and the chemical
composition of the solution. Solubility is expressed in same units as concen-
tration.

2.3.3 Activity and activity coefficient

An ideal solution is a liquid or solid mixture where the molecules of the
components that comprise it experience interactions that are identical to
those of a well defined reference state [53]. A commonly used reference state
is that of the component in its pure form. For this reference state, the
spatial structure and intermolecular interaction energies of the components
in an ideal solution remain the same as those of the pure components [44].
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For such ideal liquid solutions, the ratio of the partial vapor pressure pi of
each component in the solution to its vapor pressure as pure liquid p∗i is equal
to the mole fraction xi of the component in the mixture:

pi
p∗i

= xi (2.7)

Equation (2.7) is known as Raoult’s law. As consequence of Raoult’s law,
for an ideal solution (with respect to pure component reference state), the
chemical potential of each component i at temperature T and pressure P is
equal to:

µi(T, P, xi) = µ◦i (T, P, x
◦
i ) +RT lnxi (2.8)

where µ◦i is the chemical potential of the component i in the reference state
at the temperature T and pressure P of the solution, R is the universal gas
constant and xi and x◦i are the mole fractions of the component i in the
solution and at the reference state given in Eq. (2.6), respectively.

Real solutions often deviate from Raoult’s law, because interactions be-
tween the different components are not equal to those in their respective
reference states. For real solutions, the chemical potential of a component i
is given by the equation:

µi(T, P, xi) = µ◦i (T, P, x
◦
i ) +RT lnαi (2.9)

where αi is the activity of component i. The activity can be expressed as:

αi = xiγi (2.10)

where γi is the activity coefficient of the component i. The activity coefficient
is a dimensionless factor that is used to describe the deviation of a component
in the mixture from its ideal solution behavior. For components that behave
ideally in the solution, αi = xi and therefore, γi=1 [53]. Positive (γi >1)
and negative (γi <1) deviations from Raoult’s law can arise due to weaker or
stronger interactions, respectively, between the components in the solution.

In the Köhler equation (2.2), deviations of water in the droplets from ideal
solution behavior are explicitly accounted for by the water activity. In prin-
ciple, the activity coefficients of water and other solution components should
be determined for accurate predictions of the critical supersaturation. Al-
though water activity can be obtained from experimental measurements (i.e.
vapor pressure osmometry [54], freezing point depression [55, 56], electromo-
tive force [57, 58]), the experimental determination of the activity coefficients
for solutes via the Gibbs-Duhem equation is only possible for single solute
binary aqueous solutions. In higher-order, multicomponent solutions, activ-
ity coefficients can instead be mathematically derived from a thermodynamic
model of the excess free energy (i.e. Gibbs, Helmholtz) [59, 60]. Activities are



2.3. AQUEOUS SOLUTIONS 13

also needed for accurately calculating bulk-to-surface partitioning of surface
active solute components in growing droplets [9, 61]. This partitioning can
have significant impact on the overall droplet activation process [11, 62, 63].
Several activity coefficient models have been developed for atmospherically
relevant systems, but so far their application is limited to relatively few sys-
tems of atmospheric relevance [64–67].
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Figure 2.3: Calculated mean ionic activity coefficient values of aqueous
sodium decanoate using COSMOtherm software and comparison with exper-
imentally derived mean activity coefficients [54–56] (Paper I). Reproduced
by the permission from The Journal of Physical Chemistry A.

As part of this thesis, activity coefficients of fatty acids and mean activity
coefficients of fatty acid sodium salts were calculated for binary and ternary
aqueous mixtures using the COSMO-RS model [68–70] implemented in the
COSMOtherm software [71]. Our results have shown that when inorganic
salts co-exist in the solutions, strong interactions between the ions and the
water molecules take place and the solutions deviate from ideal behaviour.
The effect was enhanced with increasing concentration of the inorganic com-
ponent. The calculated activity and mean activity coefficients were found to
be in good agreement with experimentally obtained values for some of the
compounds (e.g. in case of aqueous sodium decanoate, as shown in Fig. 2.3),
indicating that COSMOtherm can provide information on aqueous solution
interactions for a wide range of solution mixing states. This is invaluable for
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estimating these interaction effects in droplet solutions which are inaccessible
with experimental techniques, and where calculations with the COSMO-RS
model can be used for improvement of Köhler predictions of droplet forma-
tion.

2.3.4 Aqueous electrolyte solutions

When electrolytes (or commonly, salts) are dissolved in water they can dis-
sociate into ions, i.e. positively (cations) and negatively (anions) electrically
charged species, that segregate in the solvent (see Fig. 2.4). The interac-
tions that take place in such a solution involve both the solute ions and
the solvent molecules and they include ion–ion interactions (long range) and
ion–molecule and molecule–molecule interactions (short range). The concen-
tration of the electrolyte in the solution plays an important role for each
of these interactions. In very dilute solutions, the interactions between the
solute ions and solvent molecules are significant, since the solute ions are far
from each other but have many other solvent neighbors. On the other hand,
in concentrated electrolyte solutions, interactions between the ions become
very important [72].

Figure 2.4: Schematic diagram of the structures that exist in an aqueous
solution of NaCl. The polar water molecules are oriented according to the
positive and negative charge of the sodium and chloride ions.
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Salting effects

The solubility of an organic compound in water can change significantly by
addition of a salt, depending on the specific ion and molecular interactions
in the solution. In a binary aqueous solution, organic molecules interact with
the water solvent molecules. Upon addition of salt in the solution, the ions
of the dissociated salt can interact strongly with the water molecules and
less water molecules are available to interact with the organic solute. This
can result in a significant decrease of the solubility of the organic compound,
an effect which is also known as salting out [73]. Typically, higher salt con-
centrations further enhance the effect. In some cases, the organic molecules
interact strongly with the ions of the solution and therefore, there is excess
of free water molecules in the solution. These water molecules can interact
with the organic solute, resulting in increase of the solubility of the organic
compound in water. This phenomenon where the presence of one solute in-
creases the solubility of another in the solution is generally known as salting
in [42, 74, 75].

As part of this thesis, we investigated salting effects in atmospherically
relevant systems with both computational (Paper I) and experimental ap-
proaches (Paper II). The importance of these effects lies in how changes in
the aqueous solubility of organic compounds impact the concentration and
uptake of these compounds into the aqueous phase. For example, changes
in the gas phase–particle partitioning of organics influence the SOA forma-
tion [76] and organic solubility and phase state can significantly affect cloud
droplet activation [77].

2.3.5 Surfactants as solutes

Surface active compounds, also known as surfactants, are either molecular
or ionic compounds which tend to accumulate in the surface of a solution,
leading to enhanced concentrations in the surface region, compared to the
bulk of the solution. At low concentrations in a solution, surfactants typically
preferentially adsorb at the surface where they can alter the surface tension of
the solution [12]. Surfactants are often amphipathic compounds that contain
a lyophilic and a lyophobic group and where the different interactions of
these groups with the solvent drive the surface activity of the compound.
When these surfactants are in water solution, the lyophilic (or hydrophilic)
groups bond to the water molecules while the lyophobic (or hydrophobic)
group tends to avoid water [12]. The compound therefore adsorbs at the
interface with the hydrophobic groups protruding from the water phase and
the hydrophilic groups imbedded into the solution.

When the solution surface reaches saturation with respect to adsorbed
molecules, any excess molecules can start to accumulate in the bulk solu-
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tion via self-aggregation. By the formation of aggregate structures, typi-
cally called micelles, the amphipathic compounds can minimize interactions
between the hydrophobic groups and the surrounding water solution and
maximize the interactions between water and the hydrophilic groups (see
Fig. 2.5). The micelle formation starts when the concentration of the sur-
factants reaches the critical micelle concentration (CMC). The CMC values
are characteristic for each compound and can be identified experimentally by
measuring physical properties (e.g. surface tension [78], electrical conduc-
tivity [79, 80]) and also with applying spectroscopic methods [81–83].

Surface activity, i.e. the tendency of molecules to be on the surface of a
water solution, can affect droplet activation through both Kelvin and Raoult
terms [8, 9, 84]. Surface active compounds lower the surface tension of the
water solution and can enhance cloud formation by decreasing the critical
supersaturation ratio, while they can also alter the water activity due to the
bulk-surface partitioning of the solute. The importance of such phenomena
on cloud microphysics has been addressed in earlier studies, and several ap-
proaches have been proposed in order to capture these effects in atmospheric
models [9, 61, 85, 86]. Comparison of the predictions with experimental data
show that these effects become important especially for microscopic droplets
where the surface area–to-bulk volume ratio is large [61, 87].

Fatty acids and their carboxylate salts are well-known amphiphilic com-
pounds. Fatty acids have been found in many types of environments, includ-
ing rural [88], urban [89, 90] and marine sites [91, 92]. Their origin can be
biogenic, e.g. microbial sources, plant waxes [93–95], or anthropogenic, such
as biomass burning, fuel combustion and cooking processes [93, 96]. The be-
haviors of fatty acids in aqueous aerosols and droplets have previously been
investigated in both experimental and modeling studies [8, 9, 65, 97]. Due to
the abundance of fatty acids and their salts in the atmosphere and because of
their amphiphilic nature, computational (Paper I) and experimental stud-
ies (Paper III) of the above mentioned compounds are part of this work.
These studies focus on fatty acids with even number of carbon atoms be-
cause they have found to be dominant in both continental [93, 96] and
marine aerosols [93, 98, 99]. We studied micelle formation in aqueous–fatty
acid solutions with X-ray absorption spectroscopy (XAS) and the results,
that are presented in Paper III, indicate changes in the chemical environ-
ment of the solutes when the concentration of the solute increases above the
CMC. This is a first study to investigate the usefulness of XAS for studying
aggregation phenomena in bulk solutions and suggests that the method may
be useful when care is taken during interpretation of the obtained spectra.
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Figure 2.5: Schematic of micelles in a water droplet solution. The molecules
have a hydrophilic polar group (head) and a hydrophobic non-polar group
(chain). Free molecules (monomers) are also present in the solution. Fatty
acids have similar structure with a hydrophilic carboxylate group (COOH)
and with a hydrophobic hydrocarbon chain. For concentrations above the
CMC value these compounds form micelles.
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CHAPTER 3

X-RAY ABSORPTION SPECTROSCOPY

XAS is an experimental technique that can be used to study gas, liquid or
solid matter in typical ambient conditions. The author has applied XAS for
identification of chemical structures in aqueous solutions with atmospheric
relevance. The first section of this chapter provides basic terminology and
physical background to introduce the reader to XAS. The second section
gives an overview of the technique. The last section describes how syn-
chrotron light is generated and what are its properties and describes briefly
the beamline and experimental setup that was employed for the experiments
described in Papers II and III.

3.1 Electronic structure of atoms and

molecules

The electronic structure of atoms describes how electrons are arranged in
an atom. The electrons of an atom are attracted by the positive charge of
the nucleus and are found approximately in atomic orbitals (AOs) around
it. Orbitals refer to a probability amplitude of electrons and not to a spe-
cific orbit. The energy of an orbital is quantized and can be obtained by
solving the Schrödinger equation. An electron wave can be described with a
wavefunction. From the wavefunctions we can obtain the eigenstates, sets of
allowed energy levels. The total energy of the system, the sum of the kinetic
and potential energy, can be expressed by the Hamiltonian operator Ĥ. The
time-independent Schrödinger equation for a stationary state of the system
is:

Ĥψn = Enψn (3.1)

19
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where Ĥ is the Hamiltonian operator, ψn is the wave function of a state n
(eigenfunction) and En is the associated energy to this state of the system
(eigenvalue). The probability of an electron to be found in a specific place
is described by the square of the modulus of the wave function |ψn |2 [100].

The wave function of a quantum state is defined by a unique set of quan-
tum numbers. The most relevant for this thesis are: the principal quantum
number n, the azimuthal quantum number `, the magnetic quantum number
m` and the spin projection quantum number ms. The principal quantum
number is an integer and takes values n = 1, 2, 3 . . . . In one-electron picture,
the principal quantum number defines the energy level of an electron. Each
n corresponds to an electron shell. Electron shells are denoted by K, L, M,
N. . . etc. with respect to the n notation. The azimuthal quantum number
` with values ` = 0, 1, 2. . . , (n − 1), is associated with the orbital angular
momentum. The subshell where the electron is found can be described with
the n` notation, e.g. 2s, 3p etc. The magnetic quantum number with values
m`= -`,. . ., 0,. . ., ` is associated with the direction of the angular momentum.
The spin projection number ms describes the intrinsic angular momentum
of an electron and takes values ms = ±1/2. The orbital and spin angular
momenta can be coupled resulting in the total angular momentum quantum
number j = |`− s|, |`− s+ 1|,. . . , |`+ s− 1|, |`+ s|.

The electron configuration describes the distribution of the electrons of
an atom or molecule in orbitals. The orbitals are filled according to the
Pauli exclusion principle: a given orbital can be occupied by maximum two
electrons and, in this case, their spins should be paired. As an example, the
electron configuration of carbon (C), with 6 electrons in its ground state is:

6C: 1s2 2s2 2p2

The notation of the electronic configuration employs the principal and az-
imuthal quantum numbers, while the number of electrons in a subshell is
noted as a superscript.

3.1.1 Molecular orbitals

Atoms can bind together to form molecules. The formation of a molecule
occurs in order to lower the energy of a system comprising of individual
unbound atoms. Intramolecular forces are the forces that hold the atoms
together in a molecule. When atoms are close to each other, the electrons
of the valence atomic orbitals interact and the atoms bind together to form
chemical bonds. There are three kinds of intramolecular bonds: ionic, cova-
lent and metallic bonds. When one of two atoms forming a bond together
is strongly more electronegative, the electrons are more likely to be found
around this atom. This results effectively in the formation of a negatively
charged (anion) and a positively charged atom (cation) and because of the
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electrostatic attraction between the two ions, an ionic bond is formed. Ionic
bonds develop between a metal and a non metal atom, such as Na+ and
Cl− that form sodium chloride (NaCl) molecule. In atoms with similar elec-
tronegativity, the electrons can be found on either one of the atoms and they
form covalent bonds [44]. In metallic bonds, the electrons can be delocalized
and can move through the lattice of atoms. This is in contrast to the ionic
bonds, where the charge is static, i.e. localizes.

Figure 3.1: Molecular orbitals. The subscripts g and u imply symmetry and
antisymmetry respectively, with respect to an inversion center of a molecule.

Molecular orbital (MO) theory can be used to describe in some degree
the electronic structure of molecules. Molecular orbitals can be formed for
example as a linear combination of atomic orbitals (LCAO) [101]. In LCAO
approximation the AOs are scaled with coefficients in order to minimize the
energy that is calculated from the respective wave function.

MOs can be characterized as bonding, anti-bonding and non-bonding. A
bonding MO is a result of constructive interference of atomic orbitals and, in
this case, the electron is most likely to be found between the nuclei. A bond-
ing MO has lower energy than the AOs that compose it and, therefore, when
bonding MOs are occupied, the stability of the molecule increases. When
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the atomic orbitals overlap and interfere destructively, an anti-bonding MO
is formed. In anti-bonding orbitals, the electron density is low between the
nuclei. Anti-bonding MOs have higher energy than the atomic orbitals that
form them and accordingly they reduce the stability of the molecule when
they are occupied. Anti-bonding orbitals are denoted with the supercript
“*”. Molecular orbitals that are occupied but do not affect the stability of
the molecule are called non-bonding.

The superposition of two 1s AO constructs a σ1s (bonding) and a σ∗1s
MO (anti-bonding). Accordingly, two 2s AOs will result in a σ2s and σ∗2s
MOs. A σ bond has a cylindrical symmetry with respect to the internuclear
axis, as shown in Fig. 3.1. When p atomic orbitals perpendicular to the
intermolecular axis overlap, a π-orbital is formed [42].

3.2 Main principles of XAS

X-ray Absorption Spectroscopy (XAS) is based on the absorption of a pho-
ton by an atom causing the excitation of a core electron in resonant states
(states close to the ionization threshold) or, if the photon energy exceeds the
binding energy (BE) of the electron, to the continuum. The excitation forms
a core hole which will be filled by an electron from an orbital with higher
energy. The excess of energy after relaxation can be emitted as a photon
with characteristic energy (fluorescent emission) or it can be transferred in
another electron which is ejected, so-called Auger electron [102].

In this thesis, XAS was performed in transmission mode, where incoming
radiation of known intensity I0 interacts with a thin sample, with thickness
x. Part of the incident photons is absorbed by the sample, while the rest is
transmitted through the sample (see Fig. 3.2). The transmitted intensity I
can be measured for example, by placing a photodiode after the sample. The
absorbed radiation flux is determined by the linear attenuation coefficient µ
which depends on the elemental and chemical composition of the sample, its
molecular geometry and magnetic properties, and also on the properties of
the light (polarization, wavelength of the X-rays). The attenuation coefficient
µ can be determined from the Beer–Lambert formula:

I = I0e
−µx (3.2)

which describes the exponential decrease of the intensity of the incoming
radiation when it passes through a material with thickness x [20].

3.2.1 XAS cross section and optical oscillator strength

The XAS cross section σx describes the number of electrons that are ex-
cited per unit time divided by the number of photons per unit time per unit
area [20]. Cross sections are often expressed in units of cm2 or barn.
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Figure 3.2: Schematic of XAS method. The incident radiation with intensity
Io interacts with sample of thickness x. Part of the radiation is absorbed by
the sample and the rest of the radiation is transmitted with intensity I.

The oscillator strength (f) is a dimensionless quantity that shows the
absorption probability of an atom or a molecule for a given photon energy E
[103] and can be expressed as:

f =
mec

πe2h

∫
σx dE (3.3)

where me is the electron mass, c is the speed of light in vacuum, e is the elec-
tron charge and h is the Plank constant. The sum of the oscillator strengths
of all transitions is unity [20].

An X-ray absorption spectrum presents the absorption cross section σx
as a function of the photon energy. To record XA spectra, the photon energy
is scanned over the ionization threshold or edge. The term edge is used
to describe a sharp feature that appears in the absorption spectra due to
sudden increase of the absorption cross section. The edges are designated as
K-edge, L-edge, M-edge etc. which correspond respectively to transitions of
core electrons with principal number n= 1, 2, 3 etc. On closer inspection XA
spectra consist of two energy regions with characteristic features (Fig. 3.3)
which are result of the occurring transitions within a photon energy range
(Fig. 3.4).

The first region is so-called X-ray Absorption Near Edge Structure
(XANES) or Near Edge X-ray Absorption Fine Structure (NEXAFS). Here,
the photon energies are close to the binding energy of the core electron. For
photon energies that are lower than the binding energy of the electron a
pre-edge may be observed. The pre-edge appears due to transitions of a core
electron of an atom to semi-occupied or unoccupied bound states.

When the energy is sufficient to excite a core electron to unoccupied
valence states or to the continuum, there is a sharp increase of intensity. This
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Figure 3.3: Different regions of a XA spectrum. In NEXAFS region the
photon energy E is smaller or very close to the binding energy Eb while in
EXAFS region E > Eb.

range is known as absorption edge or rising edge. The rising edge appears due
to the substantial amount of unoccupied states which increases the absorption
probability and depends on the density of these states and the selection rules.
Thus, NEXAFS probes the density of the unoccupied states of a system.

Above the rising edge there are peaks that exist due to multiple scattering
of photoelectrons with low kinetic energy. The scattering of the electrons is
affected by the neighbours atoms, and thus these spectral structures can give
information about the chemical environment of the probed atom, neighboring
atoms and molecules. For energies that are about 50 eV above the absorption
edge and up to hundreds of eV, the absorption features are result of the inter-
ference between the escaped and back-scattered photoelectron waves [104].
This energy range is referred as Extended X-ray Absorption Fine Structure
(EXAFS). Due to the high photon energy in EXAFS, the photoelectrons
are ejected with kinetic energies sufficient to favor single scattering by clos-
est atoms. Therefore, EXAFS is suitable for investigation of the immediate
neighboring atoms to the excited one [102].

XAS experiments can be performed at synchrotron facilities, where the
photon beam is highly collimated, intense, tunable in energy with a relatively
narrow bandwidth.
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Figure 3.4: Schematic of transitions in NEXAFS (a, b) and EXAFS (c). In
NEXAFS, the photoelectron can be excited to an unoccupied bound state
(a) or it can be ionized and be promoted to the continuum with lower kinetic
energy compared to EXAFS (b).

3.2.2 K-edge resonances in organic molecules

Carbon K-edge spectra of organic molecules containing elements with low
atomic number, often comprise peaks which are correlated with transitions
from the 1s core level to π∗ and σ∗ molecular orbitals and Rydberg states.
Often a nomenclature referring to molecular orbitals of a diatomic molecule
is used even if the molecule is much more complex with lower symmetry.

For these molecules, π∗ transitions occur in energies below the 1s IP.
When different molecules have bonds between the same atoms, the inten-
sity that is associated with π∗ transitions in these atoms will be affected by
the chemical bond that they form with each other [105]. The π∗ transitions
can occur in molecules with double or triple bonds, which have orbitals with
π symmetry. The width of each resonance depends on the lifetime of the
excitation and the vibrational line shape. Rydberg states, when existing,
have energies that are close to the IP. The energies of Rydberg orbitals differ
slightly from each other and therefore, even though these are sharp reso-
nances, they are observed as a step feature in the absorption spectra. C-H
excitations in carbon K-edge spectra, often overlap with Rydberg states and
they increase the intensity in this energy range [20].

Excitations of core 1s electrons to σ∗ orbitals are often found in energies
above the IP. Such transitions occur when the absorbed energy exceeds the
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Figure 3.5: Carbon K-edge absorption spectrum of aqueous solution of
methylglyoxal (CH3C(O)CHO), measured at UVSOR-III, and schematic rep-
resentation of the occurred excitations. The absorption peaks are result of
transitions of core electrons of different moieties existing in the aqueous so-
lution. The wider feature in higher energies appears due to ionization of
electrons and excitations of core electrons to quasi-bound σ* states.

ionization threshold but due to the direct decay of another electron to the
core hole, the excited state is stabilized before the escape of the electron
in the continuum [20]. The shape of the σ∗ resonances is asymmetric and
becomes broader for resonances at higher energies. Other factors that can
affect the shape and position of such resonances are the vibrational motions
of the atoms and the internuclear distance. The absorption spectra contain
also weak features originating from multiple electron excitations.

Figure 3.5 depicts a XAS spectrum of aqueous methylglyoxal and a
schematic of the transitions that occur and are associated to the peak po-
sitions of the spectrum. The results of this study are part of this doctoral
thesis and detailed description of the transitions is presented in Paper II.
Figure 3.6 shows an absorption spectrum of aqueous sodium hexanoate with
underlying peaks that determine its shape. The spectrum has been recorded
in UVSOR-III Synchrotron facility and the results of this study are presented
in Paper III of this thesis.
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Figure 3.6: XAS carbon K-edge spectrum of aqueous sodium hexanoate so-
lution, recorded during the experimental campaign at BL3U beamline of
UVSOR-III, in 2019. Results of this campaign are presented in Paper III.
The spectrum was fitted to visualize different moieties that are present in
the solution. Above ∼ 289 eV, the photon energy is higher than the binding
energy of carbon 1s electrons and ionization occurs. The peak at ∼ 293 eV
can be associated with transitions to σ* quasi-bound states.

3.3 Synchrotron radiation at UVSOR-III

Synchrotron radiation is produced when relativistic charged particles, usually
electrons, are in accelerating motion. Figure 3.7 shows the basic components
of a synchrotron facility. Electrons are emitted by an electron gun and are ac-
celerated, for example in a booster ring. Next, electrons with high speed, are
injected in the storage ring. The electrons are forced in a circular trajectory
by the use of dipole bending magnets and synchrotron radiation is emitted
tangential to the trajectory of the electrons. Most of the third-generation
facilities periodically inject electrons in order to achieve stable current, and
therefore intensity of the beam (top-up mode).

High photon flux is achieved with insertion devices, such as wigglers and
undulators, which are placed in the straight sections of the storage ring. Un-
dulators and wigglers are periodic magnetic structures that force the electron
in oscillatory motion. The increase of the intensity due to an undulator is
proportional to the square of N, where N is the number of magnets, while for
a wiggler it is on the scale of 2N [102]. Radiation of high brilliance is then
directed to beamlines, where special X-ray optics are used to collimate the
light and a monochromator selects the desired wavelength for studying the
sample.
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Figure 3.7: Schematic of synchrotron source. The electrons are accelerated
in the booster ring before they enter the storage ring.

Synchrotron facilities produce light of high brilliance (high photon flux
and highly-collimated beam) and provide monochromized light that covers
a wide range of photon energies, from infrared to hard X-rays. Owing to
the properties of the light that is produced in synchrotron facilities, they are
advantageous compared to other conventional sources of radiation.

3.3.1 BL3U beamline

The experiments presented in this thesis (description in Paper II and Pa-
per III) have been performed at BL3U beamline of UVSOR-III Synchrotron
which is located in Okazaki, Japan. UVSOR-III Synchrotron consists of a
750 MeV storage ring with 53.2 m circumference [106]. It operates in top-up
mode with average beam current of 300 mA (same as this of the booster ring)
and it has 14 beamlines.

Beamline BL3U at UVSOR-III is a soft X-ray undulator beamline [107].
It has a linear undulator with 50 periods and 3.8 cm period length. The
grating monochromator is designed to provide resolving power E/∆E=104.
The flux in the energy range of carbon and oxygen K-edges (above 284 and
530 eV, respectively) is optimal for the studies of this thesis.
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3.3.2 Liquid cell

Experiments with liquid samples are challenging under ultra high vacuum
conditions (UHV) due to their high vapor pressures. Experiments in UHV
require a system with pressure lower than 10−5 Pa. Therefore, special equip-
ment is needed in order to study liquid samples. Liquid jets and liquid cells
are nowadays part of many beamlines in synchrotron facilities to facilitate
such experiments.

Figure 3.8: a) Liquid cell connected to the soft X-ray BL3U beamline of
UVSOR synchrotron. b) Manipulator with the liquid cell. The transmission
signal without the liquid sample can be measured by aligning a blank cell
to the X-ray beam. Reprinted from Journal of Electron Spectroscopy and
Related Phenomena, 224, Nagasaka et al., Reliable absorbance measurement
of liquid samples in soft X-ray absorption spectroscopy in transmission mode,
Pages 93–99, Copyright (2017), with permission from Elsevier.

In BL3U beamline a liquid cell is installed to facilitate the study of liquid
samples. A schematic of the liquid cell is presented in Fig. 3.8 [108]. The
liquid cell is placed in a chamber with a regulated pressure of He that controls
the thickness of the absorption cell. The liquid layer is between two Si3N4

membranes with area 2 × 2 mm2. The He chamber is separated from the
X-ray beamline, which is under ultrahigh vacuum conditions, by a Si3N4

membrane with the window size of 0.2 × 0.2 mm2 or 0.05 × 0.05 mm2.
The liquid sample is pumped into the liquid cell using a pumping system
providing a controlled flow.
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CHAPTER 4

CONDUCTOR LIKE SCREENING MODEL FOR

REAL SOLVENTS

The structures and physico-chemical properties of simple molecules in the gas
phase can be calculated using quantum chemistry. In case of more complex
systems, such as liquids, the interactions between the molecules make the
calculation of their properties extremely challenging. Another challenge is to
predict the effects of mixing several substances, such as solvation effects in
solute-solvent systems.

Condensed–phase properties can be estimated with different theory-based
models. This chapter presents the COnductor like Screening MOdel for Real
Solvents (COSMO-RS [68–70]), that has been used for the calculations de-
scribed in Paper I. COSMO-RS combines quantum chemical calculations
with statistical thermodynamics to describe interactions between solute(s)
and a real solvent. COSMO-RS can be used in a wide range of applications,
such as prediction of activity coefficients, solubilities, phase equilibria and
dissociation constants [109]. Recently, the applications of COSMO-RS to
predict properties of mixtures representing atmospheric aerosols and cloud
droplets has also been explored [74, 110–113]. COSMO-RS is implemented
in COSMOtherm software [71].

4.1 COSMO

In the COnductor-like Screening MOdel (COSMO), a cavity separates the
solute volume from the solvent. The cavity surface is divided into surface
segments [114]. COSMO applies quantum chemical methods to calculate
the screening charge density (σ) of every segment to estimate the screening
charge distribution of a solute molecule. The screening charge density is the
screening charge (q) of a segment per unit area and is calculated from the
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equation:

σ =
q

A
(4.1)

where A is the area of the segment.
Neutral segments have σ=0, while segments with negative and positive

partial charges have positive and negative σ values, respectively. The screen-
ing charge density of a molecule is calculated assuming that the molecule is
in a conductor-like solvent. Based on this assumption, the solvent molecules
have the exact opposite screening charge density as the solute molecules.
This approximation reduces the computational time, since the σ-surface for
a given solute molecule is the same in all solvents and once calculated can
be used to estimate properties of the molecules in a wide range of solutions.

Figure 4.1: σ-Surface of a) water (H2O) and b) hexanoic acid
(CH3(CH2)4COOH). c) σ-profiles p(σ) of the respective compounds and
sodium cations (Na+).

Figures 4.1a and 4.1b show the σ-surfaces of water and hexanoic acid,
respectively. The corresponding σ-profiles p(σ), shown in Fig. 4.1c are the
probability distributions of σ for each species. The σ-profile of hexanoic acid
has a strong peak at σ values around zero, due to the relatively neutral alkyl
group, while the two broader peaks at negative and positive σ values result
from the positively charged hydrogen and negatively charged oxygen atoms
of the carboxyl group, respectively. In all our calculations, we used water
as the solvent. Due to the symmetrical polarity of the water molecule and
the relatively broad range of the σ values (Fig. 4.1c), water can screen most
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solutes very well [69]. For example, water and hexanoic acid, which is one of
the solutes studied in Paper I, have similar ranges of σ values as shown in
Fig. 4.1c.

Small ions, such as Na+, have σ values outside the range of the σ values of
water (see Fig. 4.1c) and therefore cannot be screened very well by water as
the solvent [69]. In this case, considering the small ions in the form of solvated
ions when calculating the σ-surface can significantly improve the estimation
of the long-range intermolecular interactions [72, 115]. This method has been
applied in Paper I for the calculation of solubilities of fatty acid sodium
salts in water. It was found that computed solubilities were significantly
improved when the Na+ of the fatty acid sodium salts were hydrated by 5
H2O molecules.

4.2 COSMO-RS

COSMO treats the solvent as a homogeneous dielectric continuum. This
approach has been found insufficient for distinguishing between solvents that
have identical dielectric constants [114]. In order to overcome this problem,
the COSMO model was extended to include the σ-profiles of the solvents.
The extended COSMO model is named COSMO-RS [69].

COSMO-RS calculates the σ-profiles of the solute and the solvent and uses
statistical thermodynamics to detect pairwise interacting surface segments
between the solute and solvent molecules. The σ-profile ps(σ) of a system s
is calculated as the weighted sum of the σ-profiles pi(σ) of each component
i:

ps(σ) =
∑
i

xipi(σ) (4.2)

where xi is the mole fraction of component i in the mixture [68].
The affinity of a system s to a surface of screening charge density σ is

described by the chemical potential µs(σ) (σ-potential). The σ-potential of
an effective surface segment in the system as a function of the screening
charge density σ of the interacting surface segment of the solute, is given by:

µs(σ) = −RT
aeff

ln

[∫
ps(σ

′) exp
( aeff

RT
(µs(σ

′)− e(σ, σ′))
)
dσ′
]

(4.3)

where R is the gas constant, T is the absolute temperature of the system
in Kelvin, aeff is the effective contact area between the two segments, σ′ is
the σ value of the interacting surface segment of the solvent and e(σ, σ′) is
the sum of the interaction energies of the surface segments due to hydrogen
bonding, electrostatic and van der Waals forces per unit area. COSMO-RS
solves Eq. (4.3) iteratively, with values of µs(σ) starting from zero [69].
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Figure 4.2: σ-potential µ(σ) of water (H2O) and hexanoic acid
(CH3(CH2)4COOH).

As an example, Fig. 4.2 presents the σ-potentials of water and of hexanoic
acid. The shape of the σ-potential indicates the ability of the molecule to act
as a hydrogen bonding donor or acceptor. Parabolic shape with positive µs(σ)
values on either negative or positive σ values means that the molecule has
no hydrogen bonding acceptor or donor capacity, respectively. Compared to
hexanoic acid, the hydrogen bonding acceptor capacity of water is stronger,
which is reflected in the negative σ values at which the σ-potential becomes
negative [109].

The σ-potential gives the pseudo-chemical potential µ∗ of a compound i
in a system from the equation:

µ∗i = µCi +

∫
pi(σ)µs(σ)dσ (4.4)

where µCi is a function of the molecular volume ri and area ai of the compo-
nent i and is given by:

µCi = RT [λ0 ln (ri) + λ1(1− ri
r̄

+ ln
ri
r̄

) + λ2(1− ai
ā

+ ln
ai
ā

)] (4.5)

Here, λ0, λ1 and λ2 are adjustable parameters, r̄ is the total volume and ā is
the total area of all components i, calculated as the mole fraction weighted
sums of ri and ai, respectively [109]. COSMO-RS uses the pseudo-chemical
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potential µ∗ (Eq. (4.4)) to calculate thermodynamic properties of compounds,
such as solubilities and activity coefficients.

4.3 Property calculations

Below are descriptions of the two properties calculated in Paper I: activity
coefficient and solubility of a component i in a solution.

4.3.1 Activity coefficients

In COSMO-RS the activity coefficient (γ) is calculated using the pseudo-
chemical potentials of the compound i in the reference state and in a chosen
state with temperature T and pressure P :

ln(γi) =
µ∗i (T, P, xi)− µ∗◦i (T, P, x◦i )

RT
(4.6)

where µ∗i (T, P, xi) is the pseudo-chemical potential of compound i in the
solution, x◦i is the mole fraction of the compound in the reference state and
and µ∗◦i (T, P, x◦i ) is the respective pseudo-chemical potential [109].

Comparison of Eqs. (2.8) and (4.6) gives a relation between chemical
potential µi and pseudo-chemical potential:

µi(T, P, xi) = µ∗i (T, P, xi) +RT lnxi (4.7)

In the pure compound reference state where x◦i=1, µ◦i (T, P, x
◦
i )=µ

∗◦
i (T, P, x◦i ).

In Paper I, activity coefficients of fatty acids and fatty acid sodium salts
in aqueous solutions were calculated with respect to the respective pure com-
pound reference states, labelled convention I [44]. The activity coefficients
of fatty acids were calculated in infinite dilution state (xi → 0), while the
activity coefficients of the sodium fatty acid salts were calculated in several
mixing states.

4.3.2 Solubilities

COSMO-RS calculates the solubility of liquid and solid solutes from the
liquid-liquid equilibrium (LLE) and solid-liquid equilibrium (SLE) of a solute-
solvent system, respectively.

The liquid-liquid equilibrium for a component i can be determined by
finding the two mixing states that fulfill the liquid-liquid equilibrium condi-
tion:

x1
i γ

1
i = x2

i γ
2
i (4.8)
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where x1
i , x

2
i and γ1

i , γ
2
i are the mole fractions and activity coefficients of a

component i in liquid phases 1 and 2, respectively. Both phases are mixtures
of solvent and solute. The solubility of the solute in the solvent is the mole
fraction of the solute in the solvent-rich phase.

In a solid-liquid system, the equilibrium forms between a pure solid (so-
lute) and a liquid phase containing both solute and solvent. The solubility
of a solid solute (xSOLi ) is calculated from the equation:

log10(xSOLi ) =
µ∗◦i (T, P, x◦i )− µ∗i (T, P, xSOLi )−max(0,∆Gfus(T ))

RT ln(10)
(4.9)

where µ∗i (T, P, x
SOL
i ) is the pseudo-chemical potential of the solute i at the

solubility limit. The free energy of fusion ∆Gfus of compound i accounts for
the energy needed for phase transition from solid to liquid phase [109].

In Paper I, solubilities of aqueous mixtures of fatty acids and their corre-
sponding fatty acid sodium salts were estimated by finding the liquid-liquid
and solid-liquid equilibria of the organic solutes in the solutions. The LLE
and SLE could not be found for all aqueous mixtures (e.g. in the case of
aqueous acetic acid solution), indicating that the solutes were fully soluble
in the mixtures.
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RESEARCH SUMMARY AND DISCUSSION

This chapter gives a summary on the Papers I–III that are included in this
thesis. The motivation and main findings of the studies are presented briefly.

5.1 Paper I: Properties of atmospheric sur-

factants in aqueous solutions, calculated

using COSMO-RS

Fatty acids and their corresponding sodium salts are well-known atmospheric
surfactants [8, 116–118]. Surface partitioning lowers the bulk concentration
of the surfactant and consequently alters the water activity and CCN acti-
vation [8, 9, 84]. Surfactants can be found in aqueous aerosol systems mixed
with inorganic compounds that can significantly affect the properties and
hence the CCN activation of the droplet solutions [9, 119, 120].

Solubilities and activity coefficients of the above-mentioned compounds
in binary aqueous solutions are only partially available, and it is extremely
challenging to determine them experimentally in multi-component solutions.
This results in limited understanding of microscopic properties of such sys-
tems. Atmospheric models often assume ideal solution behavior [8, 121] and
therefore do not account for effects related to the surface activity or salting
phenomena, when droplet solutions contain inorganic salts [122]. This as-
sumption can result in inaccurate atmospheric predictions. Paper I provides
experimentally unavailable data for the studied organic solutions, aiming for
better understanding of the role of surfactants in aerosols and improvement
of Köhler predictions for cloud formation.

In Paper I, solubilities and activity coefficients of organic compounds
in aqueous solutions were calculated using the COSMO-RS model, as im-
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Figure 5.1: Aqueous solubility of fatty acids (C2–C12 for a–f, respectively) in
binary and ternary solutions, containing different inorganic salts, according
to the COSMO-RS model (Paper I). Reproduced by the permission from
The Journal of Physical Chemistry A.

plemented in the COSMOtherm software. The studied organic compounds
were C2–C12 fatty acids (CH3(CH2)n−2COOH) with even number of carbons
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and their corresponding sodium salts (CH3(CH2)n−2COONa). Solubilities
and activity coefficients were also estimated for the acids and their sodium
salts in ternary systems, comprising inorganic salts that are known com-
ponents of atmospheric aerosols [1]: sodium chloride (NaCl), ammonium
chloride (NH4Cl), ammonium sulfate ((NH4)2SO4), sodium sulfate (Na2SO4)
and ammonium nitrate (NH4NO3).

When possible, the estimates using COSMO-RS were compared with
experiments, for evaluation of the method. The calculated solubilities for
aqueous solutions with fatty acids were in good agreement with experimen-
tal studies. The solubilities of the fatty acids were decreasing with addition
of salt (salting out) with respect to that of the binary solution. A stronger
salting out effect was observed with increasing concentration of the inorganic
salt and with increasing number of carbons in the aliphatic chain (Fig. 5.1).
The COSMO-RS model was evaluated by comparing estimated Setschenow
constants of the fatty acids (acetic, butanoic, hexanoic acid) in ternary so-
lutions with NaCl with experimentally derived values reported by Xie et al.
[123]. The results show that COSMO-RS can predict the salting out effect
for the organics but overestimates the effect in the case of butanoic and hex-
anoic acid. The calculated activity coefficients for ternary fatty acid solutions
were found to increase with increasing mole fraction of the inorganic salts,
in agreement with the observed salting out effect of these solutions.

In solutions with fatty acid sodium salts, the COSMO-RS model was
found insufficient to capture the long-range intermolecular interactions. Bet-
ter solubility predictions were achieved when the Na+ of the fatty acid salt
was hydrated with 5 H2O molecules. The fatty acid sodium salts were found
to be miscible in aqueous binary solutions. The computed relative solubil-
ities of the respective organics in the ternary solutions were lower than in
the binary solutions, indicating a salting out effect. The mean ionic activity
coefficients of organic salts in binary solutions were in good agreement with
experimental values for fatty acid salts with longer aliphatic chains (Fig. 5.2).
This could be an indication that COSMO-RS overpredicts the solute–solvent
interactions for smaller solutes. COSMO-RS could not predict well the mean
ionic activity coefficients of the organic salts in ternary mixtures. This is
possibly due to overestimation of the long-range intermolecular interactions
when the Na+ of the organic is not hydrated.
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Figure 5.2: Comparison between COSMO-RS derived mean ionic activity
coefficients of fatty acid sodium salts and experimental values [54] (Paper I).
Reproduced with the permission from The Journal of Physical Chemistry A.

5.2 Papers II and III: Studies of aqueous or-

ganic solutions using X-ray Absorption

Spectroscopy

In Papers II and III, the aqueous solutions of organic compounds and
organic–inorganic mixtures were studied using X-ray Absorption Spectroscopy
in combination with synchrotron radiation. The experiments took place at
the UVSOR-III Synchrotron Facility, Okazaki, Japan, at the BL3U beamline.
The liquid samples were introduced in a liquid flow cell system, connected to
the BL3U beamline. The aim of these studies was to investigate organic and
organic–inorganic interactions in aqueous solutions for better understanding
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of the role of the compounds in atmospheric chemistry.

5.2.1 Aqueous solutions of glyoxal and methylglyoxal

Glyoxal (CHOCHO) and methylglyoxal (CH3C(O)CHO) are atmospheric
compounds and their contribution in atmospheric chemistry and aerosol for-
mation has been studied extensively [32, 124, 125]. Glyoxal and methylgly-
oxal are two small relatively volatile dicarbonyls, with approximately 2 h
lifetime in daytime before they are oxidized or take part in photolysis [126].
However, glyoxal and methylglyoxal may remain longer in the atmosphere
due to uptake by aerosols and partitioning in aqueous phase reactions [126].

Figure 5.3: Hydration steps of glyoxal (Paper II).
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Figure 5.4: Hydration steps of methylglyoxal and pathway for enol formation
from monohydrated methylglyoxal (Paper II).

In Paper II, synchrotron radiation was used to identify the chemical
structures that are formed in water solutions of glyoxal and methylglyoxal
and also in their aqueous mixtures comprising NaCl or Na2SO4. The hydra-
tion steps of glyoxal and methylglyoxal are presented in Fig. 5.3 and Fig. 5.4,
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respectively [29, 31]. The studied concentrations were varying from 0.5 to
2 M. The selected concentrations of organics are higher than their concen-
trations in cloud water [127–129] but they could be detected in concentrated
droplet solutions [130]. The interpretation of the spectra was supported
by ∆ self-consistent field calculations. In C 1s spectra of the binary pure
water–glyoxal solution, no peaks were observed in the calculated C=O 1s-
π* excitation energies, revealing that glyoxal in the solution is in its fully
hydrated form. Our results were in agreement with previous computational
[31] and experimental studies [131]. Methylglyoxal was on the other hand
not found to be fully hydrated in the water solution. The C 1s spectra of
methylglyoxal had two asymmetrical peaks at 285.8 eV and 287.9 eV. These
peaks were assigned to C 1s-π* excitations of the C=C-OH and C-OH(CH2)
moieties of the enol form of monohydrated methylglyoxal. The asymmetry of
the peaks was associated with co-presence of other peaks which have been as-
signed to C=O and C-OH transitions. These transitions reveal the presence
of monohydrated and dihydrated forms of methylglyoxal in the solutions.

Figure 5.5: C 1s spectra of aqueous solutions of glyoxal (2 M), methyl-
glyoxal (1 M) and 1:1 mixtures with NaCl and Na2SO4. The vertical lines
denote the calculated 1s → π∗ excitation energies and IP (black: unhy-
drated glyoxal, pink: monohydrated glyoxal, light blue: dihydrated glyoxal,
red: unhydrated methylglyoxal, blue: monohydrated methylglyoxal, purple:
dihydrated methylglyoxal, green: enol form of the monohydrated methylgly-
oxal. The lines are scaled according to the calculated oscillator strengths
(Paper II).
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Spectra of aqueous glyoxal and methylglyoxal solutions, containing NaCl
and Na2SO4 were also investigated in order to study salting in/out effects.
In C 1s spectra of both glyoxal and methylglyoxal we did not observe any
significant change (e.g. new peaks, energy shifts of the peak position) that
could reveal changes in the abundance of the hydrated species in the solution,
compared to the respective binary aqueous solutions (Fig. 5.5).

Due to the abundance of water in the solutions, the O 1s specta of the
binary solutions and solutions with NaCl were very similar to those of water.
Small changes observed in the specta of solutions containing Na2SO4 were
not found to be sensitive neither to the organic compound in the solution,
nor to the concentration of the organic. This could be an indication of SO4

changing the structure of water, rather than complexing with glyoxal and
methylglyoxal. The O 1s spectra are shown in Fig. 5.6.

Figure 5.6: O 1s spectra of glyoxal–water and methylglyoxal–water and their
ternary mixtures with inorganic salts (right) and zoom of the pre-peak at ∼
535 eV (left). The spectra have been normalized to the pre-peak for purposes
of comparison (Paper II).

5.2.2 Aqueous solutions of sodium hexanoate and
sodium octanoate

In Paper III, aqueous solutions of the fatty acid salts, sodium hexanoate
(CH3(CH2)4COONa) and sodium octanoate (CH3(CH2)6COONa) were stud-
ied experimentally. These organics are amphiphilic compounds and they
contain a polar hydrophilic carboxyl group (C(=O)OH) and a non-polar hy-
drophobic aliphatic chain (C-H). Because of their amphiphilic nature, at low
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concentrations they adsorb at the air–water interface, while at a certain con-
centration (critical micelle concentration, CMC) they start to form aggregate
structures, known as micelles (see Sect. 2.3.5) in the bulk phase. The selec-
tion of these compounds for this study was governed by their role in CCN
activation as components of atmospheric aerosols (discussed in Sect. 5.1). A
main aim of this study was to observe changes in the bulk chemical envi-
ronment while the concentration of the organic was changing gradually from
below CMC concentrations to concentrations well above CMC.

The aqueous solutions of the organic salts were studied applying XAS.
For assisting the characterization of the spectra of the aqueous solutions,
reference spectra of pure hexanoic (CH3(CH2)4COOH) and pure octanoic
acid (CH3(CH2)6COOH) were also recorded.

In the K-edge spectra of hexanoic acid we fit two absorption peaks at 288.6
and 289 eV that were assigned to the carboxyl group, two peaks at 287.3 and
288 eV, assigned to the alkyl chain and a peak at 292.5 eV which was related
to a σ* transition. Comparison between the spectra of pure water–sodium
hexanoate solutions below and above the CMC value did not reveal changes
in the energies of the peak position or the shape of the absorption peaks.
In case of sodium octanoate, the spectra of the solution below the CMC
differ compared to those above. Although the results of our study cannot
give quantitative information about the chemical structures in the solutions,
they suggest changes on the chemical environment of the carbon atoms as
the concentration changes from below to above the CMC. This could be an
indication of micelle formation in aqueous solutions of sodium octanoate but
further analysis is needed before making any final conclusions regarding the
ability of XAS to observe micelle formation in the studied solutions.
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CONCLUSIONS

Solute–solvent interactions of aqueous organic solutions and their mixtures
with inorganic salts were studied both computationally and experimentally.
The studied organic and inorganic components were compounds that can be
found in the atmosphere, in particular as part of atmospheric aerosol parti-
cles and CCN. Here, we used the aqueous solutions as models of atmospheric
droplets. The aim of this thesis was to determine the physicochemical proper-
ties of the solutions in order to better understand the role of these compounds
in atmospheric chemistry and cloud formation.

The COSMO-RS model, as implemented in the COSMOtherm software,
was used to calculate solubility and activity coefficients of aqueous organic
solutions with and without the addition of inorganic salts. The computed val-
ues concern solutions with fatty acids and fatty acid sodium salts, well-known
atmospheric surfactants. For binary aqueous solutions with fatty acids, the
estimated solubilities were found in good agreement with experimental sol-
ubilities. For the corresponding ternary systems, COSMO-RS was found to
overpredict the salting effect. Calculated activity coefficients in all solutions
revealed non-ideal behavior. COSMO-RS was found to overpredict long-
range intermolecular interactions in solutions with smaller electrolyte solute
molecules. However, our results have shown that COSMO-RS is in reason-
able agreement with experimental results and can provide a tool for study of
atmospheric systems that lack experimental data. The deviation from ideal
solution behavior should be taken into account in estimation of CCN activ-
ity from atmospheric models which currently typically assume ideal droplet
solutions.

Aqueous solutions of sodium hexanoate and sodium octanoate were stud-
ied with XAS in carbon K-edge. Sodium hexanoate and sodium octanoate
are fatty acids and they form micelles when their concentration exceeds the
critical micelle concentration (CMC). To study the micelle formation, we
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measured spectra of solutions with a concentration range above and below
CMC. Spectra of pure hexanoic and octanoic acid, which have similar groups,
were also measured and were used as reference for the peak identification of
the spectra of the aqueous solutions. Our preliminary analysis indicates
changes in the shape and energy of absorption peaks associated with alkyl
and carboxyl groups with increasing concentration of the organic salt in the
solution only in case of sodium octanoate. Further work is therefore needed
to establish whether micelles are present in the studied solutions or not, and
to assess the sensitivity of the XAS method for studying these and similar
aggregation phenomena.

Aqueous solutions of glyoxal and methylglyoxal were also studied with
XAS. Carbon K-edge spectra could provide information about the struc-
ture of molecules in the bulk of the solutions and the interactions between
the components. The results indicate that aqueous glyoxal is in its fully
hydrated form, while aqueous methylglyoxal contains enol structures and
hydrated forms. Oxygen K-edge spectra of aqueous glyoxal and methylgly-
oxal were similar to those of water. Small differences were observed only
in spectra of ternary solutions with Na2SO4, possibly due to water–Na2SO4

interactions. Addition of inorganic salts in the solutions could not provide
any information on changes in the relative abundance of the hydrates, due
to for example salting effects. This can be attributed to the absence of such
solute–solvent interactions. However, salting effects have been previously
reported [74, 75, 132] for aqueous solutions of glyoxal and methylglyoxal.
Therefore, the sensitivity of XAS to these phenomena should also be con-
sidered. Another consideration is whether salting effects are manifested on
the surface of the solutions and not in the bulk of the liquid sample, that
was studied here. A better picture of these interactions could be achieved by
studying the solutions applying another method, such as X-ray Photoelec-
tron Spectroscopy (XPS). XPS is an element specific and surface sensitive
method that can be applied for study of liquids, using for example a liquid
jet.
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studies of methylglyoxal in water and dimethylsulfoxide. Bioorg.
Chem., 32(6):560–570, 2004.



50 BIBLIOGRAPHY

[30] H. E. Krizner, D. O. De Haan, and J. Kua. Thermodynamics and
Kinetics of Methylglyoxal Dimer Formation: A Computational Study.
J. Phys. Chem. A, 113(25):6994–7001, 2009.

[31] J. Kua, S. W. Hanley, and D. O. De Haan. Thermodynamics and
Kinetics of Glyoxal Dimer Formation: A Computational Study. J.
Phys. Chem. A, 112(1):66–72, 2008.

[32] N. Sareen, A. N. Schwier, E. L. Shapiro, D. Mitroo, and V. F. McNeill.
Secondary organic material formed by methylglyoxal in aqueous aerosol
mimics. Atmos. Chem. Phys., 10(3):997–1016, 2010.

[33] P. Warneck. In-cloud chemistry opens pathway to the formation of
oxalic acid in the marine atmosphere. Atmos. Environ., 37(17):2423–
2427, 2003.

[34] J. E. Penner, M. O. Andreae, H. Annegarn, L. Barrie, J. Feichter,
D. Hegg, A. Jayaraman, R. Leaitch, D. Murphy, J. Nganga, et al.
Aerosols, their direct and indirect effects. In Climate Change 2001:
The Scientific Basis. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, 2001.

[35] P. K. Wang. Physics and Dynamics of Clouds and Precipitation. Cam-
bridge University Press, New York, 2013.

[36] E. Meyer. Internal water molecules and h-bonding in biological macro-
molecules: A review of structural features with functional implications.
Protein Sci., 1(12):1543–1562, 1992.

[37] A. Nilsson and L. G. M. Pettersson. The structural origin of anomalous
properties of liquid water. Nat. Commun., 6(1):1–11, 2015.

[38] P. Gallo, K. Amann-Winkel, C. A. Angell, M. A. Anisimov, F. Caupin,
C. Chakravarty, E. Lascaris, T. Loerting, A. Z. Panagiotopoulos,
J. Russo, et al. Water: A tale of two liquids. Chem. Rev., 116(13):7463–
7500, 2016.

[39] A. D. McNaught and A. Wilkinson. Compendium of chemical terminol-
ogy: IUPAC recommendations. Blackwell Science, Oxford, 2nd edition,
1997.

[40] P. Jungwirth and D. J. Tobias. Specific ion effects at the air/water
interface. Chem. Rev., 106(4):1259–1281, 2006.



BIBLIOGRAPHY 51

[41] O. Björneholm, M. H. Hansen, A. Hodgson, L.-M. Liu, D. T. Limmer,
A. Michaelides, P. Pedevilla, J. Rossmeisl, H. Shen, G. Tocci, E. Ty-
rode, M.-M. Walz, J. Werner, and H. Bluhm. Water at interfaces.
Chem. Rev., 116(13):7698–7726, 2016.

[42] P. Atkins and J. De Paula. Physical Chemistry. Oxford University
Press, Great Britain, 8th edition, 2006.

[43] N. J. Tro. Principles of Chemistry: A Molecular Approach. Pearson
Education, UK, 2013.

[44] I. N. Levine. Physical Chemistry. McGraw-Hill, New York, USA, 6th
edition, 2009.

[45] S. Sugden. VI.–the variation of surface tension with temperature and
some related functions. J. Chem. Soc., Trans., 125:32–41, 1924.

[46] J. Hoke, C. Bryan, and J. C. Chen. Binary aqueous-organic surface
tension temperature dependence. J. Chem. Eng. Data, 36(3):322–326,
1991.

[47] N. B. Vargaftik, B. N. Volkov, and L. D. Voljak. International tables of
the surface tension of water. J. Phys. Chem. Ref. Data, 12(3):817–820,
1983.

[48] P. S. Gill, T. E. Graedel, and C. J. Weschler. Organic Films on At-
mospheric Aerosol-Particles, Fog Droplets, Cloud Droplets, Raindrops,
and Snowflakes. Rev. Geophys. Space Phys., 21:903–920, 1983.

[49] M. Frosch, N. L. Prisle, M. Bilde, Z. Varga, and G. Kiss. Joint effect of
organic acids and inorganic salts on cloud droplet activation. Atmos.
Chem. Phys., 11:3895–3911, 2011.

[50] M. T. Latif and P. Brimblecombe. Surfactants in Atmospheric Aerosols.
Environ. Sci. Technol., 38:6501–6506, 2004.

[51] B. Nozière, C. Baduel, and J.-L. Jaffrezo. The dynamic surface ten-
sion of atmospheric aerosol surfactants reveals new aspects of cloud
activation. Nat. Commun., 5(1):1–7, 2014.

[52] D. R. Oros and B. R. T. Simoneit. Identification and emission rates of
molecular tracers in coal smoke particulate matter. Fuel, 79:515–536,
2000.

[53] N. L. Prisle. Cloud Condensation Nuclei Properties of Organic Aerosol
Particles: Effects of Acid Dissociation and Surfactant Partitioning.
University of Copenhagen, 2006.



52 BIBLIOGRAPHY

[54] E. R. B. Smith and R. A. Robinson. The vapour pressures and osmotic
coefficients of solutions of the sodium salts of a series of fatty acids at
25◦. Trans. Faraday Soc., 38:70–78, 1942.

[55] R. DeLisi, G. Perron, J. Paquette, and J. E. Desnoyers. Thermodynam-
ics of micellar systems: activity and entropy of sodium decanoate and
n-alkylamine hydrobromides in water. Can. J. Chem., 59:1865–1871,
1981.

[56] P. Sharma, J. A. MacNeil, J. Bowles, and D. G. Leaist. The unusual
importance of activity coefficients for micelle solutions illustrated by an
osmometry study of aqueous sodium decanoate and aqueous sodium
decanoate + sodium chloride solutions. Phys. Chem. Chem. Phys.,
13(48):21333–21343, 2011.

[57] T. Sasaki, M. Hattori, J. Sasaki, and K. Nukina. Studies of aque-
ous sodium dodecyl sulfate solutions by activity measurements. Bull.
Chem. Soc. Jpn., 48(5):1397–1403, 1975.

[58] F. Deyhimi, B. Ghalami-Choobar, and R. Salamat-Ahangari. Activity
coefficients for nh4cl in ethanol–water mixed solvents by electromotive
force measurements. J. Mol. Liq., 116(2):93–97, 2005.

[59] H. Orbey and S. I. Sandler. On the combination of equation of state and
excess free energy models. Fluid Phase Equilib., 111(1):53–70, 1995.

[60] C.-C. Chen, C. P. Bokis, and P. Mathias. Segment-based excess Gibbs
energy model for aqueous organic electrolytes. AIChE J., 47(11):2593–
2602, 2001.

[61] J. Malila and N. L. Prisle. A monolayer partitioning scheme
for droplets of surfactant solutions. J. Adv. Model. Earth Syst.,
10(12):2018MS001456, 2018.

[62] J. J. Lin, J. Malila, and N. L. Prisle. Cloud droplet activation of or-
ganic–salt mixtures predicted from two model treatments of the droplet
surface. Environ Sci Process Impacts, 20(11):1611–1629, 2018.

[63] N. L. Prisle, J. J. Lin, S. Purdue, H. Lin, J. C. Meredith, and A. Nenes.
Cloud condensation nuclei activity of six pollenkitts and the influence
of their surface activity. Atmos. Chem. Phys., 19(7):4741–4761, 2019.

[64] A. Zuend, C. Marcolli, Beiping P. Luo, and T. Peter. A thermody-
namic model of mixed organic-inorganic aerosols to predict activity
coefficients. Atmos. Chem. Phys., 8(16):4559–4593, 2008.



BIBLIOGRAPHY 53

[65] S. M. Calderón, J. Malila, and N. L. Prisle. Model for estimating
activity coefficients in binary and ternary ionic surfactant solutions. J.
Atmos. Chem., 77(4):141–168, 2020.

[66] T. Raatikainen and A. Laaksonen. Application of several activity coef-
ficient models to water-organic-electrolyte aerosols of atmospheric in-
terest. Atmos. Chem. Phys., 5(9):2475–2495, 2005.

[67] S. L. Clegg, J. H. Seinfeld, and P. Brimblecombe. Thermodynamic
modelling of aqueous aerosols containing electrolytes and dissolved or-
ganic compounds. J. Aerosol Sci., 32(6):713–738, 2001.

[68] F. Eckert and A. Klamt. Fast solvent screening via quantum chemistry:
COSMO-RS approach. AIChE J., 48(2):369–385, 2002.

[69] A. Klamt. Conductor-like screening model for real solvents: a new
approach to the quantitative calculation of solvation phenomena. J.
Phys. Chem., 99(7):2224–2235, 1995.

[70] A. Klamt, V. Jonas, T. Bürger, and J. C. W. Lohrenz. Refinement and
parametrization of COSMO-RS. J. Phys. Chem. A, 102(26):5074–5085,
1998.

[71] COSMOtherm, version C3.0, Release 19, COSMOlogic GmbH & Co.
KG., Leverkusen, Germany, 2019.

[72] O. Toure, F. Audonnet, A. Lebert, and C.-G. Dussap. COSMO-
RS-PDHS: A new predictive model for aqueous electrolytes solutions.
Chem. Eng. Res. Des., 92(12):2873–2883, 2014.

[73] S. Endo, A. Pfennigsdorff, and K.-U. Goss. Salting-out effect in aque-
ous NaCl solutions: trends with size and polarity of solute molecules.
Environ. Sci. Technol., 46(3):1496–1503, 2012.

[74] M. Toivola, N. L. Prisle, J. Elm, E. M. Waxman, R. Volkamer, and
T. Kurtén. Can COSMOTherm Predict a Salting in Effect? J. Phys.
Chem. A., 121(33):6288–6295, 2017.

[75] E. M. Waxman, J. Elm, T. Kurtén, K. V. Mikkelsen, P. J. Ziemann, and
R. Volkamer. Glyoxal and Methylglyoxal Setschenow Salting Constants
in Sulfate, Nitrate, and Chloride Solutions: Measurements and Gibbs
Energies. Environ. Sci. Technol, 49(19):11500–11508, 2015.

[76] N. L. Prisle, G. J. Engelhart, M. Bilde, and N. M. Donahue. Humidity
influence on gas-particle phase partitioning of α-pinene + O3 secondary
organic aerosol. Geophys. Res. Lett., 37:L01802, 2010.



54 BIBLIOGRAPHY

[77] M. Bilde and B. Svenningsson. CCN Activation of Slightly Soluble
Organics: The Importance of Small Amounts of Inorganic Salt and
Particle Phase. Tellus, 56B:128–134, 2004.

[78] A. N. Campbell and G. R. Lakshminarayanan. Conductances and
Surface Tensions of Aqueous Solutions of Sodium Decanoate Sodium
Laurate and Sodium Myristate at 25 ◦C and 35 ◦C. Can. J. Chem.,
43:1729–1737, 1965.
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