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Chapter 1

Introduction

Nucleation is one of the most important processes in nature and people’s daily life
[ZHANG 2009]. One of the most common examples is the rain or the snow which are
formed via the condensation or freezing of water [Liu 2004]. Many hard tissues, such
as bones and teeth, consist of well organized and assembled aggregates of biomineral
nanocrystallites [JIANG 2004]. Many nucleation theories, which intend to interpret the
mechanism of nucleation, are proposed and supported by different arguments
[KASHCHIEV 2000, LAAKSONEN 1995, RUCKENSTEIN 2005]. However, nucleation

process still remains poorly understood.

This thesis is devoted to the study of homogeneous nucleation of supersaturated
solutions and related processes. One of the main goals of this study is to shed light on
the description of homogeneous nucleation mechanisms involving the formation and
growth of solute clusters in solution, as a result of local concentration fluctuation in
highly supersaturated microdroplets. For this purpose, we have used two experimental
techniques: optical levitation and X-ray absorption spectroscopy (XAS). By
combining these we have been able to monitor the entire nucleation process,
according to changes in local electronic structure of selected ionic species. An
additional important task of this work is to study charge effects on the nucleation
process. In order to do this, we have compared the humidity-dependence of
crystallization time of both neutral and charged droplets.

Trying to understand the nucleation process in both neutral and charged droplets have
been intensively investigated from chemical, physical, and theoretical points of view.
In this chapter, we are going to overview some important earlier and preliminary work
related to the field.



1.1 Homogeneous Nucleation in Single Levitated Droplets

Crystallization from liquid to solid is an important processes occurring in nature, as
well as in chemical, pharmaceutical, and food industries. The reason of this process
being so attractive is that a single step of crystallization accomplishes both phase
separation and purification which is crucial for almost all the products related to fine

chemicals.

In crystallization from solution, nucleation which is defined as the initial stage of the
process leading to the formation of a new phase, which can be either solid or liquid,
from a metastable parent phase, i.e. a supersaturated vapor or a solution, plays a
decisive role in determining the crystal structure, size distribution, and their physical
and/or chemical properties [DEmMO 1993]. For example, in industry more than 90% of
pharmaceutical products have to be produced in a certain crystal shape via
crystallization in order to assure their bioavailability and stability [ERDEMIR 2009].
Therefore, an improved understanding of the fundamental nucleation mechanisms is a
key factor to control the crystallization process [ERDEMIR 2009]. There have been
different methods described in the literature, which serve for controlling the
nucleation process [CHAYEN 2001, CHAYEN 2006, DiAo 2011]. For example, polymer
microgels have been used, which are able to tune their microstructure in order to vary

systematically the degree of nanaoscopic confinement in solution [Diao 2011].

From the fundamental point of view, nucleation processes can be classified into
homogeneous nucleation and heterogeneous nucleation, depending on whether
impurities, i.e. crystallization nuclei, are present in solution as a preferential site of
nucleation. In this work, we only consider homogeneous nucleation in which
nucleation proceeds via a stochastic event in a pure liquid or in a homogeneous
solution, where no foreign substances are present. Heterogeneous nucleation, which
occurs either at suitable impurities or at surfaces of the reaction container, is not

included.

Classical nucleation theory (CNT) (introduced in Section 2.3) is the most simple
theory for describing the nucleation process where it is postulated that solute clusters,
which is the requirement for initializing homogeneous nucleation, can only be formed
in supersaturated solution, as a result of local concentration fluctuations [VOLMER

1939]. Supporting indirect evidence for the existence of solute clusters has been



reported decades ago. One of the first relevant publications in this field has been
published by Khamskii in 1969 [KHAMSKII 1969]. They observed a continuous
increase of light transmission through supersaturated solutions before the onset of
crystallization. It was suggested that this finding is attributed to the aggregation of
solvated ions. In the same year, Mullin and Leci [MuLLIN 1969] reported that
isothermal vertical columns of supersaturated aqueous citric acid solutions have a
higher concentration near the bottom than near the top. They suggested that these
concentration gradients, which do not exist in saturated and undersaturated solutions,
are due to the formation of clusters which are moved from the top of the columns to
the bottom by the gravitational force. Later, similar results were published for other
solutes, such as sucrose [ALLEN 1972], citric acid, sodium nitrate [LARSON 1986], and
glycine [Lo 1989].

However, the mechanism of homogeneous nucleation on a microscopic level has still
facets to be explored. From the classical point of view, critical clusters are eventually
formed by attachment of single moieties, where collisions between clusters are
neglected [ZETTLEMOYER 1969]. Nevertheless, with the development of modern
experimental techniques, increasing evidence during the last decades showed that the
nucleation process is more complicated than the classically thought and the
interactions between clusters play an important role in the nucleation process. For
example, results from Raman spectroscopy showed the presence of clusters in
aqueous NaNOj solution [RusLI 1989] and it was suggested that in saturated solution
solute clusters are further growing by coalescence. Later, cluster formation in aqueous
of NaCl and (NH,4),SO, solutions were also observed by dynamic light scattering
[GEORGALIS 2000].

All these studies suggest that microclusters are formed even in unsaturated aqueous
solutions. Therefore, nowadays one of the main concerns in understanding nucleation
mechanisms is related to the properties of these “prenucleation” clusters regarding
formation of a new solid phase in solution. Prenucleation clusters of glycine have
been observed during crystallization by a combination of NMR, as well as X-rays and
neutron scattering methods [HUGHES 2007]. Moreover, recent evidence points to the
existence of stable ionic prenucleation clusters in unsaturated solutions of calcium

carbonate, demonstrating that clusters aggregation of an amorphous solid could



evolves into a particular polymorph depending on the pH value of the solution
[GEBAUER 2008].

All these reported nucleation processes are difficult to explain based on a purely
classical mechanism. It has been generally assumed that some of them involve both
classical and nonclassical pathways during nucleation. This assumption is currently
confirmed by the first direct observation of individual nucleation trajectories in real
time, which are successfully probed by means of transmission electron microscopy in
nanometer resolution [ZHENG 2009]. Both classical and nonclassical nucleation
mechanisms exist simultaneously when suspending platinum nanoparticals in a wide
range of size distribution. This evolves into a monosdisperse suspension of single
nanocrystals [HASSAN 2011]. It has also been identified that at early stages of crystal
growth, nanoparticles evolve predominantly via crystallographically specific oriented
attachment (OA) from which single crystals are formed upon coalescence [HUANG
2003, NIEDERBERGER 2006].

The main drawback of CNT arises from the assumption that macroscopic properties
of molecules can be applied to microscopic activities. This means that CNT cannot
give a precise description of surface tension and saturated vapor pressure of clusters
consisting of only several tens of molecules. Therefore, in addition to experimental
evidence for the observation of solute clusters, a series of newly developed theoretical
simulations regarding the process of crystal growth have also been reported
[MATsumoTo 2002]. Specifically, Ginde and Myerson performed calculations on the
average cluster size in binary supersaturated solutions and they suggested that this
property ranges from 2 to 100 molecules. Moreover, it was shown that the degree of
association was determined by solution temperature, time, degree of supersaturation,
as well as the thermal history of the solution [GINDE 1992]. Demo and Kozisek
proposed an improved kinetic model for homogeneous nucleation under isothermal
conditions [DEmMo 1993], which is capable to determine the distribution function of
newly formed clusters together with other important properties of the solution, such as
the nucleation rate, integrated flux, etc. Based on this, Maksimov predicted that there
are two (weak and strong) nucleation regimes. These are determined by a
metastability parameter M of the considered system which is able to modify
significantly the nucleation barrier topography [MAKsIMov 2002].



Lately, the growing patterns of urea clusters in different solvents (water, methanol)
were simulated at the micrometer scale, and it was demonstrated that urea clusters
growing in water have needle-like morphology characteristics while in methanol
solution clusters forming polar morphology [P1ANA 2005]. Currently, a microscopic
formation mechanism of nanoscale NaCl crystals was simulated by molecular
dynamics and it was demonstrated that cluster aggregation and coalescence are
observed continuously in pre- and post-nucleation stages [HASSAN 2011]. This work
also suggested that the hydration process of clusters might play an important role in
stabilizing small clusters and, therefore, hydration of the incipient nucleus is an
important factor for crystallization process in aqueous solution. It has been found out
that the association of ions in solution occurs when the hydration shell around the ion
is lost which is promoted by the tendency of preserving the hydrogen-bonded network
of the solvent [HAwLICKA 2003]. Therefore, clustering and nucleation of ions in
aqueous media is the result of the competition between hydration of ions and their
association. The structure of the aqueous solvent is affected by the composition of
solutes [HAwWLICKA 2003, MARcUS 2009].

Although in last decades progress has been made in modeling and controlling the
mechanisms of homogeneous nucleation, microscopic insight of each stage of
nucleation still remains not fully known from both experimental and theoretical
viewpoints. The difficulties of experimentally tracking the complete nucleation
process and giving an accurate description arise mostly from the small size and the
transient occurrence of the critical nucleus. It has been reported [SCHUTH 2001] that
normally these nuclei contain about 100 to 1000 atoms which is difficult to access for
most of the modern experimental techniques if they occur in high dilution. Theoretical
simulation of nucleation from supersaturated solution to a solid is equally challenging.
This is because the nucleation process is usually studied in thermodynamic
equilibrium conditions, which means that long simulation times and multiple
trajectories are required. Additionally, modeling of electrolyte solutions involves a
complex medium with at least three kinds of species (water, cations, and anions),
resulting in a high computational effort and costs, even for current state-of-the-art

supercomputers.

The goal of this work is to derive a complete picture of homogeneous nucleation in

supersaturated solutions through a combination of experimental measurements and



theoretical simulation. Single levitated droplets are studied by means of optical
levitation, where the solute is contained with a high degree of supersaturation. This is
a metastable state, where solute nuclei are formed as the preferential sites of further
nucleation. Under thermodynamic conditions, microscopic clusters might evolve
through single atom attachment or/and cluster aggregation. We can then follow this
dynamic crystallization process by probing the electronic structure of selected atoms

in solution providing valuable information of the nucleation process.

X-ray absorption near edge structure (XANES) is a sensitive probe to follow changes
in local electronic structure at short range around the absorbing atom. We combine
optical levitation with the use of synchrotron radiation to take XANES spectra of
single levitated droplets of different binary solvent-electrolyte systems to study self-
association of ions and clustering in supersaturated solutions. Such increase of solute
concentration is expected to promote aggregation of clusters. Repeating
measurements were carried out at different solute concentrations which are controlled
by varying the relative humidity in the environment of the levitated droplets. Distinct
changes in energy position of absorption-edges are observed. This carries important
information regarding the evolution process of subcritical clusters as a function of
solute concentration. Model calculations on different model structures are performed.
These allow us to derive insights into the electronic structure of solute clusters giving
rise to distinct spectral features in the near-edge regime. Using this information we
explore systematic trends of changes in near-edge structure as a function of solute

concentration.

To this end, we have studied a series of aqueous solutions containing the following
salts: calcium bromide (CaBry), zinc bromide (ZnBr;), and sodium bromide (NaBr).
We have generated single droplet by a piezo injector. The droplets are levitated by an
intense cw-laser beam. XANES spectra are taken at the absorption energies of the Br
K-edge and at the Zn K-edge at different humidity condition, i.e., solute
concentration. Moreover, in order to derive a complete picture of phase transitions
from liquid to solid, XANES spectra of dilute solutions and pure solid crystals of each
sample material were also measured for a comparison with their corresponding

supersaturated droplets.



1.2 Charge Effects on Homogeneous Nucleation

Droplets possessing a net charge have received continuous attention in recent years
[HADDRELL 2004, BoGAN 2005]. Both experimental and theoretical evidence has
shown that the net charge on a droplet could result in significant variations in the
physical [WEON 2008] and chemical properties [BAkHouM 2005] of the droplet.
Additionally, it was also reported [TABAZADEH 2002] that surface charges could
affect the nucleation process in supersaturated solutions which is an important
phenomenon for atmospherical, environmental, and biological studies [ARNOLD 1980,
MiyATA 2005].

Therefore, it is not surprising that numerous studies have been carried out in order to
understand the effects of droplet net charges so that an improved description of cluster
formation and crystal growth in these solutions can be given [ZHANG 2010]. Most of
this evidence points to the fact that the presence of net charges promotes the
formation of critical clusters in supersaturated solution, i.e., promoting the nucleation
process of the droplet [GAMERO-CASTARO 2002]. Bakhoum et al. have reported
electrodynamic levitation trap (EDLT) studies on the promotion of NaCl precipitation
as a function of the net charge on the droplet surface [BAkHoumM 2005]. This
phenomenon is called ion-inducted nucleation which was first quantitatively
investigated by Wilson et al. [WiLsoN 1899]. Bogan et al. [BoGAN 2005] also
provided evidence for the occurrence of co-crystallization of a-cyano-4-
hydroxycinnamic acid with one or more peptides which was achieved by controlling
the magnitude of the net charge in a trapped droplet. In fact, ion-induced nucleation
can be considered as a special kind of heterogeneous nucleation, in which bare ions
(or electrical charges) act as condensation embryos and the strong ion-dipole
interaction between these and the vapor phase molecules reduces the nucleation
barrier, i.e., the supersaturation requirement, leading to the promotion of nucleation

[GAMERO-CASTARO 2002].

A series studies also suggested that in EDLT, solute nucleation in supersaturated
solution can also be affected by external electric [TANG 2005] and magnetic fields
[MicHELETTO 2005, SABAN 2005]. The influence of an electric field on nucleation
kinetics was first investigated by Shubnikov et al. and Kozlovskii et al. [SHUBNIKOV

1961, KozLovskil 1962], followed by several other works supporting the stimulating



effect of external electric fields on the nucleation rates of supersaturated solutions
[PiLLAI 1981, SABAN 2002].

Although substantial research has been devoted to charged droplets in the last century,
condensed phase chemistry in such droplets is still not well characterized [MYLAND
2002, BoGAN2005, BAKHOUM 2005], and sometimes even conflicting results were
derived from different works. For example, Kramer et al. [KRAMER 1999] measured
the nucleation rate of water droplets carrying different electrical charges in EDLT
where no promoting effect of electrical charges on the nucleation rate of droplets was
observed. Numerous follow-up studies regarding characterization of physical
properties of levitated droplets were carried out which were based on this conclusion.
One of these is for example work by Hamza et al. [HAMzA 2004], who studied the
temperature-dependence of the efflorescence humidity of supersaturated KCI solution
droplets by measuring their crystallization time. In this work, the promoting effect of
electrical charges on the nucleation process, which might result in different

efflorescence humidity, was not considered.

More scientific work is required in order to clarify the nucleation mechanism of
charged droplet solutions. In this thesis we have tackled this issue by studying the
charge effects on the nucleation process of supersaturated solution by comparing the
crystallization time of neutral and charged microdroplets which are levitated in an
optical levitation trap (OLT) and EDLT, respectively. Solutions of potassium chloride
(KCI) and sodium chloride (NaCl) were used. Systematic studies of the humidity
dependence of the crystallization time were performed using aqueous solution
droplets carrying different electric charges (including neutral ones) in order to derive
reliable results on the influence of electrical charges to the homogeneous nucleation

process.

1.3 Organization of This Thesis

This thesis consists of three parts which are the theoretical background (Chapter 2), a
detailed description of the experimental setups (Chapter 3), and the results and their
discussion (Chapter 4). The theories which have been applied for the analysis of the

experimental data and theoretical simulations are introduced in the Section covering



the theoretical background. Readers who are interested in, for example, the basics of
XANES spectroscopy find a brief summary on this issue in this chapter. Details of the
experimental setup and operating parameters are given in Chapter 3. In Chapter 4, we
present the most important experimental results, the discussion, including results from
model simulations. XANES spectra taken from optically levitated droplets are one of
the most important results of this work. Phase diagrams of the sample solutions used
in this work are constructed in order to assign the spectroscopic results properly.
Charge effects on homogeneous nucleation occurring in supersaturated solutions are
discussed subsequently. Finally, a series of simulations of elastic scattering patterns is
carried out in order to get information of cluster formation in supersaturated solution

droplets.



Chapter 2

Theoretical Background

2.1 Optical Levitation

Optical levitation in which a single droplet of an aqueous solution is levitated by the
force of a focused laser beam is one of the most important techniques which are
applied in this work. In order to understand the physical reasons behind this
experimental approach, we are going to introduce related theories involving net forces
exerting on levitated droplets and describe in detail how the stable levitation is

achieved by the applying forces on a small object in this Section.

According to the well known Einstein equation (E = mc?) and Planck equation
(E = hv), the momentum of the photon Pppoeen (kg M s) can be described as

[MunD 2003]:

|

hv
c

NI

2.1)

Pphoton =mc =

where m is the equivalent mass of photon (kg), c is the speed of light (m/s), E is the
photon energy (J), v is the frequency of the radiation (s™), A is the wavelength of light

in vacuum, and h is the Planck constant.

Therefore, it can be realized from Eqg. (2.1) that an intense vertically oriented laser
beam may levitate an object of certain mass by the photon momentum, in the case that
the gravity of the object is equal to the upward scattering force of the laser beam.
However, stable levitation is hardly accomplished with only the compensating force
of gravity in vertical direction because in this case the levitated particle can easily fall
down from the laser beam. This can be understood when it compares with the similar
issue in electrodynamic levitation trap (EDLT) [PAuL 1958, TANG 1991, SUDHOLZ
1999]. In order to achieve stable levitation in EDLT, not only a DC voltage which is
used to balance the droplet gravity is needed, but also an AC voltage which generates
restoring forces for keeping the droplets at the desired position is essential for this

technique. Similarly, in optical levitation laser beam also exerts restoring forces on
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the levitated objects. These forces in optical levitation have been realized in the early
experiments of this technique. For example, in 1970 Ashkin used a focused laser
beam to accelerate latex spheres suspending in water [AsHKIN 1970] and he observed
that there was not only a force in the direction of the laser axis accelerating the
particle along the beam, but also existed other force components pulling the particle
into the beam center, where is the high intensity region of the laser beam to prevent
the particle from leaving its position. This force component is so called the “restoring

force” in optical levitation which is important for stable levitation with a laser beam.

The net forces that laser exert on a small sphere in optical levitation is shown in Fig.
2.1. The laser beam used for levitation has an intensity profile with a Gaussian
distribution and thus the highest intensity is found in the center of the beam. It is
necessary to mildly focus the laser beam in order to achieve sufficient intensity for
compensating the gravity of particles. As a result, the beam intensity, i.e. laser force,
decreases with the increasing height above the focal point in vertical direction.
Therefore, if there is particle falling into the laser beam, the gravity of the particle can

be balanced by the upward light force F, at a certain distance from the waist.

The restoring forces which keep the particle in the center of the beam are provided by
the so called “radial force” F,,4 in the horizontal direction pointing to the high
intensity region of the Gaussian beam. As shown in Fig. 2.1, we assume that the
levitated particle has a higher index of refraction than the medium, and a pair of light
rays a and b shine symmetrically on the particle at about its center. The light ray a is
closer to the beam center, so that light force is higher than that of ray b (see Fig. 2.1).
Light ray a is assumed to undergo both Fresnel reflection and deflection at the input
and output interfaces of the particle [AsHKIN 1970]. Since most of the light hitting on
the surfaces is deflected, reflection of the light is neglected in this process. As shown
in Fig. 2.1, the resulting pressure force of the deflection of radiation at both input (F})
and output (Fj) surface are inward forces pointing into the direction of the beam
center. Meanwhile, for the light ray b it has quite similar net force construction as ray
a, where the only difference is that the resulting forces of ray b are pointing to the
opposite direction (outward). However, because the laser beam employed here has a
Gaussian profile in the TEMg-mode, the light ray a has a higher intensity, i.e.
stronger force, than light ray b. Consequently, under the resulting inward forces the

levitated particle can always be restored into the high intensity region of the laser
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beam until the point where the inward and outward forces are equal to each other,

where no radial force component is present.

Laser Beam

Figure 2.1 Net forces that a focused laser beam exerts on a small spherical particle. The laser
beam has a Gaussian profile of intensity. The particle is located off-axis. Two parallel rays a
(with higher intensity) and b (with lower intensity) shine on the particle.

Once a droplet is trapped into a laser beam, it may survive for several hours without
falling and can be easily manipulated with high accuracy by varying the laser power
or the position of the laser beam. More details about the droplet manipulation can be

found in Section 3.2.

It should be noted that it is also possible that the index of refraction of the particles is
lower than that of the medium. As a result, for such kind of particles the final apparent
radial forces will reverse and the sphere will be always pushed out of the laser beam.
To have stable levitation of such a kind of particles, a TEM; laser beam mode,

which has an intensity minimum on the beam axis [ASHKIN 1980], is needed.

2.2 Thermodynamic Equilibrium of Aqueous Solution Droplet

In this work we study the homogeneous nucleation process in supersaturated salt
solutions, where the formation and the growth process of subcritical cluster in single

levitated droplets are monitored. For these purposes, XANES spectroscopy is used for
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probing the local structure in the supersaturated solution before spontaneous
crystallization occurs. Such measurements require long observation times which can
be achieved if the investigated droplets are in a thermodynamic equilibrium with their
surroundings before nucleation. Therefore, it is important to understand the

thermodynamic properties of solutes in supersaturated droplets.

For aqueous droplets a main factor that determines their thermodynamic properties in
the atmosphere environment is the partial water vapor pressure over the droplet
surface. For example, if the vapor pressure is higher than that of the environment,
water molecules will evaporate from the droplet-air interface until it reaches a balance
with its surroundings and a vapor pressure equilibrium is established. It has been
demonstrated that the water vapor pressure of a liquid droplet depends on the droplet
radius and the surface curvature which are related to the size of the droplet. The
relation for pure water droplets can be expressed by the Kelvin equation in terms of

molar units as following:

P 400
lnS=ln—A= !

—_— 2.2
P} RTDp (22)

where P, is the actual equilibrium partial pressure of the substance A over the curved
liquid interface, P is the vapor pressure over the flat surface of pure A, the saturation
ratio of the liquid S is defined as P,/P?, o is the surface tension, 7, is the volume
occupied by one molecule in the liquid, R is the universal gas constant, T is the

temperature in Kelvin, and D is the diameter of the droplet.

According to Eg. (2.2), the change in vapor pressure over a pure water droplet is
given in Fig. 2.2 as a function of droplet diameter (dashed line). Obviously, the vapor
pressure of droplets is a decreasing function of droplet diameters. This implies that a
small decrease in droplet size due to water evaporation, results in a higher water vapor
pressure over droplet surface. Therefore, droplet diameter undergoes further decrease
till the entire droplet evaporates in a few seconds. This explains why water droplets
can be levitated only for short time at ambient conditions.

In fact, liquids or droplets existing in the atmospheric environment are mostly
composed of different kinds of aqueous solutions, instead of pure water. Thus,

dissolved species have to be considered. In the following, the electrolyte is named B,

13



such as KBr or NaBr, which is dissolved in the solvent A, i.e. water. It is assumed that

such a droplet with diameter of D, contains ng moles solute in n, moles water.

According to Raoult’s law, the partial water pressure over the flat surface of the

solution can be described as:
P,c?sol = YaXaP} (2.3)

where y, is the water activity coefficient of the solution, and x, is the molar ratio of

the solvent which equals to x, = n,/(n, + ng).

\ Pure water
N

Dpp pc D

Aqueous solution

Figure 2.2. Ké&hler curve describing the ratio of vapor pressure above droplets containing
aqueous solutions over that of pure water with flat surface as function of the size of the
droplet in diameter. The solid line is for the droplets containing electrolyte solutes and the
dashed line corresponds to the droplet of pure water [SEINFELD 1988].

If one substitutes Eqg. (2.3) into Eg. (2.2) one can derive the Kelvin equation of
aqueous solutions, which is given by:

P, P, 400,

=1n =
Aosol VaxaPy  RTDp

InS =1In

(2.4)

where 0, is partial molar volume of water in the solution. If we assume the partial

molar volume of the solute is v, then the volume of the droplet can be expressed by:
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T
EDP3 == ﬁAnA + ﬂBnB (25)

Substituting this description into the Kelvin equation (Eq. 2.4) one receives:

P, 4oy, NngUy
n— = +Iny,—In|1+7w7/——F—"— (2.6)
PAO RTDP %Dp3 - ﬁBTlB

1

If the volume occupied by the solute is neglected, Eq. (2.6) can be simplified as

following:
| P, A B 27
where
400, 6nguy
=77 and B = -

When comparing Eq. (2.2) and Eqg. (2.7), one can realize that for a pure water droplet
the vapor pressure over the surface is always higher than that over a flat surface which
means that the water vapor pressure over the droplet surface is a simple decreasing
function of droplet diameter and continuous evaporation of the entire droplet volume
could occur. In the case of an aqueous solution containing electrolyte solutes the

vapor pressure can be either larger or smaller than P depending on the relative

magnitude of the solute-effect term B/Dp> and the curvature term A/Dp.

The change of the vapor pressure over droplets of aqueous solutions is also shown in
Fig. 2.2 with the solid line in term of In P, /Py as a function of the droplet diameter.
The value of Dp corresponding to P, = P) is the potential diameter D,, and the
maximum value of In P,/P? corresponds to the critical size of the diameter Dye.
Regardless the type of solutes in the droplet solutions and also their properties, at the
critical diameter of the droplet D,., the vapor pressure can be calculated from the

following expression:

PA—1+ AT\ 2.8
N 27B (2:8)
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Fig. 2.2 is well known as Kc&hler curve and each point on this curve representing an
equilibrium state that corresponds to a certain droplet diameter and solute
concentration. As shown by the solid curve, representing the vapor pressure over the
droplet surface of electrolyte solutions, it is an increasing function of droplet size in
the region of Dp < D, and in contrast when Dp > D, it develops into a decreasing
function. This phenomenon can be interpreted as follows: We consider that an
aqueous droplet has a certain equilibrium point at In P, /PY in the portion of the curve,
where Dp < D,,.. There always exists a small perturbations caused by permanent
gaining and losing of water molecules from the droplet surface [SEINFELD 1988].
Therefore, for example, we assume there are a few of water molecules add to the
droplet from the surroundings and result in a small increase of the droplet diameter.
According to the K&hler curve, the vapor pressure over the droplet surface will also
increase and some water molecules will escape from the surface to the surroundings
leading to the previous equilibrium. Therefore, for aqueous droplets there is an
equilibrium state, where the droplet may survive for hours before crystallization
occurs. However, if droplets are at equilibrium located in the part of the Kchler curve

where Dp > D,,., the droplet diameter will continuously increase after few water

pc
molecules are attached. By contrast, if droplet lose water from the surface in the

regime of Dp > D,,., its diameter will continuously shrink to smaller size until it

pce
comes into the range of Dp < D, where equilibrium can be easily established.

2.3 Homogeneous Nucleation Theory

Phase transitions are important phenomena in nature. They may involve different
kinds of initializing mechanisms. For example, any changes of the experimental
condition, such as temperature or pressure. Phase transitions may occur as water
evaporates from the liquid surface or melting of solid crystals. Another mechanism
inducing formation of a new phase during phase transitions of matter is nucleation
process. This process may include either condensation of gas phase molecules, such

as water, or crystallization of a melt.

A nucleation process often occurs under assistance of foreign nuclei as preferred sites

for the formation of subcritical clusters. This process is called heterogeneous
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nucleation. In contrast, nucleation occurring without any foreign nuclei is called
homogeneous nucleation. In this work, we study specifically phase transition process
from liquids to solids by homogeneous nucleation in supersaturated electrolyte
solutions. A single liquid droplet of supersaturated electrolyte solution is levitated in a
closed environment where the relative humidity is fully controlled (see Section 3.2
and 3.4). Because the size-dependent water vapor pressure of the droplet is at
equilibrium with its surrounding environment, if we suppose that the size-variation
only results from water evaporation and the amount of solute in droplet states the
same, then solute concentration is actually controlled by the environmental relative
humidity, i.e. partial water vapor pressure, of the droplet. Thus, as mentioned in the
previous Section (Section 2.2), each equilibrium state of the droplets corresponds to a
specified droplet diameter and solute concentration. Due to the contact free approach
for studying levitated droplets, they can reach a high degree of saturation all the way
to spontaneous homogeneous nucleation, where the homogeneous nucleation process
in the droplets is initialized by local fluctuations of the solute concentration which is

permanently occurring in supersaturated solutions.

The next case to consider is that the relative humidity in the surroundings of the
droplets is slowly lowered. As a result, water molecules start to evaporate from the
droplet surface in order to reach another equilibrium state with the surroundings.
Consequently, the solute concentration increases until the saturation point or even
beyond. It is well known that supersaturated solutions are metastable, which can be

stabilized by phase transitions via solid cluster or nanocrystal formation.

Classical nucleation theory (CNT) is the most widely used theory describing the
changes of Gibbs energy during the creation of new phase separation and to quantify
the nucleation rate of forming clusters of critical size. This theory originally
developed by Volmer and Weber in 1926 [ABRAHAM 1974] for describing
condensation process of a vapor into a liquid. They claimed a strong dependence of
the nucleation rate on the reversible work of embryo formation. Several shortcomings
of this model were identified, where later Becker and Doering and Zeldovich
substantially improved this thermodynamic approach to a more quantitative treatment
[BECKER 1935, ZELDOVICH, 1942, FRENKEL, 1955]. There are further studies of more
recent date on classical nucleation theory [MCDONALD 1962, MCDONALD 1963,
ANDRES, 1965, ABRAHAM 1974, FRIEDLANDER 1977, SPRINGER 1978, SEINFELD 1986].
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In the classical treatment many approximations are employed. For example, the
clusters are considered as droplet model with sharp interface and uniform interior
densities; the surface tension is treated as curvature-independent and surface energy
does not change at different temperature [FOKIN 2000]; only monomer association is
considered for cluster growth. All these approximations simplify the mathematical
expression and of course at the same time they limit the quantitative applications of
the theory. In spite of its shortcomings that are resulted from these approximations
classical nucleation theory is still considered as the most important method and the
foundation of most of the modern treatments of nucleation processes [DEBENEDETTI
1996]. It worth mentioning that this treatment can be applied to bubble nucleation in

superheated liquids and the precipitation of crystals in supersaturated solutions.

In supersaturated solution the dissolved solute ions in excess of equilibrium
concentration may form spontaneously nuclei of a new solid phase through thermal
fluctuations and intermolecular interactions. This stage is the initial and decisive step
of homogeneous nucleation [SKRIPOV 1974]. It has been found that in homogenous
nucleation, because of the dynamic properties of the ions in a disordered aqueous
solution, the initial ionic germs are formed due to the temporarily possible association
of ions into ordered clusters for short periods and dissociate again into dissolved ions
[HAMZA THESIS, MARTIN 2000]. The change in Gibbs’ free energy during the creation
of embryos as a new solid phase in solution is defined as the sum of a volume term
(VAG,) and a surface term (Ao):

AG = Ao + VAG, (2.9)

where A is the area of the liquid-solid interface, o is the interfacial energy which is
proportional to 4; V is the volume of the embryo and AG,, is the excess free energy of

solute per unit volume in the solid phase [TANG 1984, LARSON 1986, COHEN 1987].

Since the solid state is always more stable than liquid, therefore the changes of free
energy of phase transition (AG,) is negative and the free energy of the system
decreases. However, in order to introduce the solid-liquid interface of the solid
embryo it requires certain amount of positive free energy depending on the surface
area A. Thus, the total free energy of the system increases when the surface term is
dominant at small embryo size. But with the increase of the cluster size the volume

term becomes dominant and Gibbs’ free energy starts to decrease. Therefore, there is
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a maximum value of the free energy that corresponds to the critical size of the clusters

where nucleation process occurs spontaneously.

Fig. 2.3 shows the diagram of the free energy change in the entire system as function
of cluster size. When clusters are smaller than the critical size, the free energy
increase attributed to the creation of the solid-liquid interface of the new solid phase
and thus the dissociation process of the new-formed cluster is energetically preferred.
However, once the clusters reach a critical size by random interactions between solute
ions, the energy released from crystal formation could compensate the energy
requirement for the interface creation, so that association of clusters becomes
spontaneous and the nucleation process occurs in the entire droplet volume.
Therefore, the maximum value of the free energy is in fact the energetic barrier for
generation of new phase in the system [KULKARNI 2002].
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Figure 2.3. Change of the Gibbs free energy during the formation of clusters in supersaturated
solution. The two dashed lines show the changes of the surface term and the volume term,
respectively; the solid line presents the total charge of Gibbs free energy of the entire system
during the cluster formation. The maximum of the free energy corresponds to the critical size
of clusters where AG is 1/3 of the surface energy [ERDEMIR 2009].

The critical size of the clusters can be expressed as follows:

200
3AG,

1 = (2.10)
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where @ = ); k;/l and k;, | are geometry constants. It needs to be noted that the

negative sign comes from the negative value of AG, which can be described by:
_ RTUpCTySt

86, = ———==Ins (2.11)

where v is the number of ions produced by dissociation of one mole of electrolyte and

R is the gas constant, p..,s: is the density of the crystalline phase and M; is the

molecular weight of the solute in the supersaturated solution.

Inserting Eq. (2.11) into Eq. (2.10), the critical size of cluster can be calculated from

the following equation:

2a0M;
3RTVPryst INS

T, = (2.12)
This equation suggests that at certain temperature, the critical size for initializing
homogeneous nucleation is proportional to the interfacial energy, and inversely
proportional to the saturation ratio S. This means that for clusters which have a larger
surface area require bigger critical clusters. For solutions of higher concentration

smaller size clusters are sufficient to initialize crystallization.

2.4 Theory of Supersaturated Electrolyte Solutions

It is well known that supersaturated solutions of strong electrolytes are in metastable
states, which are characterized by permanent association-dissociation processes of
solute molecules and clusters [ZETTLEMOYER 1977, GUNTON 1983, MYERSON 1993].
The dissociation process of subcritical clusters is energetically favored until they
reach the critical size. For critical clusters they are energetically favorable to grow via
coalescence. Subsequently, the metastable supersaturated solution relaxes into a two-
phase stable state by creating clusters in the solid phase and this relaxation process
from a one-phase metastable state to a two-phase stable state is known as nucleation

[IzmAILOV 1995].
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The formation of subcritical clusters is initialized by local concentration fluctuation of
the solute, where the formulism describing the relaxation process is based on an order
parameter w;(r,t) [GUNTON 1983, MYERSON 1993, LANDAU 1986, METIU 1979]

which is defined as:
wi(r,t) =n(r,t) —nyg (2.13)

where n;(r, t) is time dependent local concentration of i ions, and n; q is its average
concentration. Therefore, the order parameter w;(r,t) corresponds to the

concentration fluctuation at the spatial-time location (7, t).

The nucleation stage of the metastable state relaxation can be described in terms of
relaxation of the order parameter w;(r,t) [IzMAILOV 1995]. One of the common
approaches describing the relaxation of the order parameter w;(r,t) is Cahn-Hilliard
formalism [GUNTON 1983, MYERSON 1993, LANDAU 1986, METIU 1979, CAHN 1958,
CAHN 1959], where it is assumed that w is conserved. In this way, the relaxation of
nucleation stage is described as:

dw;(r,t) _ry? OF (w, ;1)

i ) =1, ..., 2.14
ot Y dwi(r,t) ' S (2.14)
where

F(w,@;t) = [, d3rF (0, 9;1,t) (2.15)

In Eq. (2.14), I; is the ion mobility coefficient of the ion i and F(w, @; t) is the time-
dependent Helmholtz free-energy functional for the supersaturated electrolyte
solution, which is composed of the free energy of order parameter w subsystem and
the ion cloud ¢ subsystem. The functional F(w, ¢; t) density F(w, @; r, t) consists of

the following terms:
Flw,@;r,t) =F(w;r,t) + F(p;7,t) + Fipe(w, @; 7, 1) (2.16)

The expressions of the three terms in Eq. (2.16) are explained in the following:

The Helmholtz free-energy density functional F(w;r,t) of the metastable w

subsystem is expressed by the Landau expansion:
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(2.17)

S

E B; [Vw(r,0)]*  pw?(r,t it t
F((U;T',t)z _l[ l( )] +& l( )+ﬂ l( )

=12 M 2 My 4 nl

where the parameter B; is proportional to the square of the correlation radii [LANDAU
1986].

do(r,t)
ot

2
1
F((p;r,t)=ﬁ[ l + U(p;,t),

where U(g;1,t) = %[V(p(r, t)]? (2.18)

where c is the speed of light in the solution, U(g;r,t) is the potential-energy of ¢

subsystem.

N
e
Fane (@, 037,) = =—(r,) ) zi0(,) (219)
0 i=1

where g, is the permittivity constant of the vacuum. Eq. (2.19) describes the
interaction between the ion-cloud potential ¢ (r, t) and electric charges at the spatial-

time point (7, t).

For the case of binary (i = 1,2) electrolyte solutions which are used for this work,
when the solution is supersaturated and the parameters n,; and n, of the w-subsystem
density function Eq. (2.17) satisfy n; = n, = n, where the Gibbs-Duhem relationship

has the following form:

d.uslv (T: no) d.uslt (Tr nO)
N——————=—ny—— 2.20
dn, "o dn, ( @)
where
dusie (T, no) _ k_T (Izle)? -1/2 _ (1zle)®n (2.20 b)
dn, ng |[16m(2kT)1/2(gye)?]| ° 64013 (kT)*(g0¢)7a '

From this expression one can derive the formulism describing the solvent activity

Ay (T, mg) of the solution:

22(1z1e)® 4 (Izle)®n

1
Ay (T, ng) = Ay (T, 0)exp | — — 2({ 2.21
st 0) = Asio (T, O)exp | = [no T k)2 (5062 1280n3(kT)5(eoe)7an°]] (221)
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It is already known [GUNTON 1983, MYERSON 1993, LANDAU 1986, METIU 1979] that
at concentrations corresponding to the spinodal line, which is located between the
metastable and unstable state, the first derivative of the solute chemical potential is
zero:

duslt (T' nO)

=0 2.22
dng (2.22)

No=Nspin(T)

Inserting Eq. (2.20 b) into Eq. (2.22) results into the following formulism for the

spinodal concentration ngy,;, (T):

(Izle)® 1/2 (Izle)®n

kT 2 () —
T Tenrmy 72 Gegerz | vin ) ~ gaom (kD (ege)

nspin(T) =0 (2.23)

It is assumed for a supersaturated solution, that the distance between ions with
opposite electric charge may become smaller than 7., = (|z|e)?/(2&,ekT). Then,
they may associate to form Bjerrum pairs, which are electrically neutral. The degree
of association defines the probability for an arbitrary ion forming a Bjerrum pair,

which is given by the following expression:

N¢(T,ng)
d(T,ny) = const X Z e~FiTno)/kT (2.24)
=1
Here const is the normalization constant, F;(T,n,) is the Helmholtz free energy of
cluster, [ is the number of Bjerrum pairs contained in the cluster, and N.(T, ny) is the
number of the monomers. It implies for a supersaturated solution, that the number of
Bjerrum pairs aggregating into clusters is larger than N.(T, n,), when the nucleation

process occurs. This provides another point of view for the occurrence of nucleation.

2.5 Discrete Dipole Approximation

The discrete-dipole approximation (DDA) is a powerful method for computations of

absorption and scattering of targets of arbitrary geometry [DRAINE 1994]. An
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oscillating field, such as the electromagnetic wave, can induce a dipole moment at any
point of an exposed microparticle [BoHREN 1998], so that a continuum target in DDA
is presented by a finite array of polarizable points with a local electric field. Further,
there are also dipole-dipole interactions [PURCELL 1973, DRAINE 1988]. Therefore,
DDA is also named as coupled dipole approximation [SINGHAM 1986, SINGHAM
1987]. This approximation method along with its recent developments has been

reviewed in other papers [DRAINE 1994, BOHREN, 1991].

The scattering problem of a finite array of point dipoles can be exactly solved, so that
the only approximation that is needed in DDA is the arrangement of the array of N-
point dipoles, which replaces the continuum target. The replacement requires the

specification of both the geometry (location 7;) of the dipoles j = 1, ..., N, and the
dipole polarizabilities a;.

DDA is totally flexible regarding the geometry of the target, if it takes into account
that the interdipole separation d is smaller than any structural lengths in the target and

the wavelength A. The second criterion can be determined by [DRAINE 1993, DRAINE
1994, DRAINE 2000]:

Im|kd < 1 (2.25)

where m is the complex refractive index of the target material, k = 2m/A, and A is the

wavelength in vacuo.

We consider the volume of the target V, and replace it by an array of N dipoles which
are located in a cubic lattice with the lattice spacing d, where V = Nd3. The
“effective radius” a,rr is used to characterize the size of the target, which can be

written as:
aerr = (3V/4m)/3 (2.26)
Then Eq. (2.25) can be written as:

N > (4r/3)|m|?(kaesf)’ (2.27)

Therefore, targets with large value of |m| also require a large number of dipoles for
the target replacement. The representation of the dipole array can be generated
automatically by software, such as DDSCAT 7.0, or it also allows the manual

arrangement from users [DRAINE 2004].
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The orientation of the target with arbitrary geometry can be freely changed relatively
to the incident radiation in the laboratory frame, as shown in Fig. 2.4. The incident
radiation in the laboratory frame propagates in the X = X, direction, and y = y, 5 is
the direction of the real component (at X, = 0,t = 0) of the first incident
polarization mode. The target orientation in this coordinate system is denoted by the
axes d, and d,. Specifically, the target axis @, is defined by the angles ® and ®; this
is followed by the determination of @, axis, according to the angle B which is
characterizing the rotation of the target around @,. This yields for p = 0, that the a,

axis is located in the 3a;,X.r plane [DRAINE 2004].

Lab Frame

Figure 2.4. Target orientation in the laboratory frame [DRAINE 2004].

For a given oriented target, its electromagnetic scattering problem is determined by

the point dipoles (j=1, ..., N) with the polarizabilities a;, which are located at the

position ;. The polarization of each dipole is then given by:

P = a/E; (2.28)

where E; is the resulting electric field of incident wave and N-1 dipoles at 7;.

Ej = Eincj — ZAjkPk (2.29)
PEy
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where -A; Py is the electric field at r; that is due to the dipole Py at 7y, including
retardation effects. For a diagonal polarizability A;; = aj‘l the extinction and

absorption cross section can be evaluated [DRAINE 1988].

For monochromatic incident waves the self-consistent solution for the oscillating
dipole moment P; may be found. From these the absorption and scattering cross
sections are computed [DRAINE 1988]. If DDA solutions are obtained from two
independent polarizations of the incident wave, then the complete amplitude

scattering matrix can be determined [DRAINE 1988].

2.6 X- Ray Absorption

X-ray absorption spectroscopy (XAS) [STOHR 1992], including X-ray absorption
near-edge structure (XANES) spectroscopy and extended X-ray absorption fine-
structure (EXAFS) spectroscopy, is an appealing technique carrying local information
around the excited atom. This is due to the fact that the local surroundings of the
absorber are sensitive to the chemical state and the local atomic structure of the

excited atom and neighboring sites.

Often absorption experiments are not used, rather than yields of electrons or ions
which are formed after photoexcitation in the core level regime. Therefore, this
experimental technique is based on the photoelectric effect which is known since
more than a century. An electron can be removed from a matter when the incident
radiation has a higher energy than the binding energy of the electron and the excess
energy is mostly transferred into kinetic energy of the emitted electron.

In XAS, the incident X-rays are most often provided by synchrotron radiation, which
is a broadly tunable and intense radiation source. Since the binding energy of the
core-level electron is element-specific one can investigate a certain selected atom by
confining the X-ray energy in a near regime of the absorption edge under study.
During an energy-scan across an absorption edge, one can observe a sudden rise in the
absorption cross section, which is called ‘absorption edge’. Above this edge the

electron is emitted via direct ionization into the continuum, as shown in Fig. 2.5.
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Figure 2.5. Schematic representation of core electron excitation into the continuum and the
formation of corresponding absorption edge in an X-ray absorption spectrum (XAS).

The core-electron can be either excited into bound electronic states which are below
the ionization energy (IE), or in the continuum regime above the IE, as shown in Fig.
2.6. It should be noted that in the continuum above IE the core-excited system may
undergo multi-electron excitations which includes shake-up process or shape
resonances. Shape resonances occur when the excited electron is trapped by a
molecular potential barrier for a short period of time before being able to leave the
system. The position of the shape resonance has been correlated with the adsorbate-
substrate bond length in an empirical model of “bond length with a ruler” [STOHR
1992, STOHR 1984] where bond lengths are simply determined from the energy
position of the shape resonance relative to the core ionization energy, where the
resonance shifts to lower energy when the bond length increases. Although arguments
and debates regarding to this simple model have been discussed for more than 10
years [PIANCASTELLI 1999], it provides a possibly linear relationship between the

energy position of shape resonance and molecular bond length [STOHR 1992].

A “core-hole” is left behind after the excitation of the core electron by an X-ray
photon, as shown in Fig. 2.6 (a). Because of the localized nature of the core-hole one
is able to extract the local electronic structure around the specific atom in an element-
specific way [STOHR 1992, NiLssoN 2004]. Following the core-hole creation event,

the excited atom is in a metastable state which spontaneously decays within a few
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femtoseconds by releasing the excess energy. There are two possible mechanisms for
the relaxation of core-excited atoms which are shown in Fig. 2.6. (b) and (c). The first
possible way (Fig. 2.6. (b)) is via X-ray fluorescence emission, where an electron
from a higher energy level fills the deeper core-hole followed by emission of an X-ray
photon of well-defined energy. This de-excitation process also obeys dipole selection
rules which mean that an electron transition can only occur between Al = +1 states.
This implies in the case of core-hole (K-shell) de-excitation, only electrons in valance

states with local p-character have a non-zero transition probability [N1LSSON 2004].

(a). Core-hole Creation (b). Fluorescence Emission (c). Auger Electron Emission A

Contimuun States
--------- IP
—_— [ ] ——
e
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——o— ——o— ——e—,
——— ——O0— ——0—
hv Bound States
——— ——0— ——0—
\ ) !
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Figure 2.6. Illustration of electron-excitation and relaxation process. (a) is the creation of
core-hole by absorbing an X-ray photon. Relaxation of this excited system can occur via
fluorescence emission (b) or Auger electron emission (c).

The second process of core-hole decay is called Auger effect. In this process the
energy that is released during the core-hole relaxation is used for the emission of
another outer-shell electron and creates another vacancy so that the final product is
doubly charged (see Fig. 2.6 (c)). The second ejected electron is therefore called an
Auger electron [IUPAC 1997]. Further, double and multiple Auger processes are
known to occur, leading to multiply charged products [CARLSON 1965, CARLSON
1966].

It should be noted that normally in the hard X-ray regime (E > 2 keV), the emission
of X-ray fluorescence has a higher probability for high Z-elements [STOHR 1992]. On
the other hand, in the energy regime of soft X-rays Auger electron emission is
dominant for low Z-elements. Both, the emitted photons (X-ray fluorescence) and
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ejected electrons (Auger electron) produced during the core-hole decay can be
detected to gain specific information of the system under study. It is important to note
that the emitted X-ray fluorescence has a considerably longer mean free path (~10
pm) than Auger electrons. Therefore, X-ray fluorescence can be used to probe the
bulk of a material. In contrast, Auger electrons have very short mean free path and

“escape depths”, therefore, this process is inherently surface sensitive.

In this work the fluorescence yield is measured as function of the incident X-ray
photon energy. Due to the dipole selection rules mentioned above, the detected energy
range is set near the K, transition of a selected atom. Thus, one is able to avoid

detection of scattered light from the incident X-rays.

2.7 Density Functional Theory

In recent years, computational chemistry has become one of the fundamental tools
which are applied to various fields, including chemistry and biology. It offers valuable
information for reliable predictions or interpretation of reaction mechanisms
[SIEGBAHN 2003, BLOMBERG 2001] and enzyme function [Himo 2003], assisting the
analysis of experimental data from different techniques. For example, the theoretical
simulation of core-level spectra, as described in the previous Section provides specific
information on chemical bonding [NiLssON 2004]. In this work we extend this
approach for studying of local structure of excited atom in aqueous solutions
containing electrolytes and clusters occurring in supersaturated solutions. Various
time-dependent configurations are calculated in order to follow the evolution of solute
cluster formation in supersaturated solutions and to compare these with the
corresponding dilute solutions as well as the corresponding crystals.

2.7.1 Basics of Quantum Chemistry

The mathematical foundation of theoretical computations on energy levels or other
properties of atoms and molecules by quantum chemistry is represented by the time-
independent Schrdlinger equation [BALL 1999]:
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Y = Ey (2.30)

where H is the full Hamiltonian of the physical system describing the interactions of
the nuclei and electrons as well as their kinetic terms, and i is the wavefunction of
the system. The energy of the system E' is determined by the value of Hamiltonian and
can be expressed by:

g Wl
W)

Due to numerous electronic interactions in molecular systems, the full Hamiltonian

(2.31)

becomes complicated and the corresponding Schr&linger equation is almost
impossible to be solved precisely. Therefore, proper approximations for the

simplification of simulations are required.

One of the basic simplifications is the Born-Oppenheimer approximation [BORN 1927]
where the position of the nuclei is considered to be fixed because of their large mass
compared to that of electrons. This means that the electrons have a separated motion

and the Schrddinger equation is solved for a “fixed” nuclear system.

However, the calculation of the electronic Schr&linger equation for many-body
systems is still costly and further simplifications are necessary. The Hartree-Fock
(HF) method is one of the most commonly used methods for calculating the molecular
ground-state energy [HARTREE 1928, Fock 1930] and it considers that each electron is
moving under the force of an average field which is generated by the other electrons.
This means that the correlation between electrons is neglected and each electron is
associated with a single-electron wavefunction depending on the spatial coordinates

and the spin of the particle.

Naturally, beyond the Hartree-Fork approximation further theoretical techniques are
based on variational principle or perturbation theory [BARTLETT 1994]. These have
been developed for determining the difference between the Hartree-Fork energy and
the exact value which is also defined as the correlation energy. Although some of the
methods give good agreements with the real value, high cost of computation still

limits their applications in reality.
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2.7.2 The Kohn-Sham Theory

Like Hartree-Fork method, many classical methods for the determination of electronic
configurations are based on complicated wavefunction of many-body systems. The
high cost of computations makes them not appealing. Historically, Density Functional
Theory (DFT) was developed with the idea of using the electronic density, instead of
a many-body wavefunction to portray the electronic interactions of a given system.
This provides an important and unknown aspect of nature and allows one to have an
alternative approach for studying electronic configurations. The reason for the
simplicity of DFT is: Each electron has 3 coordinates X, y, z, the wavefunction of N
electrons in a many-body system has 3N degrees of freedom. However, the electronic
density p(r) of the system can be easily described by a function with 3 degree of

coordinates, which simplifies the whole calculation task tremendously.

DFT was initially proposed through Thomas-Fermi model in the 1920s [THOMAS
1927, FERMI 1927], and became popular after publication of the two Hohenberg-Kohn
theorems [HOHENBERG 1964]. The first Hohenberg-Kohn theorem states that with the
absence of magnetic field, the ground state energy of a given system can be expressed
by only the function of the electronic density p(r). In other words, the electronic
energy of the ground state can be obtained by varying p(r). The second Hohenberg-
Kohn theorem demonstrates that the minimized energy of a system as the functional

of electron density p(r) is also the unique ground state energy of the system.

The Hohenberg-Kohn theorems indicate the correspondence between the ground state
energy and the electron density p(r), rather than their exact relation. Further
applications of DFT in a wide scientific area are accomplished by implementation of
the Kohn-Sham DFT formalism where to find the minimized energy functional by
adjusting p(r) of an N electrons system [KoHN 1965]. In this formalism, the
electronic energy is presented as a functional of the electronic density p(r) and is

separated into:

E[p] =T [P] + Uext[p] + Uee [P] (2.32)

where T, is the kinetic energy of non-interacting electrons with the same density of
the real system, U,,; IS the external potential of the positive nuclei felt by the
electrons and U,, is the energy of interactions between electrons.

The external potential is known as the form of:
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where Z and R are the nuclear charge and coordinates, respectively.

The interacting energy among electrons U,.[p] is the sum of the pure Coulomb

interaction and the exchange and correlation contribution.

Uselp] = f PP dr + Exe [p] 234

where U, (r) is in form as:

p(r")
lr' — 7|

U.,(r) = dr’ (2.35)

Inserting Eq. (2.33), (2.34) and (2.35) into Eq. (2.32), the Kohn-Sham formalism can

be written as follows:

Elp] = T.Ip] + j (Do () + Ua (1P dr + Exclp] 2.36)

Unfortunately, the accurate expression of the term for the kinetic energy T,[p]
between interacting electrons is not known, and therefore the solution of this problem
is to replace T,[p] by the kinetic energy of non-interacting electrons T,[p]. The
correction for the difference between T,[p] and T, [p] is introduced by the classical
Coulomb potential. Moreover, there is also no straightforward method to derive the
accurate value of exchange-correlation energy E,.[p]. The most simple standard
approximation to E,.[p] is done by the local density approach (LDA), where E,.[p]
is determined by only the local density at r. LDA give good agreement with
experiments to bulk materials, but it exhibits shortcomings for materials of rapidly
varying density. An improved method to LDA is called generalized gradient
approximation (GGA) functional where the dependence of the gradient of the density
on r is considered. Since the inhomogeneity of the electron density is taken account,
GGA functionals, such as Becke [BECKE 1988], PW 86 [PERDEW 1986], and BLYP
[LEe 1988], produce accurately comparable results to high-level ab initio methods

but with much less computational cost. [HANDY 2000].

32



2.8 Core-Level Electron Energy Loss Spectra Calculations

Electron energy loss spectra (EELS) is an important core-level spectroscopy
technique in which the energy loss of an electron beam propagating through a sample
iIs measured via an electron spectrometer [EGERTON 1996]. These spectra are
essentially identical with XAS, in which the reduction of an X-ray beam is measured
[JorissEN 2010]. This Section briefly summarizes the ab initio quantum-mechanical
simulation packages used to compute core-level EELS: Cambridge Serial Total
Energy Package (CASTEP) [CLARK 2005, AcCELRYS 2008] and Car-Parrinello
Molecular Dynamics (CPMD) [CAR 1985, HUTTER 2001]. These two programs are
plane-wave pseudopotential codes to solve the one-electron Kohn-Sham equations
within the methodology of density functional theory (DFT). The wavefunctions of
valence electrons are expanded in a plane-wave basis set by using periodic boundary

conditions and Bloch’s theorem.

2.8.1 CASTEP

Core-level EELS requires all-electron wave functions inside the core region together
with the inclusion of core-hole effects and, therefore, core orbitals have to be
considered explicitly in the pseudopotential methods used in CASTEP; hence a
special formalism is required [PICKARD 1997, PICKARD THESIS, REz 1999] which
involves a projector augmented wave (PAW) reconstruction of the wavefunction
inside the core region and an on-the-fly generation of excited ultrasoft
pseudopotentials to account for the core-hole effect [GAO 2008]. This implementation
has shown good agreement for simulating K-edge spectra for a variety of different
materials [GAO 2008, MILMAN 2010, AGUIAR 2010, SEABOURNE 2008].

2.8.2 CPMD

The Car—Parrinello Molecular Dynamics (CPMD) [CAR 1985, HUTTER 2001] is a
method that performs ab-initio (first principles) molecular dynamics (MD) using a

plane wave basis set and periodic boundary conditions and density functional theory.

The idea behind the Car—Parrinello method is to explicitly introduce the electronic

degrees of freedom as (fictitious) dynamical variables and employ by an extended
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Lagrangian coupling the motion for both ions and electrons in the system. Standard
CPMD simulations calculate only the evolution of the occupied Kohn-Sham states.
For the computation of X-ray absorption spectra (XAS), it is also necessary to
determine the unoccupied levels. This could be done by using the Kohn-Sham
potential obtained from the optimized wave functions of occupied orbitals. Applying
the potential into a Lanczos diagonalization [FiLIPPONE 2001] one can derive a
number of unoccupied states. More details of this method are introduced in reference
[CAVALLERI 2004].
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Chapter 3

Experimental Details

The experimental setups on trapped single microparticles used in this work, including
optical levitation combined with synchrotron radiation and electrodynamic levitation,
are non-commercial developments, and therefore, will be described in greater detail in
this Chapter. Synchrotron radiation [BATHOW 1966, HORST 2004, INTE 4, FOLLATH
2004] and droplet generator (piezo-injector) [TURKMEN THESIS] have been fully

described somewhere else, and therefore, are not introduced in this work.

3.1 Optical Levitation of Single Droplet

The optical levitation setup used in this work is shown in Fig. 3.1. Microdroplets are
stored in a levitation cell (2 x2 =<7 cm) which is made of Plexiglas to isolate the
droplets from the environment, so that the humidity can be controlled. A home-made
piezo-injector [TURKMEN THESIS] is mounted on top of the levitation cell, which is
used to generate microdroplets of aqueous solutions with diameters of typically 30
um. A cw-laser beam (A = 532 nm) (diode-pumped laser (5 W, Verdi, Coherent)) is
vertically fed into the levitation cell from the bottom. Usually, in order to have
sufficient laser power to compensate for the gravitational force of the microdroplets
ejected into the trap, a focusing lens with f = 80 mm is mounted below the levitation
cell, as shown in Fig. 3.1. Therefore, the intensity of the laser beam has a decreasing
gradient above the beam waist, and single droplets can be levitated at a certain point
inside the beam where the light force is equal to the droplet gravity. One can then
vary the power of the laser beam and adjust the equilibrium position, i.e. the position
of the trapped droplet in the trap chamber. The experiments indicate that at 2.0 W of

laser power the microdroplets are held about 5 mm above the focal point.

Once the droplets are levitated, Mie scattering patterns are recorded in order to
determine the droplet diameter and index of refraction by using known methods, such
as the Fourier transform of the scattering patterns or just counting the stripes on a
CCD-camera [STEINER 1999, BERGE 1999, MuND 2003]. In this work, mostly we
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determined the diameter of the levitated droplet by a rough estimate directly from the
number of the stripes in the image of Mie scattering (as shown in Fig. 3.2) according

tox = 180°nfringes/A9 [MuND 2003]. The accuracy of this approach for estimation

the particle size is of the order of 15%.

Optical Levitation

=80 mm

L e

Figure 3.1. Experimental setup for optical levitation. A cw-laser beam is focused by a lens
with f = 80 mm. Droplets are generated by a piezo nozzle and they are introduced into the
laser beam in the center of the levitation cell. A CCD-camera is used to view the position and
the scattering pattern of the levitated droplet.

¥ Mie Scattering

Figure 3.2. Photograph of a single levitated droplet by optical levitation and its Mie scattering
pattern.
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The levitation of droplets in a focused laser beam is stable once the droplet is trapped
in the laser beam. Subsequently, it can be slowly moved into three-dimensions by
moving the laser beam. This will be discussed in more detail in Section 3.2.1. The
position of the levitated droplet can be viewed and adjusted by the help of a CCD-
camera mounted at an angle of 90< relative to the laser beam. A lens system is
mounted in front of the CCD-camera in order to magnify the droplet. Further details
of the optical system are shown in Fig. 3.3. The magnification of this optical system is
experimentally determined by using a copper mesh of 60 um mesh constant which is
defined as the distance between the centers of two adjacent wires. The mesh constant
on the CCD-camera chip is amplified to 3.67 mm, which implies that the

magnification of the lens system is 61.2.

f=4cm f=3c¢m f=10cm f=2cm

A

Levitated Droplet

) —>t Ed

Sem 47em 73cm S8cm 1.2cm

Figure 3.3. The magnification system in front of the CCD-camera, which is composed of
several focusing lenses as indicated.

3.2 XANES Spectroscopy on Single Levitated Droplets
3.2.1 Experimental Details of Optical Levitation in Combination with Hard X-rays

XANES spectra of single levitated microdroplets were successfully measured for the
first time by a combination of optical levitation and tunable X-rays from the
synchrotron radiation facility BESSY Il at Helmholtz Zentrum Berlin (Germany). The
experiments were performed at KMC-2 beamline, covering the energy regime

between 4 and 15 keV. A sketch of the experimental setup is shown in Fig. 3.4.

Synchrotron radiation is introduced into the levitation cell from behind (see Fig. 3.4).

It is noted that in order to enhance the signal intensity, a capillary lens is used to focus
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the X-rays on an area of 120 x 120 pum? containing 10° - 10° photons. The X-ray
fluorescence signal emitted from the levitated droplet is detected by a Si-PIN
photodiode (Pacific silicon sensor series 7, PR 200-7-CER-2 PIN). According to the
dipole selection rules (see Section 2.5), the fluorescence emitted after X-ray
absorption basically results from K, radiation. Because mostly K, transition lines of
an absorber occur at lower energy than its K-edge, scattered X-rays from the droplet

are excluded from the signal.
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Monochromator
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Figure 3.4 Experimental setup of optical levitation. The experiments are carried out at the BESSY |l
storage ring.

The humidity conditions inside the levitation cell are controlled by a moisture

exchanger (Perma Pure ME™

-Series) which is connected to a gas flow system. As
shown in Fig. 3.4, the flow system is composed of two containers, where one is
empty, which is used for safety reasons in order to avoid a backflow of water in case
of a gas pressure difference. The other one contains water which increases the
moisture of the flowing gas. The moisture exchanger is made of a Nafion membrane
to transfer water to or from a gas flow until the humidity inside and outside the tube

reaches an equilibrium. Dry nitrogen is used as a carrier gas, which partially passes
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through the water gas and get humidified. A desired humidity is therefore achieved by
adjusting the flow ratio of the wet gas. It is noted that the relative humidity is a
temperature-dependent quantity. Therefore, it can be affected by several factors, such
as the heat from the levitating laser and those droplets that are injected into the
levitation cell without getting caught may also results in additional changes of the
humidity. Therefore, stabilization of humidity has to be carefully monitored during

the experiments.

Due to the hazards of the hard X-rays the entire experimental setup, except the gas
flow system, is mounted inside a closed hutch. Since any evaporation or condensation
of water on the droplet surface could affect the position of the levitated droplet in the
trap, it is important to be able to adjust the position of the droplet from outside the
hutch. This is accomplished by mounting an optical system which guides the path of
the levitating laser beam on a PI microstep motor stage (Mercury™ — PI), remotely

controlled from outside the hutch.

Fig. 3.5 shows the optical system which is constructed on three motors which allow
movements into X, y, and z direction, respectively. Mirror 1 is fixed to Motor 2,
which is allowed to move in the x-direction along the rail of Motor 1. Another motor
(Motor 3) is built together with the fixed Mirror 2 on the rail of Motor 2. This
provides the movement in y-direction. Finally, the focusing lens is built on the rail of
Motor 3 along the z-direction. This construction allows the laser beam to move
levitated droplets in x-direction by Motor 1, y-direction by Motor 2 and z-direction by
Motor 3. It is noted that the movement of levitated droplets in z-direction is
accomplished by moving the focal point of the lens, which varies the beam intensity
relative to the beam of synchrotron radiation.

Motorized versions of the M-405 DG linear positioning stage series (Pl, Physical
Instruments) have a maximum range of 50 mm with the designed resolution of 0.025
um. The lowest achievable velocities reach down to 10 um/s, as used to manipulate
the laser beam with the levitated particles. The motors were driven by Mercury™ DC
motor controllers (C-863 type). The experimental control was done with LabVIEW in
order to integrate the control software into the main experimental data acquisition
program. The serial RSC-232 communication is also used for the LabView programs
driving the cw-laser (Coherent, Verdi), and the humidifier uses a USB port. A RSC-

232 serial communication port COM was used for data transfer.
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Mirror 2

Figure 3.5 Optical system constructed on Pl microstep motors, which allow the laser beam
carrying the levitated droplet to move in three dimensions. Mirror 1 and Mirror 2 are
reflecting mirrors; the lens is used to focus the vertical laser beam, which is reflected by
mirror 2. The three motors can be moved in X, y, z directions, respectively.

3.2.2 Preliminary Adjustment

The critical step for the experiments of this work is to bring the levitated droplet into
the monochromatic synchrotron radiation beam by transferring the levitation laser
beam with the 3 motors described in the previous Section. An efficient way to achieve
this is to use a thin wire of 100 pm diameter in order to simulate the position of the
levitated droplet. The center of the synchrotron beam is assigned according to the
absorption signal of the wire.

As shown in Fig. 3.6, the thin wire which is mounted on the same motor (Motor 3) as
the focusing lens is aligned along the laser beam. Perfect aligment is reached, when
the focused laser beam hits exactly the wire tip. Most microdropets are suspended
between the tip of the wire and the focusing lens, which are separated by 80-85 mm.
Then, the thin wire and the laser beam are moved simultaneously to cross the
synchrotron radiation beam. X-ray absorption spectra arising from the thin wire tip
are then used to assign the central position of the X-ray beam. Due to the fact that the
intensity of the synchrotron radiation beam presents a Gaussian distribution, the

absorption signal reaches its maximum value when the thin wire is placed into the
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middle of the beam, as depicted in Fig. 3.7 (a) and (b). Finally, we lift the wire in the
z direction until the absorption signal equals half of the maximum intensity, as shown
in Fig. 3.7 (c). The wire tip is then assigned as the center of the synchrotron radiation,
and its position is monitored by the CCD-camera. Thus, when the image of a levitated
microdroplet appears at the same position as that of the wire tip, one can ensure the

droplet is in the synchrotron radiation beam.

Storage Ring

y
Q

Figure 3.6 Schematic representation of the preliminary adjustment of the laser beam (in z
direction) when crossing with the synchrotron radiation (in y direction). A thin wire is used as
simulate the microdroplet in order to align the laser beam in z direction. X-ray absorption
spectra are recorded by an absorption detector along the y axis. A CCD-camera, which is
mounted at 90scattering angle relative to the X-ray beam, is used to view the wire position
via a monitor outside the hutch.

(b) Thin needle (C)
Synchrotron
beam
l 1 1
Absorption
Sigllml Ab=0 Ab = maximum Ab =1/2maximum

Figure 3.7 Determination of the center of the X-ray beam according to the intensity of the
absorption spectra. (a) zero absorption (Ab = 0) when the thin wire is completely out of the
beam; (b) maximum absorption (Ab = maximum) when the wire passes through the entire X-
ray beam from the middle; (c) half maximum absorption (Ab = % maximum) when the wire
tip is at the center of the X-ray beam.
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It is noted that after such preliminary adjustment, the laser beam is crossed by the
synchrotron radiation with an accuracy of <5 pm. Levitated microdroplets can be
brought into the X-ray beam by moving them along the z direction. This can be
accomplished either by moving the focusing lens with Motor 3 or by varying the

intensity of the laser beam.

3.3 Experimental Setup for XANES Studies using Soft X-Rays

XANES spectra of single optically levitated droplets were studied in the energy
regime of soft X-rays, as well. However, the mass attenuation coefficients (J/p) of
soft X-rays in liquid solutions are larger than that of hard X-rays, (see Table 3.1)
[HuBBELL 2007]. In the case of single levitated microdroplets, hard X-rays are able to
penetrate the entire droplet. In contrast, soft X-rays can only excite molecules about 3
pm from the surface, and therefore, fluorescence emitted by irradiation of soft X-rays
is considerably weaker than that of hard X-rays. The recording of XANES spectra at
such weak signals failed, and therefore, an alternative method to generate bigger

droplets is used, as explained in the following.

Table 3.1. The mass attenuation coefficients (Jp) for soft and hard X-rays in liquid water.
These values are nearly the same for aqueous solutions used in this work [HUBBELL 2007,

SINGH 1998].
Soft X-rays Hard X-rays
(Ephoton = 1 keV) (Ephoton = 10 keV)
u/p of water 4x10° cm®/g 5 cm*/g

Fig. 3.8 shows the experimental setup for recording XANES spectra using soft X-
rays. A pipette is used for generating single droplets of larger diameter (d = 1.5-2
mm). Electrolyte solutions filled into a pipette tip are slowly pushed out to form a
single droplet which still has contact with the solution inside the tip. Therefore, for
those droplets it is difficult to reach high supersaturation and it is almost impossible to
crystallize them. However, continuous evaporation of water from droplet surface

results in a concentration gradient throughout the entire droplet volume, and solute
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clusters may form on the liquid-air interface, where the droplet solution has higher

concentration than in the pipette reservoir.

Storage Ring

Si;N, Windows

/ _ /
Camera "

Figure 3.8 Experimental setup of XANES spectroscopy using soft X-rays. A single droplet
with a diameter of 1.5 - 2 mm is suspended on a pipette tip. The droplet is stored in a closed
container filled with helium gas to avoid absorption of fluorescence radiation in air. The X-
ray beam is introduced by a steel tube (see text for further details).

The soft X-rays were provided by a plane grating monochromator beamline in
Physikalisch-Technische Bundesanstalt (PTB) Berlin, which provides tunable
undulator radiation in the photon energy range from 78 eV to 1860 eV. The radiation
is guided into a closed levitation cell by a steel tube, which has two SizsN4windows at
the ends (see Fig. 3.9). Because one of the SizN,windows is directly connected to the
beamline, it is necessary to minimize the size of the window in order to reduce the
pressure difference between the ultra-high vacuum (about 10® mbar) inside the
beamline and the atmospheric pressure inside the steel tube. In the present case, both
windows are 150 pm in diameter. SizNg4 is selected as the window material, since its
transmission for soft X-rays is sufficiently high. It has been calculated that the
transmission of soft X-rays through the SisN4window of 100 nm thicknesses is about
93% at energy regime of Na K-edge (1070-1110 eV) [INTE5]. Therefore, about 86%
of the beam intensity could pass through the two SisN4windows. Another reduction of
beam intensity is caused by the strong absorption cross section of the X-rays in air.

When the entire volume of the steel tube between the SizN4windows (80 mm long, 6
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mm diameter) is filled by air, the transmission of soft X-rays is almost zero. To solve
this problem, the steel tube is filled by helium, so that the transmission increases to
about 95%. Therefore, about 82% of total intensity of the monochromatic synchrotron
radiation, corresponding to 10**-10" photon/sec on an area of 150 <300 pm?, reaches

the sample depending on the band width of the photons.

Figure 3.9 Photograph of the steel tube guiding the soft X-rays into the levitation cell, where
the levitated droplets are stored. Two SisN, windows are used in both sides of the tube (see
text for further details).

The fluorescence signal is detected by a SDD detector from Bruker (QUAD version
of Xflash) at 90scattering angle. The detector is mounted as close as possible to the

levitation cell, which is also filled by helium to avoid losing the fluorescence signal.

It is worth mentioning that the adjustment of the position of the levitated droplet is
similar to that used for hard X-ray studies (see Section 3.2.2). The only difference is
that it is not necessary to carry out the experiments inside a hutch. This avoids remote

control of the adjustments and is much easier and more convenient.

3.4 Electrodynamic Levitation Trap

The essential part of electrodynamic levitation trap (EDLT) is composed of a top and
a bottom cap electrode and a ring electrode in the middle (see Fig. 3.10). A dc-voltage
between 0 and 300 V can be applied on the cap electrodes to stabilize the levitated

droplet for compensating the gravitation force. Often, this voltage is set to 0 V. An ac-
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voltage of typically 2-6 kV with a frequency of 0.07-2 kHz is applied to the central

ring electrode.

Figure 3.10 Photograph of a Paul trap. An ac-voltage is applied on the central ring electrode,
and a dc-voltage is applied to the two cap electrodes located at the top and bottom of the trap.

Mie
scattering ima
ge

Temperature-Humidity
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Climate chamber

Line oo

Sample reservoir Water reservoir

Figure 3.11 Schematic diagram of the experimental setup of the electrodynamic trap (EDLT).

The EDLT is located in a closed climate chamber, which allows us to exclude the
disturbance from environment and to stabilize the humidity and temperature of the
surroundings of the levitated droplet. The humidity in the climate chamber is
controlled by a combination of a water reservoir and the drying agent phosphorous

pentoxide (P20s). They both are connected to the climate chamber through a variable
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leak. By adjusting the width of the slits for both water bath and drying agent, the
desired humidity can be reached and stabilized for several hours within #0.5%. The
relative humidity is measured by a calibrated sensor (Temperature/Humidity Sensor
P570, Dostmann Electronic) with an accuracy of 0.5%.

Liquid microdroplets are generated either by a piezo nozzle (Microdrop MD-E-201H)
or the home-made nozzles for optical levitation. Microdroplets are directly injected
into the electromagnetic field from the ring electrode and become electrically charged
instantaneously [BERGE 1999]. Charged droplets are levitated in the center of the trap,
where a helium-neon laser (A = 632.8 nm) passes through. The elastically scattered
light is collected by a CCD-camera at around 90° scattering angle. This allows us to
observe the phase transitions of levitated particles from liquid to solid state and vice
versa, corresponding to the efflorescence and deliquescence processes, respectively.
When the injected droplet stays liquid, the scattered light shows the typical Mie
scattering pattern [BoHREN 1983, BERGE 1999], which consists of a sequence of dark
and bright stripes, which are recorded by a CCD-camera. Vanishing of these patterns
and the occurrence of a irregular speckle pattern indicates the formation of solid
particles [BERGE 1999]. Evaporation of water from the droplet or phase transitions
change the charge-to-mass ratio so that the levitated droplet leaves the center position
of the trap or even gets lost, if the ac-voltage is constant. This is avoided by using a
CCD line camera (NANODIM) which provides a feed-back signal for adjusting the
ac-voltage, so that the position of the droplet is kept constant. This CCD-camera
detects the scattered light from the droplet in forward direction near 107 More
information of the setup applied in this work has been described in previous works
[STEINER 1999, BERGER 1999, SubDHOLZ 1999, HAMAZA 2004].

3.5. Determination of the Microparticle Charge

As shown in Fig. 3.12, the net charge of single droplets flying through the
electromagnetic field in the EDLT is measured by a metal electrode, which is
connected to an electrometer (Keithley, model 6514). The distance between the ring
electrode of the Paul trap and the electrode is about 30 mm. The magnitude of the net
charge on a single droplet is measured as a function of the ac potential applied to the

ring electrode, where the magnitude of the ac-voltage is proportional to the net charge
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on the droplets. At each amplitude of the ac potential, the charge on a single droplet is
repeatedly measured for 400 droplets generated at a frequency of 100 Hz in the piezo

injector.

During injection, the droplets receive only a low net charge, which corresponds to a
range of approximately -(170 £17) to -(260 +26) fC. Note that only negative excess
charges were investigated in this work. The magnitude of charges is further enhanced
by inserting an electrode directly into the sample vial, where a high voltage of the
order of 2-3 kV is applied. As a result, the droplets are charged with the same polarity
of the high voltage when they are injected into the trap. The droplets charged by this
method can reach net charge of more than -2000 fC, which can also be measured by

the collector electrode in absence of the electromagnetic field of the EDLT.

Droplet
generator

Electrometer [I o j:‘
—J —J
/
/

[ ]

Figure 3.12 Schematic representation of the setup used to determine the particle charge in the
EDLT by using a metal electrode (target plate) connected to an electrometer.

Target plate

The averaged results measured using both charging methods are shown in Fig. 3.13 as
a function of ac-voltage applied to the ring electrode or the voltage applied to the
electrode in the sample solution, respectively. The green dots (low charge amplitude
regime) correspond to the droplets charged by the ac voltage of the Paul trap. The red
squares correspond to the droplets charged by an inserted electrode in the sample
solutions. As shown in Fig. 3.13, droplets charged by this method have a broad
distribution of charge amplitude within a range of - (280 +28) to - (2200 £300) fC.

Both charging methods are used in this work depending on the properties of the
sample solutions. Further discussions regarding to this issue can be found in Chapter
4,
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Figure 3.13 Net charges on single droplets generated by injection into an ac-field or an
electrode inserted in sample solutions.

3.6 Experimental Procedure of Efflorescence Determination

In this work, the efflorescence points of single levitated droplets are measured with
both optical levitation and EDLT. In EDLT only charged droplets can be levitated,
but as mentioned above, this method can be used with a relatively small amount of
charges on the droplets (up to -(260 £26) fC). In order to increase the excess charges
on the droplets, we used optical levitation in order to trap droplets charged directly by
electrode in the solution. Further, the efflorescence point of neutral droplets can only
be measured by means of optical levitation.

The efflorescence point corresponds to the humidity, where spontaneous nucleation
occurs. Therefore, the experiments are carried out where the humidity in the trap is
systematically changed. The experiments start at low humidity, which is gradually
increased. The increase in relative humidity leads to longer crystallization times. The
experiments are terminated at t = 600 s, which corresponds to a stable droplet with
respect to nucleation. It has been demonstrated before that the crystallization time
significantly increases at a certain value of relative humidity depending on the solute
and temperature [HAMzA 2004]. This relative humidity at which the sudden increase
of the crystallization time takes place is defined as the “critical humidity of

crystallization”, corresponding to the “efflorescence point” of the solution.
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3.7 Combination of Optical Levitation and Electrodynamic Levitation

In order to study the charge effects on the nucleation process of single levitated
droplets, the efflorescence point of each droplet solution are measured with both the
optical levitation trap (for neutral or charged droplets) and the electrodynamic trap
(for slightly charged droplets). To exclude possible sources of systematic errors, for
example due to different humidity sensors, we combine the optical levitation and
electrodynamic trap into the same setup, as shown in Fig. 3.14. This setup has also the
advantage compared to the optical trap that the humidity can be kept constant over
longer time periods due to the larger volume of the chamber, which buffers small

changes in humidity.

This implies that an optical levitation setup is built into the climate chamber of the
EDLT. A focusing lens is mounted below the cap electrode at the bottom of the
climate chamber and the cw-laser beam is also introduced into the EDLT from the
bottom. Single droplets are injected into the trap from the top (see Fig. 3.14). In
optical trapping the droplets are charged by an electrode in the sample solution. The
number of charges on the droplets is controlled by the voltage applied to the charging

electrode in the solution, as shown in Fig. 3.13.

Droplet generator
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Figure 3.14 Combination of optical levitation and EDLT in the same experimental setup.
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3.8 Aqueous Salt Solutions and Solid Samples

The studies of cluster formation in highly concentrated solutions are carried out by
optically and electrodynamically levitated droplets containing electrolyte solutions.
The initial samples of aqueous solutions for droplet generation are prepared salts with
purity >98% purchased from Alfa Aesar (see Table 3.2). Distilled water is used as a
solvent after further purification with 0.2 pm filter. The preparation of the aqueous
solutions is done by using a little less than is needed to reach the saturation point of
the salt (see Table 3.2). This yields easily supersaturated solution droplets by

evaporation of the solvent after trapping without blocking the droplet generator.

Table 3.2. Solutions and solid sample used in this work

CaBr, ZnBr, NaBr NaCl NaF KBr

Saltpurity (Alfa 99500 9805  99+%  99.9%  99%  99.9%
Aesar)
Initial solute

concentration (mol/L) 5.40 1.78 5.50 1.90 6.30 3.36

. <5% <5% 25-28% 45% 56 +1%
Efflorescence point n/a

[c2] [c2] [c2] [Cziczo 1997] [Wise 2005]

Saturation ratio at the 20 11 193 n/a n/a n/a

efflorescence point

If one is only interested in homogeneous nucleation, one has to get rid of all possible
impurities from the solutions contributing to heterogeneous nucleation before filling
these into the droplet generator. For this purpose, we use filters of 0.2 pm to get rid of

such impurities.

Each salt solution has different properties, such as viscosity, solubility in water,
efflorescence point, and deliquescence point etc. Therefore, according to these
properties, we chose two or three the most suitable sample solutions for each
experimental purpose. For example, NaBr and CaBr; are used to take XANES spectra
in the energy regime of Br K-edge. ZnBr;, has a low solubility in water at ambient
conditions. This sample was used to measure XANES spectra at Zn K-edge (see
Section 4.2.5). KBr has an efflorescence point of 60 +1% relative humidity which is

easily accessible for present experimental setups. Thus, it is used for comparison of
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XANES spectra pre- and post-crystalliyation. Finally, solutions of NaF and NaCl and
NaBr are studied in the energy regime of the Na K-edge (soft X-rays). It is noted that

all the solutions used in the experiments have to be freshly prepared.

Besides aqueous solutions we also studied the corresponding dilute solutions and
solid pellets of the salts studied in this work. The initial concentrations of each sample

solutions are given in Table. 3.2.
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Chapter 4

Results and Discussion

4.1 Phase Diagrams of Electrolyte Solutions

The main goal of this work is to study phase transition processes in supersaturated
solutions of electrolytes via homogeneous nucleation. Supersaturated solutions are
metastable and, therefore, the association-dissociation processes of subcritical solute
clusters permanently take place in solution until homogeneous nucleation occurs
spontaneously (see Section 2.3). At a certain temperature, the critical size of clusters
initializing homogeneous nucleation is influenced by solute concentration, which can
be controlled by the relative humidity (Section 2.3). The phase diagram of the solute
is of central importance for performing experiments on single microdroplets in the
supersaturation regime. Therefore, in this work we have constructed phase diagrams
of electrolyte solutions as a function of the temperature and relative humidity in order
to gain insight into the basic understanding of cluster formation and dynamics during
nucleation. We derive in the following from literature data and thermodynamic
considerations the phase diagrams of the solutes studied in this work.

4.1.1 Phase Diagram of NaBr

Fig. 4.1 shows the calculated correlation between the relative humidity and the solute
concentration, no, of sodium bromide (NaBr) droplets. The calculation was done
based on the assumption that in the equilibrium the chemical potential of the droplet
solution ut,,(T,ny) and that of the surrounding vapor phase u&, (T,n,) are equal.
This means that the corresponding activities A%, (T, ny) and A%, (T, n,) are also equal
to each other. Moreover, when the solvent vapor is treated as an ideal gas, one obtains

the following equation [GUGGENHEIM 1967]:

Aaw(T,19) _ 2 (Ty10) _ P(T,ng) _ P(T, 7o)
Aélv (T' 0) Aglv (T: 0) P(T, 0) Psat (T)

= R.H.(T,n,) (4.1)
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where P(T,ny) is the temperature-dependent vapor pressure, R.H.(T,n,) is the
relative humidity, and n, is the solute concentration given in number density.
Combining this equation with Eq. 2.20 (a) and Eq. 2.21, as introduced in Section 2.4,

R.H.(T,ny) can be expressed as follows:
R.H. (T’ nO) — e—(MW/1000)n01/J(T,n0) (42)

where (T, ny) is the solvent osmotic coefficient, which can be calculated by the

following formula:
Y(T,np) = 1+ ¢y (TIng’? = ca(Tng (4.3)

The temperature-dependent coefficients ¢;(T), and c,(T) of NaBr can be found in
Table 1 of reference [IzmAILOV 1995]. Inserting Eq. (4.3) into Eq. (4.2) one can

readily obtain the exponential relation between R. H. and n,, as depicted in Fig. 4.1.

Obviously, R.H. decreases when increasing n, (see Fig. 4.1). This is a consequence
of the fact that at low humidity the partial vapor pressure of an aqueous droplet is
higher than that of its environment. Therefore, this results in further water evaporation
from the droplet surface. If the amount of solute in the droplet solution is considered

to be constant, its concentration will increase when decreasing R.H..

According to the literature, the efflorescence point of NaBr solution is about 25% -
30% [LORENA 2008, CoHEN 1987, WISE 2005]. The red dashed line in Fig. 4.1
indicates the average value (28%) of this value range. The solute concentration
corresponding to this efflorescence point is about no=18 molal. Fig. 4.1 can be also
used to calculate the corresponding R.H. at which the solute concentration is at its
saturation point, as indicated by the blue dashed line. A NaBr saturated solution
(about 9 molal) corresponds to a R.H. of 55%. Thus, the relative humidity window of
a supersaturated NaBr solution is determined to range from about 25% to 55%. This
range determines the R.H. range at which the present experiments are performed.
When the R.H. is higher than 55%, droplet solutions are unsaturated and stay in the
liquid state; but when the R.H. is lower than 25%, droplets solidify immediately, i.e.

efflorescence occurs in less than a few seconds.
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Fig 4.1. Dependence of the relative humidity above a NaBr droplet on the solute
concentration n,. The typical droplet diameter is about 20-25 pm. The blue dashed-line
indicates the saturation point and the red dashed-line stand for the solution at the
efflorescence point [IzMAILOV 1995].

With the information given above one can readily construct the phase diagram of
NaBr, as shown in Fig. 4.2. NaBr has four thermodynamically stable phases, which
are: (i) ice, (ii) aqueous solution, (iii) sodium bromide dihydrate (NaBr - 2 H,0), and
(iv) anhydrous cubic crystals. The coexistence line between the aqueous ice and the
liquid phase is constructed which are based on literature data and are calculated from
the ice vapor pressure [HUTHWELKER 2010]. The coexistence line of the sodium
bromide dihydrate NaBr - 2 H,O and an aqueous solution is calculated from the vapor
pressure above a saturated NaBr solution [WEXLER 2010], according to the
formula R. H.= Aexp(B/T). The values of the constants A and B can be found in the
literature [WEXLER 2010]. Finally, the coexistence line between pure, solid NaBr and
the dihydrate NaBr - 2 H,0 is calculated according to the formula given by Halling
[HALLING 1992].

Based on Fig. 4.1, the supersaturated regime corresponds to a humidity range between
25% and 55% (region within the red dashed lines in Fig. 4.2). The experimental
conditions are defined to be located within the red square shown in Fig. 4.2. However,
in order to ensure that the investigated solutions are supersaturated, all the

experiments studying the cluster formation in droplet solutions are performed in a
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humidity range of 30-50% (gray area in Fig. 4.2). According to the phase diagram,
under these pre-defined conditions, one can only produce from supersaturated
solutions NaBr - 2 H,O or pure NaBr solid crystals. This means that supersaturated
solutions of NaBr can crystallize either into hydrates or dehydrated solids, depending
on the humidity conditions at which cluster formation and subsequent crystallization

occurs.

340 NaBr Phase Diagram

320 4 Cubic NaBr
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Figure 4.2. Phase diagram of NaBr as a function of the temperature and the relative humidity.
NaBr has four stable phases: NaBr - 2 H,0, cubic NaBr (dehydrated solid), aqueous NaBr
solution, and ice. The metastable regime for our studies is indicated by a red box, which is
limited by the relative humidity of efflorescence and the saturated point at the temperature
where the present studies were performed (298 * 2 K). The blue dashed line indicates
standard temperature (T = 298 K). All experiments were carried out considering a relative
humidity ranging from 30% to 50%, as indicated by the gray area (see text for further details)
[HUTHWELKER 2010, WEXLER 2010].

From an atomistic point of view, in supersaturated solutions positively and negatively
charged ions are attracted by electric forces by forming ion-pairs (Bjerrum pairs)
which could further aggregate to form solute clusters. Thus, each Bjerrum pair can be
considered as an elementary building unit of a crystal formed from supersaturated

solution. From a classical point of view (see Section 2.3), only clusters reaching a
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critical size can initialize crystallization processes and form solid crystals through the
entire droplet volume. Therefore, if we consider that solute clusters are constituted of
Bjerrum pairs, the number of Bjerrum pairs contained in critical clusters can be
defined as the “critical number size N.(T,n,)” at a certain temperature. Suitable
estimations of N.(T,ny) provide another important parameter for describing

homogeneous nucleation processes.

The estimation of the critical number size N.(T, ny) can be carried out using Eq. 2.24
which was introduced in Section 2.4. Unfortunately, it is not possible to derive a finite
value of n. using this equation and to determine the exact value of N.(T,n,).
Alternatively, one can calculate the upper, N;mqx(T,n9) , and the lower,
N¢min(T, 1), limits of the critical size [IzmMAILOVv 1995] at a certain temperature and
solute concentration. In order to derive such estimate, two constraints on N.(T,n,)

are introduced:
NC(T: nsat(T)) =

N¢ (Tr Nspin (T)) =1

The meaning of these constraints is that for solutions at the exact concentration of
saturation, ng,: (T), critical clusters require an infinite number of Bjerrum pairs to
start crystallization. For supersaturated solutions of spinodal concentration, ngy,:, (T),
only a single Bjerrum pair is sufficient to initialize a phase separation by nucleation.
This means that a single Bjerrum pairs is sufficient to form infinite critical clusters
[IzmAILOV 1995, CAHN 1958, UNGER 1984]. By considering these two constraints, the
upper and lower limits can be calculated by the following equations:

UM
Nqr (T)

nspin (T) d(T' nO) _ Ny
0 [1 Nsat (T)]] (4.4)

1
Nemin(T,ng) = ————=1In|1 —
c,min 0 In [ d(T, Nspin (T)) n

Inl1—= nspin (T) d(T: nO)
In[¢(T)n,] a(T, Nspin (M) ng

Nc,max(Tv no) = [1 - f(T)nO] (4-5)

where
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1 1 d(T' Nspin (T))

$) = Ngae (T) - Nspin (T) d(T, nsqe (T))

(4.6)

ngq:(T) can be easily calculated from the solubility of solutes in water, n, is the
average concentration in the droplet solution, and ng,;,(T) is tabulated in the

literature [1zmailov 1995].

Fig. 4.3 shows the calculated curves of the estimated upper, N max (300 K, 1), and
lower, N¢min(300K,ng), limits of the critical number size in NaBr clusters,
N.(300 K, n,), as a function of the solute concentration at ambient conditions. Both
Nemin(300 K, ng) and N nmax(300 K, ng) are decreasing functions of n,. This is
consistent with the formulism for calculating the critical diameter of solute clusters
(see Eq. 2.12). In fact, the number size of critical clusters always decreases with
increasing solute concentration, regardless the type of solutions. This is one of the
reasons why crystallization is easier to achieve in concentrated solutions. Moreover,
the number size difference between N¢max(300 K, ng) and N¢ min (300 K, ng) also
decreases with solute concentration. As shown in Fig. 4.3, the area between the two
calculated curves becomes smaller with increasing ny. This indicates that the size
distribution of critical clusters are smaller at higher solute concentration n .

Therefore, the accuracy of the calculation of N.(300 K, n,) also increases with n,.

Note, that in Fig. 4.3 we give the number size of critical clusters as a function of
solute concentration, ny, and, therefore, the supersaturated regime of NaBr solution
should be also defined according to the solute concentration. The concentration
corresponding to the efflorescence point, nem, of the NaBr solution can be obtained
from Fig. 4.1. The calculated value (ne1 = 18 molal) together with the concentration
at the saturation point (ns = 7.8) is indicated by red dotted lines in Fig. 4.3. The
corresponding values of neg on both N a5 (300 K, ng) and N¢ min (300 K, ng) curves
are Ncmax = 2.5 and N¢pin = 2.3, respectively. This suggests that when the
concentration of a NaBr solution is close to nem, critical clusters contain at most 5
solute ions. This critical size increases rapidly with the decrease of solute
concentration and becomes infinite in the range between ng,; and 1.1ng,.;. Therefore,
in order to study nucleation processes occurring spontaneously in supersaturated NaBr
solutions, it is necessary to ensure that the solute concentrations are in the

supersaturated regime and the number size of critical clusters is not infinite. However,
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even within the supersaturated regime, lower concentrations than ness correspond to a
larger critical number size and less ionic interactions. Therefore, agqueous droplets in
this work could survive for hours before crystallization spontaneously occurs and long
observation times are possible for such studies.

Sodium Bromide NaBr
8- Nc,min: l‘:,max

Critical Number Size

0 Netn
0 sat 20 40 60

Solute concentration [molal]

Figure 4.3. The calculated curve of upper, Ncax(300,1n4), and lower, N¢nin(300,ng),
limits with respect to the number size of critical clusters, N.(300,n,), in a NaBr solution as
function of solute concentration at a given temperature (n,(300)). The dashed line indicates
the number size of critical cluster corresponding to the saturation concentration and the dotted
lines show the values of N nax(300,n9)and N¢ nin(300,n4) corresponding to the solute
concentration at the efflorescence point [IzMAILOV 1995].

4.1.2 Phase Diagrams of CaBr, and ZnBr,

Together with NaBr we also consider in this work the solutions of calcium bromide
(CaBry) and zinc bromide (ZnBr,). Because CaBr, and ZnBr; solutions have similar
properties, but different ones from that of NaBr, we discuss the phase diagrams of

these two solute systems together in this Section.

One of the most important properties of these solutes that are different from NaBr is
that both CaBr, and ZnBr, are hygroscopic at ambient conditions. It means that they

have a strong affinity for moisture and intend to absorb large amounts of water vapor
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from the ambient surroundings. Furthermore, as CaBr, and ZnBr, dissolve readily in
water when they absorb water from surroundings, deliquescence arises readily. CaBr;
and ZnBr; are so hygroscopic that crystallization can only occur at low humidity, i.e.
the efflorescence point of these solutions is lower than 5%. Unfortunately, such low
humidity is difficult to achieve in the present experiments performed at ambient
conditions. Therefore, the XANES spectra of these solutions have to be measured at
higher humidity than their efflorescence points (see Section 4.2.3 and 4.2.5), and there
IS no need to define the humidity regime for supersaturated droplets of CaBr, and
ZnBr;, solutions. Nevertheless, their phase diagrams are still necessary to know in

order to understand their phase transition properties.

Fig. 4.4 shows the calculated phase diagram of CaBr,. There are three stable phases:
(i) aqueous solution, (ii) the hydrate (CaBr, - 6 H,0), and (iii) the anhydrous solid
(CaBr,). Note that there should be also the stable phase of ice available in the area of
high humidity and low temperature. However, due to the lack of literature data, it is
not possible to calculate the coexistence line between ice and the liquid phases. In any
case, this limitation is of no importance to the present studies since we are only
interested in the transition process from the liquid to the solid states. The coexistence
line of aqueous solution and hydrated solids (CaBr, - 6 H,O) was calculated with the
same method used for constructing the phase diagram of NaBr. For the phase
coexistence lines between hydrate and anhydrous CaBr, clusters, no exact data can be
found in the literature and the only available information is that above 35<C
anhydrous clusters are formed and below this temperature hydrate solids are dominant
[GMELIN]. Therefore, the hydrate-anhydrous coexistence line is considered to be at an
absolute temperature of 308 K, regardless of the humidity of the surroundings. As the
anhydrous phase appears at low relative humidity and high temperature regime, where
no experiments in present work are performed, such a rough approximation of the

coexistence line does not cause any errors of the measurements.

The phase diagram shown in Fig. 4.4 is mainly divided into an aqueous solution and
the hydrate CaBr; - 6 H,O. The room temperature value, as indicated by a blue dashed
line, determines the coexistence point between the liquid phase and hydrate crystals
CaBrys 6 H,O and it corresponds to the “critical humidity” at which the phase
transition tends to occur. The critical humidity for an aqueous solution of CaBr; at

room temperature is considered to be at about 16% (see Fig. 4.4). Thus, the
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experimentally metastable state of a supersaturated CaBr; solution is approximately
considered to be found below 16%, as shown in Fig. 4.4. Nevertheless, for
experiments making use of optical levitation, it is difficult to successfully levitate
aqueous droplets at a relative humidity lower than 30%. This is because the CaBr»
solution condensates close to the outlet of droplet generator and the ejection of
microdroplets is hindered. Therefore, measurements of CaBr, droplets had to be

carried out at higher humidity.
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Figure 4.4. Phase diagram of CaBr, as function of temperature and relative humidity. The
aqueous CaBr, solution, hydrate (CaBr, - 6 H,0), and CaBr, solid correspond to three stable
phases. The blue dashed line indicates room temperature where all experiments were
performed. The humidity area of the metastable state (supersaturated solution) is defined as
the humidity below 16% at room temperature [WEXLER 2010, GMELIN].

All experiments involving solutions of CaBr, were carried out in the humidity range
from 40% to 65%, as indicated by the blue arrow in Fig. 4.4. For single levitated
droplets, such a significant decrease of the environmental humidity results in
evaporation of a large fraction of water from the droplets. Consequently, the
concentration of CaBr; droplets is significantly increased during the levitating time.

Further discussions regarding this issue are found in Section 4.2.3.
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Zinc bromide (ZnBr,) has a similar phase diagram as CaBr,, as shown in Fig. 4.5.
Three stable phases exist: (i) an aqueous solution, (ii) the hydrate ZnBr,- 2 H,0, and
(iii) solid ZnBr,. The blue dashed line in Fig. 4.5 indicates room temperature, where
the experiments were performed (T = 298 K). At room temperature, the critical
humidity of ZnBr, is found at about 7.8 +0.5%. This value is even lower than that of
CaBr,. Therefore, due to the same reasons outlined above, the experiments studying
homogeneous nucleation process of ZnBr, solutions have also been performed at
higher humidity, as noted by the blue arrow in Fig. 4.5.
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Figure 4.5. Phase diagram of ZnBr, as a function of temperature and relative humidity. An
aqueous ZnBr; solution, the hydrate (ZnBr, - 2 H,O), and dry crystals (ZnBr,) are the stable
phases. The blue dashed line indicates room temperature, where the experiments are
performed. The humidity regime of metastable supersaturated solutions is found at relative

humidities below 7.8% (% 0.5%), as indicated by the dashed red line [WEXLER 2010,
GMELIN].

4.2 XANES Studies of Cluster Formation in Homogeneous Nucleation of Single
Levitated Microdroplets

One of the main interests of this work is to study homogeneous nucleation in the
thermodynamic equilibrium by tracking the evolution of subcritical solute clusters in

supersaturated solutions. For this purpose, long observation times are required for
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such phase changes of individual droplets. Levitation of single droplets provides the
possibility of extending the observation of crystallization times up to several hours by
controlling the relative humidity in the droplet surroundings, where the droplets reach
a thermodynamic equilibrium with their surroundings. This is due to the avoidance of
any contact to a substrate of the levitated droplets which allows one to reach a high
degree of saturation before nucleation occurs spontaneously. The experimental setup
consists of optically levitated single microdroplets (see Section 3.2) in combination
with synchrotron radiation to measure the X-ray absorption near-edge structure
(XANES) at a given humidity in the surroundings of the droplets at room temperature.
XANES spectra are a powerful and sensitive approach for studying the local
electronic structures of the absorbers of interest, such as solvated ions and their local
environment. Therefore, any modification of the local structure resulting from cluster
formation or growth or critical nuclei can be followed by the observation of spectral
changes, such as shifts in near-edge features or the occurrence of EXAFS-structures

in the core ionization continua.

Aqueous sample solutions of sodium bromide (NaBr), calcium bromide (CaBr,), and
zinc bromide (ZnBr,) are used for the experiments. The initial concentration of the
sample solutions is chosen to be close to the saturation point, where supersaturation is
reached by evaporation of the solvent. It has been demonstrated that the size of
droplet significantly shrinks during the first few seconds after levitation, i.e. large
amount of water evaporation [HAMzA THESIS]. The solutions of the levitated droplets

reach subsequently a thermodynamic equilibrium.

XANES spectra of single levitated droplets of NaBr and CaBr; solutions are measured
in the energy regimes of the Br K-edge as a function of relative humidity. In addition,
droplets of ZnBr, solution are also studied in the regime of the Zn K-edge. Since the
solute concentration is humidity-dependent, the relative humidity in the trap chamber
is decreased in a rate of 1-2% per 10 min. This is of importance to slow down the
evolution of cluster formation when the solute concentration increases. Typically, it
takes for the clusters under these conditions between 2 and 3 hours to reach the
critical size for initializing spontaneous crystallization. In order to follow the entire
process of cluster formation and crystal growth before homogeneous nucleation
occurs, one can continuously take repeated XANES spectra. Systematic changes in

the energy position of the core level absorption edges are expected to be observed
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because of the varying changes in cluster formation and their surroundings, which
influence efficiently the local electronic structure of the absorbing ions or clusters in

solution.

Supersaturated aqueous solutions are an intermediate state between a dilute solution
consisting of isolated, hydrated ions and solid crystals. Therefore, XANES spectra of
supersaturated droplets are compared with their corresponding thin films containing
dilute solutions and solid crystals also taken at ambient conditions. These spectral
changes, which are observed mostly as spectral shifts of the absorption-edges, provide
valuable information regarding cluster formation, their composition, and their internal

structures within the three different states of matter.

In order to assign the experimental XANES spectra taken from different solution
systems, a series of first principle calculations are carried out. The combination of
experimental and theoretical results turns out to be suitable for understanding the
physical processes occurring in supersaturated solutions and explain the concentration

dependent changes observed in XANES spectra.

4.2.1 XANES Studies of Agueous NaBr Solutions and Solid NaBr

Fig. 4.6 shows a series of measurements recorded at Br K-edge, where XANES
spectra of supersaturated NaBr solutions together with the dilute thin film solution
with concentration of 2.25 mol/L and solid crystal are plotted. As noted in Fig. 4.6,
the XANES spectra are using different colors to indicate the specific humidity
conditions of each measurement (see inset of Fig. 4.6). For these experiments, the
relative humidity is one of the most crucial experimental parameters since it also
affects several other parameters directly or indirectly, such as the solute concentration
of droplet solutions and the droplet diameter. In optical levitation, the environmental
humidity of the levitated droplet (controlled by a moisture-exchanger, see Section
3.2.1) can be varied in a range from 15% to 70%. The measurements on
supersaturated droplets are repeated for several times under humidities ranging from
30% to 51%, where the K-absorption edge position occurs in a small energy window
of about 2 eV. The humidity conditions at which the XANES spectra were recorded
are given in Table 4.1. The Br K-edge of the dilute NaBr solution and that of the solid
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appear at nearly the same energy, which is evidently lower than is observed for those

of supersaturated solutions.
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Figure 4.6 (color) XANES spectra in the Br-K-edge regime of single levitated droplets of
supersaturated NaBr solutions together with the spectrum of a dilute solution with
concentration of 2.75 M (red curve) and a solid pellet (black curve). Each spectrum of
different color indicates a measurement at specific humidity condition. The energy positions
of the absorption edges are plotted in the inset as function of relative humidity. Each dot in
the inset corresponds to a XANES spectrum with the same color, where the K-edge positions
are determined. The specific humidity conditions of each color are given in the inset. It is
noted that in order to compare the absorption energies of Br K-edges in the solid and liquid
states of NaBr, they are positioned at the low humidity regime (< 30%) and high humidity
regime (> 60%), respectively, as indicated by the back and the red arrors. See text for further
details.

The experimental conditions at room temperature (300 K) are determined according
to the phase diagram of NaBr, as shown in Fig. 4.2. The aqueous solution of NaBr
becomes supersaturated when the relative humidity in the surroundings of the
levitated droplet ranges between 28% and 52%. Within this humidity range, NaBr can
form either hydrated or anhydrous solute clusters of variable size by desolvating the
initially fully solvated ions. The energy positions of the Br K-edges which are
determined by the first derivatives of the edge jump are shown in Table 4.1.

Additionally, the absorption energies of Br K-edges are plotted as a function of
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relative humidity, as shown in the inset of Fig. 4.6. The results clearly show that with
the decrease of R.H. (from 51% to 30%), the Br K-edges shift initially to higher
energy (blue-shift) and then they move back to lower energy (red-shift). It is evident
from these results that the spectral shifts of the K-edge as a function of concentration
are small. It is particularly important for these experiments to exclude any possible
systematic errors during the measurements. Therefore, repeated measurements have
been carried out for more than three times using different levitated droplets containing
supersaturated NaBr solution. The resulting spectra of every investigated droplet give
the same result of the shift in K-absorption energy as a function of humidity. The

error limits for single and repeating studies are determined to be smaller than 0.2 eV.

Table 4.1 Absorption-edge of XANES spectra of single levitated NaBr droplets together with
a dilute solution and solid pellet. The dilute solution has concentration of 5.5 M.

Color (in R.H. (%) Saturation Br K-edge (eV)

Fig.4.6) [+1%] Ratio (S) [<%£0.2eV]
Blue 51 1.22 13462.7
Green 49 1.31 13463.0
Magenta 42 1.47 13463.4
Dark-yellow 33 1.81 13463.9
Cyanogen 31 1.93 13462.7
Red Liquid 0.77 13459.9
Black Solid - 13459.9

Once a single microdroplet is ejected from the piezo nozzle water molecules start to
evaporate from the droplet-air interface in order to adapt to its environment by
reaching an equilibrium state with the surroundings, according to their partial water
vapor pressure, i.e. relative humidity. This process continues after the droplet is
trapped in the focused laser beam. The time period of the droplet required to reach
this equilibrium is defined as the induction time. It has been found in previous work
that the induction time is around 2 to 5 seconds, where the droplet becomes
supersaturated [HAMzA THESIS]. This substantial water evaporation during the
induction time and the formation of supersaturated solutions within the microdroplet

is also observed in this work and is discussed in Section 4.5. In such supersaturated
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droplets of electrolyte solutions, both free ions and Bejrrum pairs exist simultaneously

[IzmAILOV 1995].

The established equilibrium is changed when the humidity in the levitation chamber is
varied. In the described studies the relative humidity of the droplet environment is
gradually decreased, which results in further evaporation to reach the equilibrium.
Consequently, the droplet size is decreased and the solute concentration is increased.
The formation of solute clusters is readily promoted in such highly concentrated
solution, since desolvation processes occur. In another word, lower humidity provides
an external force for the aggregation of subcritical clusters and promotes the
nucleation process. As already described by classical Debye-Hitkel theory [RIGBY
1986], screening of electrostatic forces is due to a cloud of oppositely charged counter
ions around a given central ion in aqueous solution. This means that the attractive
forces between oppositely charged ions involve a multiple interaction between these
ions. This may eventually lead to the formation and the evolution of solute clusters in
supersaturated solutions. The size of critical clusters for initializing the nucleation
process is given in Fig. 4.3. These calculated curves suggest that at the saturation
point a NaBr solution requires an infinite number of solute ions to form critical
clusters. However, when the solute concentration is close to the efflorescence point of
NaBr at room temperature, the critical cluster size decreases to a value of about 2.5
which means about 5 ions are contained in the critical clusters. The small number of
ions in critical clusters at high solute concentration is another reason to explain that
nucleation occurs readily at high solute concentration. The local electronic structure
of the excited atom is progressively modified with the growth of subcritical clusters
and these modifications can be determined by energy shift of the absorption edge in
XANES spectra. XANES spectra of both dilute solutions and solid pellets of NaBr are
also shown in Fig. 4.6, and the Br K-edges of these phases are observed at the same

energy position (1459.9 eV).

To achieve a deeper understanding for the energy shifts occurring at the Br absorption
edge, further modeling of the experimental EXANES spectra is needed. Therefore, we
have employed DFT-simulations in order to model the local electronic structure of the

studied system, as will be described in the following Section.
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4.2.2 Theoretical Simulation of the Br K-edge in NaBr Nanoclusters

First-principle simulations are carried out using DFT calculations and supercell
periodic models which are provided within the Cambridge Serial Total Energy
Package (CASTEP) code [CLARK 2005, ACCELRYs 2008]. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [PERDEW 1996, PERDEW 1997] is
used and the inner shell electrons are replaced by Vanderbilt ultrasoft
pseudopotentials [VANDERBILT 1990]. It is expanded in a basis set of plane-waves up
to a cutoff energy of 450 eV together with a Monkhorst-Pack [MONKHORST 1976]
grid with 1 x1 =<1 k-point sampling. In order to obtain the initial geometries of the
systems of interest, we performed molecular dynamic (MD) simulations (250 ps at
~300 K within the canonical ensemble, NVT) using empirical potentials. The final
structures obtained in these MD simulations are then reoptimized with the current
computational setup depicted above. The MD simulations are carried out with the
broadly used GROMACS (GROningen MAchine for Chemical Simulations) software
[HEss 2008] using the optimized potential for liquid simulation (OPLS) [JORGENSEN
1996, KamINsKI 2001] force field together with the standard TIP3P (Transferable

Intermolecular Potential 3P) for water [JORGENSEN 1983].

The solute models considered consist of non-stoichiometric cubic Na,Bry, clusters
embedded in 58 H,O molecules in a cubic supercell of 14 A edge length. The five
atomic configurations with the lowest total energy along the empirical molecular
dynamic simulation are selected for subsequent DFT reoptimization with a loose
convergence threshold of 0.1 eV/A. This procedure allows us to evaluate different
NanBry, clusters solvated by water and average them statistically in order to derive a
realistic comparison with the experimental results. Two different cubic sodium
bromide nanoclusters are considered (see insets in Fig. 4.7): NaisBris (centered
around a Na atom) and Nay4Bri3 (centered around a Br atom). When using supercell
models, the artificial periodic repetition of charged supercells needs to be
compensated, to avoid spurious electrostatic interactions and, therefore, a divergent
Coulomb energy. In CASTEP charged supercells are made charge neutral by the
addition of a compensating background charge. The Na;3Bri4 clusters contain two
different types of Br atoms in terms of Na-coordination: 8 corner sites (Brs;) and 6
face sites (Brsc). The Naj4Bris clusters contain two other types of Na-coordinated Br
atoms: 12 edge sites (Brsy) and 1 bulk site (Bre). For each of these types of
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nanoclusters we carried out five independent DFT geometries reoptimized
calculations starting from the empirical molecular dynamics simulation procedure
outlined above. This corresponds to a total of ten different optimized nanocluster
geometries containing solvated clusters. Therefore, a total number of 135 Na-
coordinated Br sites: 40 Brs., 60 Brs, 30 Brsc, and 5 Brg. are obtained from these
calculations. Moreover, each of these sites possesses different degrees of water

solvation [C1] offering further opportunities of analysis, as will be discussed below.

In EELS (Electron Energy Loss Spectroscopy) and XANES spectroscopy, the spectral
shapes are given by the Fermi golden rule. The core electron is excited to an
unoccupied, empty state, where at the edge the lowest empty state (allowed by the
selection rules) is reached. As such, both techniques essentially probe the empty
density of states in the presence of the core hole. EELS also follows dipole selection
rules, if only a small angle of forward scattered electrons is detected [HITCHCOCK
1977]. Therefore, it is in general assumed that the spectral shape of XANES and
EELS is identical [STAvITSKI 2010]. Since the electronic excitation and relaxation
times are expected to be significantly shorter than the atomic relaxation time, we keep
the full-core optimized geometries frozen in order to carry out the corresponding core-
hole EELS calculations, as implemented in the CASTEP program [PICKARD 1997,
PICKARD THESIS, REZ 1999]. We do this by generating an on-the-fly core-excited
pseudopotential for one Br atom within a nanocluster, whilst maintaining the rest of
atoms in the cluster with fully occupied core levels. We repeat this procedure for all
different 135 Br sites. The Br core-hole is created by completely removing the excited
electron (full core-hole approximation [HETENYI 2004]) from the Br 1s orbital (K-
shell) in the pseudopotential, i.e. we generate a new pseudopotential specifically
constructed to describe a K-shell hole in a Br atom within the specific chemical
environment of the nanocluster [PICKARD, PHD THESIS, C2]. The final core-excited
XANES spectrum associated to each Br site is then rescaled relative to the Fermi
level. Rescaling relative to the vacuum level is not possible, since such level cannot
be calculated in the periodic boundary conditions applied in the calculations: The unit
cell is formed by a NaBr nanocluster and water molecules and, therefore, the total
local potential cannot be evaluated in a vacuum region where the potential becomes

constant (region sufficiently far away from any atom).
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The structural models considered here allow us to study four distinctly different Na-
coordinated Bry. sites (n = 3, 4, 5, and 6). Sites Brg; and Bry (Brsc and Brsc) are
computed using the Na;4Bri3 (Naj3Bri4) nanocluster (insets in Fig. 4.7). Additionally,
we can explicitly account for solvatation effects due to the different number of water
molecules forming a water network with hydrogen bonds with a given Bry surface
site, which acts as an acceptor. This is suitably described by the molecular dynamic
treatment employed here to generate atomic configurations of each solvated
nanocluster, since for a given snapshot each Bry site is indeed forming a different
number of hydrogen bonds with surrounding water molecules. The calculations
indicate that Brg sites are able to form up to three hydrogen bonds with close lying
water molecules, Bry. form up to two hydrogen bonds, and Brs. can form up to one
hydrogen bond. Finally, Brg sites are fully Na-coordinated and, therefore, they cannot

form hydrogen bonds with surrounding water molecules.

In Fig. 4.7 we summarize the calculated EELS spectra corresponding to all four
distinct Bry sites showing a different degree of solvation. The analysis of these data
points out two important factors affecting the K-edge energy of a specific Bry site: (i)
the number of hydrogen bonds formed with surrounding water molecules, and (ii) the
coordination with sodium sites. Regarding (i), we notice that a gradual shift to lower
energy of the Br K-edge occurs when increasing the number of hydrogen bonds for
any given Bry site. The absorption edges of different Bry sites in the two simulated
models are summarized in Table 4.2. This energy shift indicates that highly solvated
sites result in lower Br K-edge energies than poorly solvated ones. Therefore, the
formation of hydrogen bonds with the solvent has a substantial effect on the
corresponding XANES spectra. For example, in the case of Brs sites, a total energy
shift of ~0.8 eV [C3] is predicted from the model calculations when going from a
fully water solvated site to one without any hydrogen bond. Similar observations are
made when increasing the coordination with sodium sites. Regarding (ii): This point
becomes most important when one focuses on Bry. sites showing no H-bonds.
Nevertheless, when comparing fully coordinated sites (Brge, Brsc + 1H,0, Bry +
2H,0, and Brs. + 3H,0) the energy shifts between these sites become rather small
(0.2 eV). Overall, these results show that the increase of the coordination of Br sites,
either by means of Na atoms within the nanocluster or by water molecules from the

solvent, changes the energy position of the K-edge shift to lower energies,
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corresponding to a spectral red-shift. The maximum range of these energy shifts is

found for NaBr-clusters to be rather narrow and ranges up to 0.8 eV.

Table 4.2 Br K-edges of simulated XANES spectra given in Fig. 4.7. The energy position
corresponding to each Br, site is determined by the maxima intensity of the first derivative of
each spectrum.

Br,c Sites Simulated K-edge | BrycSites Simulated K-edge
Brec 2.52 Brs.+ 1H,0 1.30
Brs + OH,O 3.01 Brsc+ 0H,O 1.22
Bry.+ 1H,0 2.83 Brs.+ 1H,0 1.04
Bry. + 2H,0 2.67 Brs. + 2H,0 0.97
Brs. + 0H,0 1.43 Brs.+ 3H,0O 0.80

This conclusion of the theoretical simulations provides an explanation for the blue-
and red-shift of the Br K-edge which is experimentally observed in supersaturated
NaBr droplets, where low absorption energies are observed in dilute solutions and for
solids. We assume that in the supersaturated solution the subcritical NaBr clusters
present a higher concentration of low-Na-coordinated Br,. sites (n<6) than occurs in
large solid particles, where n = 6 occurs. Thus, the maximum (6-n) number of water
molecules from the solvent will form hydrogen bonds to the not fully coordinated Br
sites. Then, with increasing NaBr concentration, the number of hydrogen bonds
decreases. The nucleation process is experimentally followed by tracking the Br K-
edge energy shifts associated to differently coordinated Br,. sites. Nevertheless,
according to the simulated near-edge spectra, one should expect to observe a minor
shift of the Br K-edge of 0.0-0.2 eV when monitoring the nucleation process. This is
due to the fact that water solvation gives a similar energy shift of the Br K-edge and
screens those Bry sites, which have low-Na-coordination. This leads to the result that
near-edge spectra are not fully sensitive to the various superimposed processes
contributing to spectral shifts. However, it is important to note that due to the thermal
dynamics under ambient conditions the average degree of solvatation of NaBr clusters
does not probably reach its maximum, since the number of water molecules forming a
hydrogen bond with a given Bry. site is expected to be on the average somehow lower
than 6-n. Therefore, experiments should be sensitive to detect small spectral red-shifts

at Br K-edge with increasing size of the NaBr clusters.
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Figure 4.7 Simulated XEANS spectra showing the Br K-edge for Nay4Bri; (top) and Na;3Bri4
(bottom) nanoclusters. Different Na-coordinated Br sites are considered (see insets) as well as
different number of water molecules (not shown) forming hydrogen bonds with the indicated
bromine atoms. Each XANES spectrum corresponds to the average spectra of equivalent
bromine sites and degrees of solvation, as discussed in the text. The insets depict idealized
representations of the solvated nanoclusters after geometry optimization. Purple (yellow)
spheres correspond to Br (Na) atoms.
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Unlike supersaturated solution droplets, in dilute NaBr solutions and solid crystals
any given Bry site is fully coordinated with either water or sodium atoms. According
to the model calculations discussed above, this maximum coordination corresponds to

the minimum energy of the system.

4.2.3 XANES Studies of CaBr;and its Dilute Solution and Solids

Similar measurements to those on NaBr solutions were also carried out on saturated
droplets of CaBry, its dilute solution, and solids crystals. According to the calculated
phase diagram of CaBr, shown in Fig. 4.4, the efflorescence point of CaBr, at room
temperature is below 15% relative humidity. Unfortunately, due to the experimental
limitations of the setup, such humidity conditions cannot be reached. Therefore,
studies at such low relative humidity are not possible. However, XANES spectra of
CaBr, were taken in the relative humidity range of 40-64%, which is considerably
higher than the efflorescence point (as indicated by a blue arrow in Fig. 4.4).
According to the phase diagram is evident that CaBr; solutions remain liquid in the
accessible humidity regime at ambient conditions. However, this does not imply that
such levitated droplets will always stay in the liquid state and crystallization will
never occur. This is because heterogeneous nucleation might occur if a suitable
crystallization germ is present. Further, according to the classical nucleation theory,
homogeneous nucleation is based on the formation of critical clusters through
stochastic interactions between solvated ions [VOLMER 1939, BECKER 1935], and
therefore, the probability of forming critical clusters in aqueous solution increases

with time, and such aqueous droplets might eventually crystallize [NA H.-S., 1994].

Fig. 4.8 shows the Br K-edge XANES spectra of supersaturated CaBr, droplets
recorded for several relative humidities in the levitation chamber. The corresponding
relative humidity at which each near-edge spectrum was taken is indicated next to the
spectrum and the energy position of the corresponding absorption edge is given in
Table 4.3. The experimental Br K-edges are spread in an energy regime of about 5 eV
and appear to have a progressive red-shift when the humidity is decreased from 63.3%
to 41%. This spectral shift of Br K-edge to lower energy is quite different from what
is observed for NaBr solutions, where a blue- and a red-shift are observed (see
Section 4.2.1). This difference between NaBr and CaBr; is not surprising taking into
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account that CaBr, clusters have fluorite-like (Br~ 4-coordinated, tetrahedral)
structure, whilst NaBr ones are rock-salt-like (Br 6-coordinated, octahedral), and,
therefore, the local electronic structure of Br™ is different in these two systems.
Moreover, the charge-to-radius ratio of Ca?* (1.6 < 10 e/pm) and Na* (8.6 x 10
e/pm) is different, which plays an important role in the formation of solute clusters
[FuLTON 2006], and as a result, this can also influence the electronic structure and

local environments of Br differently in CaBr, and NaBr.

Besides the Br K-edges, the other information given in Fig. 4.8 is the first EXAFS
wiggle above the absorption edges. With decreasing the relative humidity, the first
wiggle of each XANES spectra shifts to higher energy. Similar as the shape
resonance, wiggles occurring at higher energy correspond to a shorter distance from
the absorbing atoms to their neighbors (see Section 2.6) [STOHR 1992, STOHR 1984].
Thus the spectral blue-shift of the K-edge provides strong evidence for the

aggregation of solute ions in the supersaturated droplet of CaBr, when R.H. decreases.
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Figure 4.8 Experimental XANES spectra of supersaturated CaBr, droplets at different
humidities. Each spectrum was taken at a specific humidity condition. Br K-edge shifts to

lower energy when relative humidity decreases. In contrast, the first wiggle above the
absorption edge occurs at higher energy at lower relative humidity.
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Table 4.3 Absorption-edges of XANES spectra of single levitated droplets

of supersaturated CaBr, solutions.

R.H.(%)  Saturation  pgp g edge (eV)

Ratio (S)
63.3 1.0 13467.8
62.6 1.07 13467.4
61.7 1.16 13466.9
58.3 1.45 13466.7
53.8 1.75 13466.0
48.3 1.86 13463.5
45.0 2.0 13462.6

The essential information given in Fig. 4.8 is that with a decrease in relative humidity,
bromide ions are getting closer to their surrounding neighbors and as a consequence,
the electronic structure near the Br is systematically modified and the energy of the
K-edge constantly shifts to lower energy, corresponding to a spectal red-shift. Based
on these findings, XANES spectra of dilute CaBr; solutions with concentration of 5.4
M and solid crystals are taken under ambient conditions for a comparison. As shown
in Fig. 4.9, these two spectra are located at different absorption energy compared to
that of the supersaturated droplets (indicated as ‘droplet’ in Fig. 4.9), i.e. the spectrum
of dilute solutions with initial concentration of 2.7 mol/L (indicated as ‘liquid film’ in
Fig. 4.9) appears at higher energy whereas the near-edge spectrum of a solid pellet
appears at lower energy. The exact values of the absorption edges of these three
spectra are 13468.2 eV, 13464.5 eV and 13461.7 eV, respectively from the liquid
dilute film to the solid pellet. The error limit of these energy values is estimated to be
+ 0.2 eV. This result is quite straightforward, since the Br K-edge shifts as a function
of solute concentration to lower energy, when the aqueous droplet transfers from a
dilute to a supersaturated solution on the way to crystal formation via homogeneous

nucleation.

Concentrated aqueous solutions of calcium halides (CaCl, or CaBr;) with solute
concentration up to 5.6 M have been investigated in previous works by means of X-
ray diffraction, Extended X-ray Absorption Fine Structure (EXAFS) and XANES
[GAsPAR 2004, FuLTON 2003]. It was demonstrated that either solvent-shared ion

pairs (e.g. Ca**-OH,-CI") or contact ion pairs (e.g. Ca?*-Cl)) were formed with an
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increase of solute concentration. However, these works mostly focused on the
salvation structures of Ca**. Therefore, a specific discussion regarding CaBr, will be
based on theoretical calculations simulating the energy shifts near Br K-edge. These
calculations have been carried out by using the CPMD code (see Section 2.8.2). It is
based on the approach that was developed within the STOBE-DEMON code
[HERMANN 2002]. More details are described in the following Section.
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Figure 4.9 (color) Experimental XANES spectra of single levitated droplets of supersaturated
CaBr, solutions under relative humidity of 56% together with its dilute thin film solution (c =
5.4 M) and a solid pellet.

4.2.4 Simulations of diluted and supersaturated CaBr, solutions

The constant shift of the Br K-edge in CaBr; to lower energy with increasing solute
concentration is assigned by performing theoretical DFT simulations. Two model
structures, i.e. single Br™ ions surrounded by water and a molecular CaBr; ion pair
(Bjerrum pair) in aqueous solution (Fig. 4.10) are considered. These molecular
dynamics simulations made use of the Car-Parinello molecular dynamics (CPMD)
formalism, which is implemented in the STOBE-DEMON code [HERMANN 2002].
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The method used for these spectral simulations follows the approach which was

introduced by Cavalleri and coworkers [CAVALLERI 2004].

Figure 4.10. Two model structures are considered for the spectral simulations of the XANES
spectra of Br™ in CaBr, solutions: (a) corresponds to a single Br™ surrounded by water; and (b)
represents a monomer ion-pair of CaBr, surrounded by water. The yellow sphere corresponds
to Ca®* and large red spheres correspond to Br. Water is indicated by small red spheres
bonded with white spheres.

The intensities I of the simulated core spectra corresponding to oscillator strengths in
X-ray absorption is expressed by the transition moment between the initial and final

state, which is separated by the energy difference Aw;;:

2
lip = 5 hoig {9 ulo) | (4.7)

where ho is the energy difference between initial and final states, u is the dipole
moment, ®; and @ are the wave functions of the initial and the final states,

respectively.

The simulations of XANES spectra require the determination of a series of energy
levels and their corresponding oscillating strengths. According to the initial and final
state rules [NILSsON 1995, U. VON BARTH 1982, GREBENNIKOV 1997], the shape of a
XANES spectrum is given by the eigenstates of the final state Hamiltonian including
the core-hole. However, the total transition intensities are determined by the number
of accessible unoccupied levels in the initial state before the X-ray transition occurs.
As graphically presented in Fig. 2.6, the core-hole created during the X-ray absorption
localizes on one atomic site, therefore, the XANES spectrum is determined by the
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local density of states (DoS) of unoccupied levels of a selected atom before core level
excitation, which can be calculated by DFT. In this way, the absorption process can

be suitably reduced to a one-particle model.

Standard CPMD simulations only calculate the evolution of the occupied Kohn-Sham
states. However, because it is necessary for the simulation of XANES spectra to
determine the levels of unoccupied states, Cavalleri et al. suggested to perform firstly
a wave function optimization of the occupied orbitals with the ODIIS method
[HUTTER 1994]. Then, with the generated Kohn-Sham potential for a subsequent
Lanczos diagonalization [FiLIPPONE 2001] one can calculate a certain number of
unoccupied states. Finally, the matrix elements in Eq. 4.7 are calculated, where the

Slater exponent for the final state wave function @ can be modulated in order to get

the best agreement with the experimental results.

The key point of performing theoretical modeling of XANES spectra is to determine
the core-hole effects, which means to find the correct balance between the initial and
the final state effects. The entire spectrum, including valence, Rydberg, and
continuum excitations, can be obtained from application of the Z+1 approximation
[STOHR 1992, ScHWARZ 1975] or the transition-potential approach [TRIGUERO 1998]
of DFT, where both the initial and final states are taken from the same wavefunction.
In this work, the Z+1 approximation, also known as the full core-hole (FCH)
approximation, is applied for the simulation of XANES spectra of solvated species
originating from calcium bromide. Basically, in this approach one can use the
pseudopotential generated for a given electronic structure containing a fractionally
occupied core orbital 1s* or simply using the pseudopotential of the element next to
the excited atom (Z+1) in the periodic table [TRIGUERO 1998, TANAKA 1999, HETENYI
2004, TAILLEFUMIER 2002]. We used the program FHI98PP (Fritz-Haber-Institute) to
generate the pseudopotentials for both excited and non-excited bromine atoms [FUCHS
1999]. It should be noted that the FCH wavefunction put more emphasis on the final
state, so that this approximation produces suitable agreement with the experimental
results for those systems in which the final state effects are dominant. This has been
shown, for example, in the case of the C K-edge spectrum of fullerenes [NYBERG
1999].

Final calculated curve involving the theoretical scheme given in Eq. 4.7 has explicitly

computed transitions placed on each absolute energy scale. In order to make a direct
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comparison with experimental data, the computed XANES spectra have to be
continued from making association of program output of discrete set of energy levels
with a certain oscillator strength and line broadening [CAVALLIERI, 2004]. Such line
widths can be simulated in the most simple way by convolving each line in the CPMD
output with a Gaussian of the appropriate full width at half maximum (FWHM).
Based on the best fit considerations we take on average 5 eV FWHM of Gaussian
broadening for energies below the edge and then added about 0.1 eV to this value for
each electron volt above the edge. A similar scheme has been used in previous works,
for example, in modeling the XANES spectra of water [CAVALLIERI, 2004 AND PH.D
THESIS].

The resulting modeled spectra are given in Fig. 4.11 together with experimental
results for a comparison. The energy shift (about 3.5 eV) between Br K-edges of
single Br™ fully solvated by water and CaBr, solvated by water yields almost exactly
the same energy difference that has been observed for the experimental spectra of a
dilute thin film solution with concentration of 5.4 M and a supersaturated droplet with
concentration about 10 M. It is important to point out that the spectral simulations of
the two model structures are only used to reproduce the energy positions of the
absorption edges, where the shape above the edge is not considered. Such agreement
between the model simulations and the experimental results strongly demonstrates
that in dilute solutions solvated Br™ is dominant, as expected. However, with the
increase of solute concentration, CaBr; (aq) ion pairs, or so called “Bjerrum pairs”,
which can be considered to be electrically neutral [IzmAILov 1995] are formed in the

supersaturation regime.

Single levitated droplets with concentration of 5.4 M are initially injected into an
environment with a relative humidity of 65%. As mentioned above, after injection of
the droplet it needs first to reach an equilibrium with the ambient environment by
evaporating water into the environment in the trap chamber. From the phase diagram
of CaBr; it is known that at room temperature a CaBr; solution tends to stay liquid at
65% relative humidity. This means the levitated droplet is initially located in the part
of the Kdnler curve where Dp > D, (see Fig. 2.2). It is known that in this regime the
vapor pressure over droplet surface is an increasing function of droplet diameter.
Therefore, when the experimental humidity condition starts to decrease from 65% to

40% during the measurements of XANES spectra, accompanied by an increase in
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solute concentration, CaBr, droplets move along the K&hler curve in the direction of
smaller diameter size. Since the sample solution of CaBr, (M = 5.4 mol/L) is prepared
close to the saturation point (M = 7.1 mol/L), it is not difficult for the droplet solution
to become supersaturated, which requires only a minor evaporation of the solvent,
corresponding to a slight decrease in droplet diameter. The supersaturated solution is
a metastable system which is characterized by the appearance of subcritical solute
clusters [IzmalLov 1995] which are formed by aggregation of Bjerrum pairs
undergoing permanent association-dissociation processes with solvated ions in
solution. The experimental results show strong evidence that with the aggregation of
Bjerrum pair leads in the regime of core-level excitation near the Br-K-edge to a
spectral red-shift. This means that the electronic structure of the aggregating species is
gently modified as a result of formation of subcritical clusters, where their size varies

depending on the conditions of the ambient atmosphere.
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Figure 4.11 (color) Comparison between calculated XANES spectra of two model structures
with the experimental curves taken from the dilute thin film solution of CaBr, with
concentration of 5.4 M and supersaturated droplets with concentration about 10 M.
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It is worthwhile to mention that, since the formation of solute clusters is based on the
interactions between solvated ions which increase with solute concentration and more
concentrated solution requires smaller size of critical clusters, the probability of
forming critical clusters to initialize homogeneous nucleation in supersaturated
solution increases with time. Since typically the experiments last for several hours,
crystallization in supersaturated droplets of CaBr, solution might even happen at
relative humidities above the efflorescence point. For example, in this work
nucleation occurs at humidity about 41% which is by 24% higher than the

efflorescence point. However, heterogeneous nucleation cannot be fully excluded.

Due to the thermal conditions there are innumerable solution structures formed before
crystallization. But, of course, we are not able to model all these possible structures,
which do not allow us to derive an ensemble average of species occurring in the liquid
droplet. Instead of that, we can use suitable model structures to gain a qualitative
insight into the changes in electronic structure giving rise to spectral shifts and to
explore trends in systematic changes in the surroundings of the absorbing solute
species. Therefore, for this purpose, we only simulate one spectrum which
corresponds to a supersaturated droplet, as shown in Fig. 4.11. The absorption edge of
this spectrum corresponds to the average value of all possible spectra occurring in
such CaBr; droplets (Fig. 4.8). Note that the structures within the solution droplet are
time-dependent due to fluctuations, so that the near-edge spectra could be different
from each other. In summary, Fig. 4.11 provides clear evidence that high solute
concentration corresponds to a red-shifted edge position at the Br-K-edge. Further, the
spectral shifts which are fully reproduced by model calculations provide evidence for
the formation of Bjerrum pairs in supersaturated solution droplets.

4.2.5 XANES Studies of ZnBr, Droplets and its Dilute Solution and the Solid

For highly concentrated solutions of NaBr and CaBr,, we only focused on the
electronic structure of the anion (Br’) in order to study the evolution of subcritical

clusters. In this Section, we focus our attention on Zn?* cations.

Among all the sample solutions prepared in this work (see Section 3.8), ZnBr;, is the
only suitable solution for performing studies of cations. This is due to the energy
position of the Zn K-edge, which is in the energy range of the hard X-ray
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monochromator used in this work (experimental details see Section 3.2). Furthermore,
ZnBr; has a relatively low solubility in water at room temperature (1.98 M). Thus, the
XANES spectrum taken at the Br K-edge has a low intensity, which is due to the low
concentration of Br™ in the solution. In contrast, the spectra taken at Zn K-edge show a
considerably higher intensity. There are several reasons for this finding: (i) the atomic
absorption cross section of Zn (10° barn / atom) is significantly higher than that of Br
(10° barn / atom) [SALOMAN 1988]; (ii) the Zn K-edge (9.6 keV) occurs in the center
of the energy range (5-14 keV) of the monochromatic X-ray beamline (KMC-2),
where the photon flux of the storage ring decreases with increasing energy. This
implies that the photon flux is higher at the Zn K-edge than at the Br K-edge (photon
flux at energy of Zn K-edge: 8 - 10° photons/s and Br K-edge: 10° photons/s).

We compare the Zn K-edges, as observed in XANES spectra of CaBr,, from a dilute
solution (thin film), supersaturated droplets, to a solid ZnBr; pellet. As shown in Fig.
4.12, the experimental results are quite similar to the results obtained from CaBr,: The
Zn K-edge of the dilute solution is observed at the highest energy, whereas that of
solid crystals shows the lowest absorption energy. XANES spectra taken from
levitated droplets are observed between these bracketing conditions of the dilute
solution and solid crystals. The energy shift of Zn K-edges between supersaturated
droplets and the dilute solution is of the order of 4 eV, whereas the shift between the
droplets and solid crystals is about 3 eV (see Fig. 4.12).

These energy shifts at the Zn K-edge are rationalized in the same way as has been
outlined above for CaBr,. This demonstrates that with the increase in ZnBr;
concentration the core electron absorption of Zn** shifts to lower energy. This
provides convincing evidence that ion pairs or Bjerrum pairs are also formed in

supersaturated aqueous droplets of ZnBr, with a solute concentration of 2.0 M.

The consistent results obtained from the solutions of CaBr, and ZnBr, reveal
information that the electronic structures of both cations and anions in highly
concentrated electrolyte solutions shift to lower energy during the nucleation process
from the liquid to the solid state. Specifically, since the absorption energy in solid
crystals is lower than that in liquid, one expects that there will be a systematic red-
shift of the absorption energy with increasing concentration of the supersaturated
solution. This expectation is in full accordance with the experimental results shown in
Fig. 4.8.
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Figure 4.12 (color) XANES spectra of single levitated droplets (green) of supersaturated
ZnBr, solutions with concentration of 2.0 M together with the XANES spectra of a thin film
of a dilute solution (black) with concentration of 1.7 M and a solid pellet (red) recorded at the
Zn K-edge.

4.3 Near-Edge Structure of Supersaturated KBr Droplets

Potassium bromide (KBr) is another sample solution which was studied by XANES
spectra at the Br K-edge. Droplets of KBr solution were injected into the optical trap
at a relative humidity around 60% which is close to its efflorescence point (55%-
57%) at room temperature. Therefore, droplets containing KBr solution were used to
study the internal structures of solutions immediately before and after crystallization.
The phase transition from the liquid to the solid can be observed directly from the

change of the scattering patterns of the levitated droplets.

Experimental curves recorded at the Br K-edge for single levitated KBr droplets are
indicated by the red solid lines in Fig. 4.13. A prominent difference between the
spectra of the pre- and post-crystallization is a spectral shoulder, which only occurs
after crystallization. This feature occurs at 13463 eV. It is attributed to the 1s — 4p
transition, according to previous work [HEALD 1978, CHEN 2005]. It is suggested that

this band can be assigned in solution to the formation of both direct contact and
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solvent-shared ion pairs [FULTON 2003], as confirmed in present work. According to
the present work on related solutions (NaBr, CaBr,, and ZnBr,), it demonstrated that
Bjerrum pairs or even solute clusters are formed when aqueous droplets are trapped
under humidity conditions which are close to the corresponding efflorescence point.
Therefore, we assume that the occurrence of the spectral shoulder in Fig. 4.13 also

results from the formation of KBr ion pairs in levitated droplets.

In order to demonstrate the validity of this assumption and to have more profound
assignment for the formation of such a special feature, we performed model
simulations using the Finite-Difference Method Near-Edge Structure (FDMNES)
program. FDMNES [JoLY 2001] is a program that is used to calculate different kinds
of spectra related to X-ray absorption. It also provides the absorption cross section of
photons near the ionization edge, corresponding to XANES spectra. Within this code,
it is applying the Finite-Difference Method (FDM) which solves the Schré&linger
equation by using the local density approximation [KIMBALL 1934].

Three model structures are considered, as shown in Fig. 4.13: (i) the monomer ion-
pair KBr surrounded by water, (ii) hydrated solute clusters, and (iii) anhydrous solute
clusters in solution are considered (see Fig. 4.13 a-c). The calculated spectra are given
as black solid curves in Fig. 4.13. We note that pure solid crystals have an irregular
shape. Therefore, it is almost impossible to levitate such species in an optical trap.
This implies that no XANES spectra of pure solid microparticles were recorded by the
levitation approach. There is agreement between the modeled and the experimental
results for the supersaturated liquids providing strong evidence that microdroplets
containing highly concentrated KBr solutions are dominated by Bjerrum pairs before
spontaneous crystallization occurs. The spectral shoulder clearly arises from the
formation of hydrated KBr clusters. This means that this feature is considered to be an
indication for the formation of hydrated KBr clusters. In contrast to the other solutions
(NaBr, CaBr, and ZnBr,) studied in this work, where cluster-rich but still single phase
solutions occur, we demonstrate in the case of KBr solutions that the spectral features
of the liquid and the solid phase can be distinguished. This means that similar as for
calcium carbonate, stable hydrated clusters of KBr can be formed as an intermediate
phase before crystallization occurs, even though no stable macroscopic hydrate phases
have been reported for this solute [RADHA 2010]. It is noted that such hydrated
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clusters are not a stable phase of KBr and can only temporally form in supersaturated

microdroplets of KBr solutions.
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Figure 4.13. XANES spectra of KBr droplets are taken at energy of Br K-edge under
humidity conditions close to the efflorescence point of KBr solution. Single droplets are
injected into an optical trap with a relative humidity of about 60% at room temperature (298
K). The experimental results are shown as red solid lines and the calculated curves from
model simulations are given in black solid lines (see text for further details). Three model
structures are considered for theoretical simulations: (i) the monomer ion-pair surrounded by
water (dw.g = 3.85 A, de.o=3.95 A), (ii) hydrated solute clusters (dx.g = 5 A, dx.o= 3.85 A),
and (iii) anhydrous solute clusters in solution (dk.g = 3.3 A, dk.o = 3.8 A). The purple and
yellow spheres symbolize potassium and bromine atoms, respectively.
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In this work, the “shoulder feature” was not only observed in the Br K-edge of a
dilute KBr solutions with initial concentration of 0.9 M. Similar spectral features
were, however, also observed in XANES spectra taken at Na K-edge of sodium
fluoride (NaF), sodium chloride (NaCl), and sodium bromide (NaBr) solutions, as
shown in Fig 4.14. The Na K-edge of these three solutions occurs at nearly the same
energy position (E = 1078 eV) for all three systems presenting, according to a
tentative assignment also “hydrate features”. It is noted that the Na K-edge is located
in the soft X-ray regime. This requires changes of the experimental setup (see Section
3.3), implying that studied aqueous droplets are suspended under ambient conditions
(T = 300 K) at 25% relative humidity. This means large amount of water evaporates
from the surface, where the droplet has a higher concentration than the initial values
of each sample solution which is given in Table. 3.2. Because soft X-ray can hardly
penetrate any materials in the size regime of the millimeter droplets used in this
specific experiment, where the attenuation length of the soft X-rays used for this work
is about 3 pm at the Na K-edge considering a concentration of the sample solutions
(see Section 3.8), the recorded XANES spectra (in Fig. 4.14) carry basically the

information of the droplet-air interface.

1,8 T T T T T T T T

161
141 -
12
1,0 i
0,84

0,6 i

Count Rate

0,4—- |
02 ] —— NaCl
] ——NaF

0,0 —— NaBr

-0,2

T T T T T T T T T T T T T
1070 1080 1090 1100 1110 1120 1130
Energy / eV

Figure 4.14. XANES spectra of NaF, NaCl, and NaBr taken in the energy regime of Na K-
edge. Single microdroplets with a diameter of 1-2 mm were generated by a pipette. The
experimental setup used for these measurements is introduced in Section 3.3.
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Specifically, the droplets are relatively large (d = 1-2 mm) and they are not levitated,
where they are connected to the tip of a pipette (see Section 3.3). This is unlike freely
levitated microdroplets, since there is still a connection to the liquid reservoir inside
the tip. Therefore, any increase in solute concentration, which results from
evaporation of water, can be compensated by diffusive transport from the reservoir, so
that the degree of supersaturation of such droplets is quite limited. As a result, it is
almost impossible for such droplets connected to a pipette tip to become
supersaturated, and the solute Na* ions are mostly surrounded by water. Aziz and
coworkers performed model simulations on Na K-NEXAFS spectra for different
model clusters [Aziz 2006]. Comparing their calculated spectra with the present
experimental curves, it is straightforward to assume that the Na* ions are coordinated
by six water molecules forming Na*(H,0)s clusters. This implies that different anions
(F, CI, Br) are not present in the first solvation shell of cations and have no
significant influence on the electronic structure of Na" ions. However, as a result of
water evaporation from the droplet surface, a concentration gradient may be formed
near the liquid-air interface. Therefore, hydrated solute clusters may be formed near
the droplet surface and result in hydrate features, occurring as shoulders in the near-

edge regime, similar to the findings on supersaturated KBr droplets.

4.4 Charge Effects on the Nucleation Process of Single Levitated Droplets
4.4.1 Efflorescence Measurements of Single Neutral/Charged Droplets

The efflorescence points of neutral droplets and droplets with excess charges are
measured according to the experimental procedures outlined in Section 3.6. The
experimental setups used for these measurements are an optical levitation trap and an
electrodynamic levitation trap (EDLT) for studying neutral and charged droplets,
respectively. The experimental details of these two levitation methods have been
described in Chapter 3 (Experimental Section). Sample solutions of potassium
chloride (KCI) and sodium chloride (NaCl) with an initial concentration of 10% are

used for sample preparation.

As shown in Fig. 4.15, the crystallization time of single levitated droplets of a KCl
solution are plotted as a function of the relative humidity in the trap chamber. Each
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data point is marked by a specific symbol. Black dots represent neutral droplets which
are levitated in the optical levitation trap, and blue diamonds correspond to a charged
droplet suspended in the EDLT. All levitated droplets in the EDLT were initially
negatively charged, and the charge amplitude was experimentally determined (see
Section 3.5) to be between — (140 +=14) fC and — (260 £26) fC. It is important to
point out that in order to compare the efflorescence points of neutral and charged
droplets levitated in different levitation chambers that several experimental problems
might arise. Firstly, there might be different humidity gradients in the setups used for
such work. To overcome this problem, a setup was built, which combines both
levitation methods, where the optical levitation option was built into the climate
chamber of the EDLT. Detailed information on this experimental setup is described in
Section 3.7. This also avoids artifacts caused by the use of different gauges for
measuring the humidity. By comparing the efflorescence points measured by different
setups of optical levitation (Section 3.1 and Section 3.7), one can calibrate the
possible experimental errors caused by the use of different levitation chambers. The
red triangles in Fig. 4.15 correspond to neutral droplets, which are optically trapped in
the ELDT chamber. This result shows that droplets levitated in the EDLT chamber
have the same efflorescence humidity as the optically trapped ones. This demonstrates
that the two setups yield identical results, indicating that there are no humidity
gradients influencing the efflorescence point. Another problem for optical levitation is
that in large volume levitation chambers convection and turbulences of the
atmosphere may occur, which makes optical levitation studies more difficult.
Therefore, the ELDT setup was only used for a few droplets along with optical
levitation, verifying that both setups yield identical results.

The determination of the efflorescence points relies on a large number of repeated
measurements on droplets of well defined size with a diameter of 20 pm, where more
than 300 droplets were studied. More than ten droplets were measured at each relative
humidity which was controlled to slowly decrease as a function of time. On the
average, the relative humidity was decreased by 1% per 20 minutes. The experimental
results shown in Fig. 4.15 suggest that, when relative humidity is lower than 60% (or
48%), the crystallization time for most of the charged (or neutral) droplets suddenly
decreases to 1-2 seconds. This is because the water evaporates quickly from the

droplet surface and spontaneous formation of critical clusters near the surface is
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promoted. However, with an increase in humidity water evaporation is hindered, and
the crystallization processes are prevented to occur in a short time period [HAMzA

THESIS, HAMZA 2004].
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Figure 4.15. The efflorescence points of single neutral and charged KCI droplets. The black
dots refer the neutral droplets levitated in an optical levitation cell and blue diamonds
correspond to negatively charged droplets with electric charge of — (240 +24) fC levitated in
the EDLT. The red triangles correspond to neutral droplets, which are optically levitated in
the combined setup of an optical trap and EDLT.

By comparing neutral and charged droplets, it is noticed that the efflorescence point
of the charged droplets is observed at higher humidity than that of the neutral ones.
Specifically, the efflorescence point of an aqueous KCI solution is 48 1% relative
humidity for neutral droplets (black dots in Fig. 4.15) and 60 * 1% for charged
droplets (blue diamonds) which have an excess charge of — (240 £24) fC. Such a
significant difference, which corresponds to 12 2% of relative humidity, has been
confirmed and reproduced for several times to exclude all possible artifacts that might
occur. This result demonstrates that charged droplets are promoted to undergo

efflorescence at higher water vapor pressure than the neutral ones. Therefore, it is
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straightforward to assume that the efflorescence process is influenced by the electrical

excess charges distributing preferentially on the droplet surface [TABAZADEH 2002].

Further experiments were also carried out using different solutes, such as sodium
chloride (NaCl) with an initial concentration of 10%. However, there was no
difference in efflorescence humidity observed between neutral droplets (q = 0 fC) and
charged ones with an electric charge of — (240 +24) fC. According to the charging in
the EDLT, droplets generated in the piezo injector are charged instantaneously during
the injection. Thus, — (240 £24) fC is the maximal charge amplitude one can achieve
in this way. Such low charge might explain that there is no difference in efflorescence
humidity between neutral and slightly charged droplets. This hypothesis was further
investigated by applying significantly higher charges on the levitated aqueous NaCl
droplets. This is accomplished by using an electrode at which a high voltage on the
order of 2-3 kV was applied so that the charge state of the droplets is significantly
increased [TURKMEN THESIS]. With this method, the charge density on the aqueous
droplets can be adjusted by varying the applied voltages on the electrode, resulting in
a maximum charge of — (2.2 £0.3) pC. The efflorescence points of all the NaCl

droplets were measured by using the optical levitation setup (see Section 3.1).

The efflorescence points of NaCl droplets containing various charge states are shown
in Fig. 4.16. All droplets were negatively charged for these measurements. As shown,
with an increase in absolute charge from zero (neutral droplet) to — (2135 £300) fC,
the efflorescence point of the droplets gradually shifts to higher relative humidity.
This result is fully consistent with the results observed for KCI solution droplets. The
only difference between both systems is that NaCl droplets require a higher excess
charge than KCI solutions to reach a noticeable promotion of efflorescence by

electrical charges.

The efflorescence points are plotted as a function of the excess charge, as shown in
the inset of Fig. 4.16. It shows that for NaCl solution droplets, there is only a small
increase of the efflorescence point when the number of charges is increased from zero
to — (260 x26) fC. However, for droplets with an excess charge of — (400 £40) fC to
— (550 £55) fC, there is a steep increase in efflorescence point from 47 £1% to 59 +
1% relative humidity at 25 £0.5 <€. This implies that an excess charge of — (400 +
40) fC is sufficient to promote nucleation, where a small change in excess charge

results in a significant influence on the crystallization process. When the charge state
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of the droplets is increased to — (2135 #300) fC, the efflorescence point does not
change further and remains almost constant at 59 1% - 61 +1% relative humidity.
This provides important information that the efflorescence process in aqueous
solutions is promoted by a charge threshold, which is evidently a solute-dependent

property.
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Figure 4.16. Efflorescence points of single neutral and charged NaCl droplets with a diameter
of 20-25 pm. The initial concentration of NaCl in the droplets is 10%. The inset shows the
dependence of the efflorescence point of NaCl droplets as a function of the number of
electrical excess charges.

4.4.2 Charge Effects on the Efflorescence of Single Levitated Droplets

According to Fig. 4.15 and Fig. 4.16, under ambient conditions, the efflorescence
points of charged droplets are up to more than 10% higher in relative humidity than
those of neutral droplets. In order to assign the stimulating effects inducing nucleation
as a function of excess charges, we performed molecular dynamics (MD) simulations

on sodium chloride (NaCl) solutions using the CP2K package [INTEL, INTE2] together
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with many-body-potentials in order to calculate classical molecular dynamic

trajectories by means of pair potential interactions.

As shown in Fig 4.17 (a) and (c), two initial model structures are considered, in which
a negative charge (OH") is placed inside and outside of an fcc NasCl, octahedron. In
both models we consider a volume of 20 x 20 x 20 A% with periodic boundary
conditions. The cutoff constant in the Ewald summations « was equal to 0.44 and the

cutoff radius for short range interactions equals 11.0 A,

In both model structures, NaCl clusters are embedded into an environment of 150
water molecules. The initial distance between OH™ and Na® is equal to 4.6 A and
between two Na' ions a distance of 6.7 A determined. A standard Coulomb pair
potential V., = Ze?/r is used to describe the electrostatic interactions between
hydrogen (g = 0.417 €) and oxygen (g = - 0.834 e). The long range interactions
between water molecules, and between water and solute ions, are described by

Lennard-Jones potentials [LENNARD-JONES 1924, INTE3]:
— rﬁ 12 __ rﬁ 6
Viey = e[ = 2% (48)

where ¢ is the depth of the potential well, r is the distance between two particles, and
r'm is the distance at which the potential reaches its minimum. The potential

parameters depending on the type of ions or molecules are given in Table 4.4.

Table 4.4 Lennard-Jones potential parameters

Interaction £ (kJ / mol) T (A)
ClI'-H,0O 0.42 4.934
Na* - H,0O 0.012 3.736
H,0 - H,O 0.64 3.537

Cl"and Na" ions have an electrical charge of -1.0 e and 1.0 e, respectively. The short
range interactions between the solvated ions are treated in the framework of the Born-
Mayer formalism [BoRN 1932, BORN 1946]:

VB—M == Ae_BT (49)
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where A and B are constants for a given pair of the atoms and r is the internuclear
separation between the atoms. Table 4.5 summarizes the values used for the
calculations.

Figure 4.17. Molecular dynamics snapshots of negatively charged aqueous solutions of NaCl.
Two models are considered with a single negative OH™ (marked in blue color) which is
enclosed in a water solvation shell located either inside or outside an fcc octahedron of Na,Cl,
(Na': purple spheres, CI: green spheres). (a) and (c) are the starting configurations; the
geometries after a simulation time of 5 ps are given in (b) and (d), respectively.

Table 4.5 Born-Mayer parameters [ABRAHAMSON 1969, SANGSTER 1976, FUMI 1964]

Interaction A (eV) B (A%
Cl-Cr 6411.8 3.636
Na —Na* 3661.4 3.777
Na* - CI 4845.2 3.706
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The two initial geometries (Fig. 4.17 (a) and (c)) are relaxed within 5 ps simulation
time and their corresponding final geometries are given in Fig. 4.17 (b) and (d),
respectively. In the two final configurations, where due to electrostatic interactions
between OH™ and Na" ions, the octahedron of NasCl, clusters are strongly deformed
and the anion OH" links two neighboring Na* ions. Therefore, the resulting distances,
either between Na* ions or between Na* and OH", become considerably shorter than
the values in the initial configurations (as shown in Table 4.6). Furthermore, attractive
forces between OH™ and Na" disintegrate the solvation shell initially surrounding the
OH  ions. This mechanism provides a clear picture of how electrical excess charges
act as a linker introducing an indirect contact between solute ions. As a result, they
clearly promote aggregation of solute clusters on short time scales. Even though
mechanisms of nucleation process in electrolyte solutions have been proposed in both
classical and non-classical approaches [ZETTLEMOYER 1969, GEORGALIS 2000],
increasing evidence, including the present simulations, indicates that the nucleation

process can be influenced by negative excess charges (see Section 1.1).

Table 4.6 Distance between sodium ions or sodium and hydroxyl ions in the initial and final
configurations of molecular dynamics simulations shown in Fig. 4.17

Na" - Na" Na" - OH"
(distance A) (distance A)
In Fig. 4.19 (a)/(c) (Initial)
(OH-" inside/outside Na,Cl,) 6.7 4.6
In Fig. 4.19 (b) (Final)
(OH" inside Na,Cl,) 4.8 2.45

(OH" outside Na,Cl,)

In classical nucleation theory, clusters in supersaturated solution evolve via single
atom attachment and no interactions between solute clusters are taken into account
[VOLMER 1939, BECKER 1935]. From this point of view, the present simulations
provide a convincing proof that negative electrical excess charges, corresponding to
OH" in this work, in supersaturated NaCl solutions can be considered as preferential
sites where the solute ions initially start to aggregate. The excess charge might
eventually locate either inside or outside these growing clusters depending on the
orientation of the solvated ions during solution. Due to the simplification of the
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nucleation process, many drawbacks of the classical nucleation theory have been
pointed out and discussed in previous works [ERDEMIR 2009]. One of the important
thermodynamic points is that classical nucleation theory considers exclusively
enthalpic effects, i.e. interaction potential of the system, whereas entropic solvent

effects are neglected.

Recently, a non-classical view regarding solvent effects on the nucleation process was
introduced by Gebauer et al. [GEBAUER 2008]. They proposed that during the
nucleation process in aqueous solutions, thermodynamically stable clusters are formed
at the prenucleation stage which is defined as the very early stage of crystallization.
This means that the formation of clusters is based on a thermodynamic equilibrium,
instead of a stochastic mechanism that is used in classical nucleation theory. The
position of this equilibrium can be influenced by the properties of the solvent, such as
the pH value of the solution [GEBAUER 2008]. The resulting small and stable clusters
play an important role in the nucleation process [NAVROSTSKY 2004, HORN 2001,
GEBAUER 2008].

The significant difference between the efflorescence points of charged and neutral
microdroplets (Fig. 4.15 and Fig. 4.16) is also partially attributed to solvent effects. In
the MD simulations, interactions between the excess charge stabilized by OH" and
solvated ions were initially prevented by the salvation shell of OH". However, due to
the electrostatic attractive forces between OH™ and Na’, there is a strong tendency for
a loss of the solvation shell, and stable prenucleation clusters can be readily formed in
charged droplets. Therefore, in comparison with neutral droplets, in which subcritical
clusters are formed via local concentration fluctuations, charged clusters can evidently
more efficiently grow in the presence of excess charges, which is a result of the
negative excess charge. Therefore, a NaCl solution containing excess charges (OH")

tends to form (NacCl),, clusters according to,

x Na* + x CI” + yOH™ S [(NaCl),(OH),]" (4.10)

where x is the number of ion pairs contained in thermodynamically stable clusters of

NaCl, and y is the number of electrical charges involved in cluster formation.

Further, there is a distortion of the solvation shell, affecting the structure of water

molecules, i.e. hydrogen-bond network, which is also modified. Model studies of
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charged particles [MYLAND 2002] suggested that electrical charges localized on the
droplet-air interface create an electrical potential, which further modifies the surface
tension of aqueous droplets [ZHANG 2001, IAVARONE 2003, WHEELER 2008]. From the
classical Lippmann equation [LiPPMANN 1873], which gives the relationship between
the surface tension and the electrostatic potential, Weon and coworkers [WEON AND
MARGARITONDO 2008] derived a physical model that correlates the reduction of the
surface tension with the surface charge density and the Rayleigh limit of Coulomb

explosion,

)/_a,' = [1+ 4(c/0x)?]"V/? (4.11)

wl
where v, and v,; are the modified and initial surface tension, respectively; ¢ is the
surface charge density of the droplet, and or is the Rayleigh limit of Coulomb
explosion [RAYLEIGH 1882]. It should be noted that this model is suitable for any
liquid droplet size [WEON AND MARGARITONDO 2008].

According to Eq. (4.11), the surface tension of a charged droplet decreases with
increasing surface charge density. Recently, it was found [WEON 2008] that even a
low surface charge density could significantly decrease the surface tension of water
droplets. This means that for charged droplets, the intermolecular forces, which attract
liquid molecules to minimize their surface area, is decreased. As a result, water
molecules can more easily escape from this net force by evaporation [SEINFELD 1988].
Obviously, this process has a promoting effect on the formation of critical clusters.

According to the experimental results and the model simulations, we demonstrated
that negative electrical excess charges have a stimulating effect on the formation of
solute clusters which aggregate to form critical clusters more readily at a given
humidity. Consequently, the nucleation process in aqueous solutions is promoted.
This result provides another effective method for controlling the phase transition
process from liquid to solid. Furthermore, we found that the number of charges
required for promoting nucleation in aqueous solutions is solute-dependent. For
example, for droplets of KCI solution at room temperature, — (240 =+ 24) fC of
electrical charge is sufficient to increase the efflorescence point from 48 1 % to 60 +
1 %. However, aqueous droplets of NaCl with a similar excess charge of about — (260

+26) fC have nearly the same efflorescence point (47 £1%) as the neutral ones (46 £
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1%), i.e. no promoting effect is observed. In order to significantly change the
efflorescence point of NaCl one needs to increase the excess charge up to — 400 fC.
We suggest that this phenomenon is related to the number size of critical clusters for
initializing the nucleation process (see Section 2.3).

Therefore, in order to assign the different nucleation behaviors of KCI and NaCl
droplets with nearly the same number of negative excess charges, we performed
calculations regarding to the size of critical clusters which is required to grow in both
solutions. It is noted that for this calculation, it is only possible to define an upper and
a lower limit of the critical cluster size, instead of the exact values of constituents
contained in such a critical cluster (Section 4.1.1). As shown in Fig. 4.18, the size of
critical clusters is given as a function of solute concentration in the droplets, which
can be determined according to the corresponding curves shown in the inset. For both
KCI and NaCl solution droplets, the solute concentrations corresponding to their
efflorescence points of the neutral and charged droplets are indicated in the insets of
Fig. 4.18 by red and purple dashed lines, respectively. Subsequently, the resulting
concentration values are used to determine their corresponding number of constituents
in the critical clusters, which is based on calculated curves in Fig. 4.18. Note that the
electrical excess charge loaded on both KCI and NaCl droplets has almost the same

magnitude, corresponding to — (250 +25) fC.

For KCI solution, the upper and the lower limits of the critical number size are close
to each other, which means that the number size of solute ions contained in the critical
clusters of KCI is distributed in a narrow size range. As shown in Fig. 4.18, neutral
droplets of KCI have at the efflorescence point a solute concentration which is 16
molal, the critical number size is on the average about 2.3 molecules/cluster. When
the droplets carry about — (250 £25) fC of excess charges, the efflorescence humidity
rises to 60%, which corresponds to an about 11 molal solution, and the number size of
critical clusters is about 2.7 molecules/cluster, i.e. somewhat higher than without
excess charges. This result indicates that in KCI solution a significant decrease in
solution concentration, i.e. an increase of relative humidity occurs, whereas only a
small change in critical number size of solute clusters is observed. Moreover, the
experimental results have demonstrated that such a small increase in critical number
size can be compensated by the promoting charge effects as discussed at the

beginning of this Section.
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Figure 4.18. Calculated curves of the upper, N.max(298K,ny) , and the lower,
N¢min(298 K, ny), limits for the number size of critical clusters N.(298 K, n,) in KCI and
NaCl solutions as function of solute concentration at room temperature, ny(T). The solute
concentrations corresponding to the efflorescence points of KCI and NaCl neutral droplets are
indicated by red dash-dotted lines, whereas the purple dashed lines stand for the
corresponding charged droplets. Note that the negative excess charge carried by KCI and
NaCl droplets is similar, corresponding to — (250 %25) fC. Each value of solute concentration
is obtained from the corresponding inset of the humidity-concentration curves.
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However, the situation is different, when a solution of NaCl is considered. From the
calculated curves of NaCl shown in Fig. 4.18, one can clearly see that the area
between the curves defining the upper and the lower limits of the critical number size
is considerably bigger than that of a KCI solution, i.e. the NaCl solution has a broader
size distribution at the critical cluster size. This indicates a possible requirement for a
larger critical cluster size. For example, the efflorescence point for neutral NaCl
droplets is found at a relative humidity of 46 =1 %, which corresponds to a 13.7
molal solute concentration, where the critical cluster sizes ranges between 2.6 to 4.
For droplets with an excess charge of about — (250 *25) fC, efflorescence occurs at
47 £1 % relative humidity, where the solute concentration is about 12.5 molal. This
value is quite close to that of the neutral droplets. However, such a small decrease in
solute concentration results in a significant increase of the number size of the critical
clusters. As shown in Fig. 4.18, the critical number size in charged NaCl droplets is in
the range between 2.7 and 5 molecules per cluster, which is a considerably broader
size range than is derived for neutral droplets. According to the similar efflorescence
points between neutral and charged NaCl droplets, we experimentally demonstrated
that the efflorescence promoting effects of the excess charges could compensate this,
leading to an increase in the size distribution of critical clusters. However,
efflorescence points of droplets with such small net charges are difficult to be
promoted to higher humidity, i.e. significantly lower solute concentration and larger
critical clusters. In order to reach this regime, one needs to apply higher excess

charges to NaCl droplets (for example -400 fC), as shown in Fig. 4.16.

These results can be understood that there is a threshold of excess charge required for
promoting efflorescence at higher relative humidity. We also observed that above this
threshold, the efflorescence humidity starts to increase with the magnitude of the
applied excess charge. However, above this threshold saturates at certain level of
excess charge. This is because, once the excess charge reaches certain value, critical
clusters can be easily formed near the surface, where the charge density is highest and
cluster formation becomes almost independent from the charge density. As a result,

the efflorescence point of charged droplets cannot be significantly changed any more.
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4.5 Simulations of Scattering Patterns in Crystallizing Droplets

It is well known that when incident photons shine on particles of similar or larger size
than the wavelength of the incident radiation, Mie scattering patterns occurs.
Scattering images are composed of dark and bright fringes [BOHREN 2010, MIE 1908].
However, for single levitated aqueous droplets, solid clusters are formed when solute
concentrations of droplet solutions become supersaturated. As a consequence, Mie
scattering patterns become slightly modified, or they even vanish upon the occurrence
of irregular speckle patterns, as discussed in previous work of Berge et al.
[BERGE1999].

In order to analyze the particle dependent information carried out in such scattering
patterns, we used a high speed video camera (Motion Pro X4) to measure the
scattering patterns of single levitated microdroplets during optical levitation. This
CCD camera allows us to take 30000 frames/second. Therefore, this device is able to
follow size dependent changes in scattering patterns, which occur upon evaporation of
the solvent and phase transitions. These scattering patterns are assigned by performing
model simulation with the “discrete dipole approximation” (DDA) [DRAINE 1994].

More information can also be found in Section 2.5.

Fig. 4.19 shows two images taken from the same NaCl droplet by the high speed
camera. This droplet was generated with an initial solute concentration of 20%, and it
is levitated at an ambient humidity of 60 1 %. The image showing the bigger droplet
(d =38 + 0.5 jam) was taken when the droplet was just injected into the optical trap by
the piezo droplet generator. The other image (d = 19 + 0.5 m) was recorded after
about 10 s of levitation time. The significant decrease in size from 38 + 0.5 jun to 19
+ 0.5 pm indicates a substantial evaporation of water during the first seconds of
levitation, which has been properly described by the Kelvin equation [STEINER 1999].
Similar findings have also been reported for KCI solution droplets [HAMZA THESIS,
HAamzA 2004]. In that work, it was demonstrated that after injecting the droplets at a
relative humidity of 56 *+ 1%, they underwent a substantial loss of water, so that the
solute concentration was increased until a thermodynamic equilibrium was reached
between the levitated droplet and its surrounding gas phase. This process takes

typically about 10 to 15 seconds. Afterwards, no substantial change in the droplet
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diameter is observed before spontaneous nucleation occurs upon further lowering of
the ambient humidity [COHEN 1987].

Figure 4.19 Images of aqueous microdroplets containing initially 20% NaCl. The initial
droplet diameter is 38 + 0.5 pm. The images are taken by a high speed camera at 60 +=1%
relative humidity and room temperature (T = 298 K). Left: This image was taken immediately
after droplet injection into the optical trap (d = 38 + 0.5 pm). Right: Image of the same
droplet after 10 s levitation in the trap. The droplet diameter shrinks to 19 + 0.5 pm.

After the most substantial loss of water during an “induction time”, the solute
concentration of the droplet becomes saturated or even supersaturated. As the
scattering patterns of dilute and saturated droplets are quite different from those of
supersaturated solutions [BERGE, 1999], identification of solute structures within such
optically levitated droplets is performed via a “fingerprint” comparison with

theoretical simulations using discrete dipole approximation (DDA) [DRAINE 1994].

DDA is an approximation method which is used to calculate the scattering and the
absorption of electromagnetic waves by targets of arbitrary geometry. In this
approximation, a continuum target is replaced by a finite array of polarizable points,
which acquire dipole moments in response to the local electric field [DRAINE 1994].
For a given target geometry, one can generate a certain dipole array, which is located
within the volume V of the continuum target by using algorithm introduced by Draine
[DRAINE 1994]. A more detailed description of this method is given in Chapter 2 (see
Section 2.5) and in the literature [DRAINE 1994, DRAINE 2004].

DDSCAT is a software package to perform DDA calculations, in which the quantity

of scattering efficiency factor is determined by:
Qsca = Csca/nagff (4-12)

where the “effective radius” a., is defined as a.¢r = (3Vtarget/47r)1/3. Cscq 1S the
scattering cross section, which is described as:

100



CSCCL -

N
k?exp(ikr
#Z exp(—ik? - ;) (PF — 13)P, (4.13)
=1

]

where k=27t/A, A is the wavelength of the radiation in vacuum. Ej, ; is the electric
field of the incident wave at 7;. a; and P; are the polarizability and polarization of

dipole j.

A typical Mie scattering pattern which is composed of bright and dark fringes or
stripes is shown in Fig. 4.20(a). This experimental image containing 14 dark stripes
was taken with the high speed camera when an aqueous droplet (d = 25 = 1 pm)
containing 10% sodium chloride (NaCl) was levitated at room temperature (T = 298
K). The environmental relative humidity was 65 +1%. The geometry of the liquid
microdroplets is assumed to be spherical. Simulations of such scattering pattern were
carried out with the initial configuration given in the inset of Fig. 4.20(b). The red
sphere symbolizes an aqueous droplet with a typical droplet diameter of 25 =1 pm.
This target sphere was replaced by 107 scattering blocks. A sphere has the highest
possible symmetry. Thus, the location and the orientation of the target in both
laboratory and target systems (see Section 2.5) have no influence on the scattering

pattern.

The simulated scattering image based on the assumed geometry is shown in Fig 4.20
(b). Since the refractive index of dilute agueous solutions are nearly the same as that
of water given by Segelstein. In the present simulations the real part of the refractive
index was taken as 1.33 and the imaginary part was 0.01 [SEGELSTEIN 1981]. As a
result, consistent scattering patterns are obtained from experiments and simulations
(see Fig. 4.20). This means that for single levitated microdroplets, it is reasonable to
consider them as spheres [DUFT 2003]. With decreasing relative humidity, the droplet
becomes supersaturated and solute clusters form, which may modify the initial

scattering pattern.

Note that due to the limitations of CPU capacity, for theoretical simulation one can
only use 8 millions of scattering units, which result in the maximal droplet diameter
of 8 um, corresponding to maximum of 10 stripes in the simulated scattering patterns.
Thus, the theoretical simulations cannot fully reach the size regime of the
experimental droplets. Nevertheless, the size of the microdroplets has an influence on
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the scattering patterns, where smaller particles generate a smaller number of stripes

per scattering angle.

A T NN T, W e, WL e

. -0.2 0.0 0.2
7 Axis 7 Axis

Figure 4.20. (a) Mie scattering pattern experimentally taken from a droplet (d = 25+1 pm) of
NaCl with an initial concentration of 10%. This image is a typical Mie scattering pattern of a
single levitated droplet. (b) Simulation of Mie scattering pattern for single spherical droplet.
The calculation is done with the scattering geometry given in the inset of (b). The red sphere
representing for a single levitated droplet has diameter of 8 pm. The black arrows show the
direction of the incident and the scattered light.

Solutions of levitated droplets could easily become supersaturated by evaporating
large amounts of water during levitation. Additionally, the solute concentration of the
aqueous droplets is fully controlled by adjusting the relative humidity of the droplet
environment. Therefore, the solute concentration undergoes a further increase and
reaches eventually supersaturation. As a result, phase separation occurs in the liquid
droplet in order to stablize the metastable supersaturated solution. As a consequence
of the formation of solid clusters, the incident light waves are scattered from these
clusters yielding significant changes in scattering patterns [BERGE, 1999]. When the
clusters reach a critical size (see Section 2.3), subsequent crystallization eventually
occurs throughout the entire volume. The resulting solid crystals provide specific

scattering images.

Fig. 4.21 (a) and (d) are two different scattering images observed during experiments.
Fig. 4.21 (a) was measured using droplets of 10% NaCl solution at 80 +=1% relative
humidity. The initial diameter of the droplet is 80 =1 pm. This scattering image is
similar to the typical Mie image of liquid solution (see Fig 4.20), but with only a few
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stripes (stripe number: 6) confined in a narrow regime. Fig. 4.21 (d) shows a
scattering pattern of a droplet of 10% NaCl solution. The initial diameter of the
droplet is 50 =1 pm. In this feature, the regular stripes are distored and a “mesh-like”

structure is observed. Similar images were reported in previous results [BERGE 1999].

The occurrence of such speckle patterns indicates that the formerly aqueous droplets
almost transformed into solids. Therefore, in order to assign the reasons for the
formation of such irregular scattering patterns, the scattering properties of solid
crystals of different geometries have been simulated, which goes beyond previous
work by Berge [BERGE THESIS].

Solids which are formed via crystallization of solutions are optically transparent as the
liquid, but their shapes are evidently non-spherical [BERGE 1999, KIRMACI 1979,
MoTEGI 1978, ZoLc 1973]. It is assumed that solute crystals of aqueous droplets are
cubic. As shown in Fig. 4.21 (c), a single cubic solid with 4 pm edge (8 millions
scattering units) symbolizes a solid cube of NaCl crystal after phase transitions from
the liquid. Similar to the spherical target, the cubic solid is also replaced by 10°
scattering blocks, and due to the CPU capacity, this is the maximum of particle size
that we can simulate. The orientation of the target in the coordinate system refer to the
incident light is shown in Fig 4.21 (c). The laboratory frame is denoted by axes of X,
Y, Z. The incident radiation propagates along X axis. The target orientation in the
coordinate system is denoted by axes a; and a,, which are defined by angles O, ®@,
and B (see Section 2.5). ® is the angle between the X axis of the fixed laboratory
coordinate system and the a; axis of the target system. When B equals to 0O, the a, axis
is located in the X,a; plane. Therefore, when all the three angles are defined as zero
(®=09d=0%p =09, the laboratory frame and the target system overlap (as shown
in Fig. 4.21 (c). Model simulations are performed to generate a scattering pattern
corresponding to such instant scattering geometry, as shown in Fig. 4.21 (b). The
results indicate that the experimental and modeled results show evidence for the
formation of a single cubic solid via crystallization.

It is experimentally demonstrated that for different levitation techniques solid
particles are not at rest in levitation traps. For example, in EDLT, solid particles
undergo a regular motion with certain frequency which is related to the ac frequency
applied to the electrodes [BERGE 1999, BERGE, UNPUBLISHED WORK]. The motion of

optically levitated particles along the laser beam is also experimentally observed in
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present work. Superimposed to this motion is the convection of the atmosphere
surrounding the levitated particle. As a result, the orientation of the crystal with
respect to the laser beam may be different depending on the motion of the trapped

particles.
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Figure 4.21. Two different scattering patterns measured with single levitated droplets of a
10% NaCl solution. (a) Scattering pattern taken from a droplet with an initial diameter of 80 =
1 pm. The scattering pattern is similar to a typical Mie pattern, but the stripes are confined in
a narrow regime. (b) Simulated scattering pattern of a solid cube with 4 pm edge length. The
orientation of the cube in the coordinate systems is shown in (c). (d) A “mesh-like” scattering
pattern which is experimentally taken from droplets of the same NaCl solution (initial
diameter: 50 =1 pm). (e) Simulated scattering pattern when the cubic target shown in (c) is
rotated by 45 Zin the laboratory frame. The resulting geometry is shown in (f).

An important difference between the geometries of a sphere and a cube is that a
sphere has the highest possible symmetry, whereas a cube has octahedral symmetry.
This implies that the orientation of a spherical particle with respect to the incident
angle of the laser beam cannot affect the scattering image. In contrast, different
orientation of cubic solids in the coordinate system could result in different scattering
patterns [BERGE 1999, HEFFELS 1995]. Therefore, further simulations are carried out
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with the angle ® changing from ® = 0°to ® = 45< as shown in Fig. 4.21 (f). The
simulated scattering pattern is shown in Fig. 4.21 (e) in which a squared mesh is
likely being rotated by about 45< 60<in the plane of the image. This result is in
general agreement with the experimental pattern shown in Fig. 4.21 (d).

The agreement between the experimental and simulated scattering patterns
demonstrates that single cubic crystals are formed via crystallization of liquid
droplets, and the scattering pattern changes depending on the orientation of such solid
cube in the laboratory frame. Thus, due to the instability of such levitated solids, the
scattering patterns shown in Fig. 4.21 (a) and (d) can be alternatively observed.
Similar to the typical Mie image, the scattering pattern of a cubic crystal also shows

regularities, depending on the actual orientation in the laser beam.

It is also possible that solid and liquid phases occur simultaneously during nucleation.
This is because metastable supersaturated solutions can be stabilized via phase
separation, where microcrystals of solutes are formed (Section 2.4). Scattering
patterns of microdroplets containing solid crystals are simulated by similar methods
introduced above. As shown in the inset of Fig. 4.22 (b), the simulation contains 55
small spheres with a diameter of 0.16 pm, which are embedded in a spherical water
environment with 4 pm diameter. The target is again replaced by 8 millions scattering
units due to the mentioned CPU memory limits. In principle, the microcrystals are
randomly distributed over the entire droplet volume. Therefore, diffrent orientations
of such target in the coordinate systems result in the identical, averaged scattering

patterns.

A simulated scattering pattern of this model is shown in Fig. 4.22 (b). The image is
different from the ones observed above and no clear structure is shown in this Figure.
Such irregular scattering pattern is often experimentally observed, as shown in Fig.
4.22 (a). This result reveals that microcrystals are often formed, and a solid and a
liquid phase coexist simultaneously within the droplet. The irregular scattering pattern
is formed because the incident light is scattered by both the liquid and solid phases, so
that the scattering process is more complicated than that in a homogeneous liquid
solution or a pure solid crystal. Consequently, the light wave is scattered randomly

and the scattering pattern has no clear stripe structure.
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Figure 4.22. (a) Scattering pattern of single levitated droplets which are initially prepared
from a 20% NaCl solution at 60% relative humidity; (b) Simulated scattering image from 55
small spheres (diameter: 0.16 pm) embedded in a spherical water environment (diameter: 4
M), as shown in the inset of the Figure.

It is noted that simulations were also carried out when the small spherical crystals
(Fig. 4.22 (b) inset) were substituted by small cubes of the same size. But the resulting
patterns did not agree with any of the experimental results observed in this work. This
demonstrates that solute microcrystals in droplet solutions are spherical, instead of
cubic. However, these solute crystals are not necessary perfect spheres. In fact, the
shape and the size of crystals formed in a solution droplet are influenced by several
factors, such as the solute concentration or the electric charge on the droplet surface
[DRAPER, 2007].
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

We investigated phase transitions from supersaturated microdroplets containing
aqueous salt solutions, where solid crystals are formed via efflorescence. Contact-free
storage of these droplets permits to reach a high degree of supersaturation by means
of optical levitation for neutral droplets as well as electrodynamic levitation for
electrically charged droplets. The diameter of the levitated droplets was determined
by Mie scattering. The occurrence of the phase transitions was identified by

characteristic changes in the angle resolved Mie patterns.

The transition process from the liquid to the solid was mainly studied by tracking the
evolution of solute clusters in droplets containing no excess charges during
homogeneous nucleation, and also by comparing the efflorescence points of neutral
and charged droplets to explore charge effects on the nucleation process. The most
important results of these experiments that are assigned by model simulations are

summarized as follows:

Homogeneous nucleation in supersaturated solutions is studied by following changes
in electronic structures of solvated ions or clusters in microdroplets. XANES spectra
are recorded in the energy regime of the Br K-edge for aqueous solutions of NaBr and
CaBr,, and in the Zn K-edge regime for ZnBr; solutions. The main results derived

from these systems are:

For aqueous droplets of NaBr solutions, recorded in the Br K-edge regime, XANES
spectra are taken in the humidity regime of 50-30%., corresponding to a
supersaturated solution up to 10.6 M. The Br K-edge shows initially a blue-shift
which is followed by a red-shift with decreasing humidity corresponding to increased
concentration of the solution. The edge positions of thin films containing a dilute
NaBr solution and the solid crystals occur nearly at the same energy (13459.9 eV)
which is lower than those of supersaturated droplets.
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The simulations of two sodium bromide model nanoclusters show that the energy shift
of the Br K-edges is a result of the coordination of the Br site. The maximum
coordination of a Bry site is 6 and therefore, unsaturated Bry. sites (n<6) can form a
maximum of 6-n hydrogen bonds with solvating water molecules. Simulated XANES
spectra show that the Br K-edge shifts to lower energies when increasing the
coordination of a given Br, site. As a result, Br, sites either bind at high
concentration directly to a Na site within a nanocluster or they are forming hydrogen
bonds with solvating water molecules, contributing similarly to the magnitude of the
computed spectral shifts in XANES spectra. Further, in droplet solutions under
ambient conditions the averaged degree of solvation of NaBr clusters does not reach
its maximum, i.e. the number of water molecules forming hydrogen bonds with a
given Bry,. site is expected to be in average lower than 6-n. However, in dilute
solutions or the solid crystals, most Bry sites are fully coordinated by hydrogen bonds
or Na atoms. Therefore, their Br K-edges occur at lower energy as compared to the

supersaturated solution droplets.

Further measurements are performed using aqueous CaBr;, solutions. Br K-edge
XANES spectra are measured in the humidity regime of 64% - 45%. As a result of the
significant decrease in the relative humidity (about 20%), the core level absorption
edges of Br ions and clusters systematically shift to lower energy. As compared to the
spectra of supersaturated microdroplets, the Br K-edge of the dilute CaBr; solution
occurs at higher energy and that of the solid crystals at lower energy.

These results are evident for the formation of solute clusters which modify efficiently
the local electronic structure of the absorbing ions or solute clusters, leading to a
lowering of the absorption energy during spontaneous nucleation from the liquid to
the solid. Spectral simulations of two model structures (single Br™ ion or CaBr;
monomer surrounded by water molecules) verify that in dilute solution it is dominated
by solvated ions, and ion pairs (Bjerrum pairs) and solute clusters are formed in

supersaturated solutions.

Solutions of ZnBr; are studied in the energy regime of the Zn K-edge. Similar to the
results observed for CaBr; solutions, the Zn K-edge gradually shifts to lower energy
during the transition from dilute solution to dry solid crystals. These results also

demonstrate that Bjerrum pairs of ZnBr, are formed in supersaturated solution
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droplets, and XANES spectra of the cations (Zn®*) show similar changes in XANES

spectra as compared to the anions (Br).

Near-edge structures of KBr droplets are measured at relative humidity close to its
efflorescence point. The prominent difference between the XANES spectra taken pre-
and post-crystallization is a spectral shoulder which occurs only after crystallization.
Theoretical modeling provides strong evidence that this spectral shoulder arises from

the formation of hydrated KBr clusters.

Another main subject of this work is the study of charge effects on the homogeneous
nucleation process. The efflorescence points of neutral and charged droplets of KCI

and NaCl solutions are measured.

For KCI solution, the efflorescence point of neutral droplets is 48 £1% humidity, and
for charged droplets (- (240 *24) fC) this quantity is increased to 60 *1%. These
results provide evidence that charged droplets of KCI solutions crystallize at lower
solute concentration than the neutral ones, which implies that electrical excess charges
have a promoting effect on the homogeneous nucleation process in supersaturated
microdroplets.

For NaCl solutions, because of its characteristic broad size distribution of the critical
clusters, significant enhancement of efflorescence by electrical excess charges is not
observed unless the excess charge is increased to - (400 £40) fC. This implies that
there is a threshold of excess charge for the charge stimulated nucleation process.
Above this threshold, efflorescence increases as a function of charge state until the
excess charges get saturated at a certain value, where the formation of critical clusters
is independent from the charge density. Molecular dynamics simulations were
performed on NaCl solutions demonstrating that negative excess charges are able to
attract the surrounding Na® ions in solution. Consequently, prenucleation solute
clusters are more readily formed in charged droplets than in the neutral ones. This is
the main reason why the nucleation process is promoted in charged droplets and
efflorescence occurs at higher humidity.

Scattering patterns are assigned to the geometries and orientations of clusters by
comparing the experimental results to model simulations using the “discrete dipole
approximation” (DDA). Spherical liquid droplets containing no solute clusters show

typical Mie scattering patterns. Such images are likely to be confined in a narrow
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humidity regime. They are distorted when single cubic crystals occur via
crystallization, which are orientated differently in the laboratory frame. Entirely
irregular scattering patterns are observed, when small solid crystals are formed in
droplet solutions, which explains the features of experimental scattering patterns of

highly supersaturated solution droplets.

5.2 Outlook

The work described in this thesis contributes to the fundamental understanding of the
nucleation process from liquid to solid. To this end, two main research lines were
considered: (i) XANES spectroscopy was used to follow the continuous changes in
the electronic structure of different ionic salts during nucleation, and (ii) the
promoting effects of negative charges on homogeneous nucleation were investigated
based on the crystallization time of neutral and charged microdroplets. Nevertheless
further challenges in experimental techniques and theoretical approaches still remain
in the field. For example, in the cases of nucleus containing 100 — 1000 atoms, there
are almost no experimental techniques capable to provide direct insight into the
atomic arrangements of such particles. From a theoretical viewpoint, classical
nucleation theory is the simplest and broadly used approach. However, in many
situations, nucleation deviates significantly from the classical regime [GEBAUER 2008,
KIRSCHHOCK 1999]. Therefore, improving modern techniques in the laboratory and

theoretical models are mandatory requirements to see further progress in the field.

110



Summary

This work is devoted to gain fundamental understanding of homogeneous nucleation
of salt solutions in supersaturated microdroplets. Essentially, two main aspects of the
nucleation process are considered: (i) the progressive changes in local electronic
structure of selected ions during nucleation, which are monitored by means of
XANES spectroscopy combined with optical levitation; and (ii) the promoting effects
of negative charges on the nucleation process of supersaturated solution, which is
achieve by comparing the humidity-dependent crystallization time of neutral and
charged microdroplets. Optical and electrodynamic levitation techniques are used to
suspend neutral and charged droplets, respectively.

XANES spectra are recorded in the energy regime of Br K-edge (Zn K-edge) for
supersaturated microdroplets of NaBr, CaBr, (ZnBr;), and their corresponding dilute
thin film solutions and solids. For supersaturated droplets, repeating XANES spectra
are measured with decreasing humidity. Systematic changes in the energy positions of
the absorption edges are experimentally observed for each sample solutions and
compared with theoretical simulations. For solutions of CaBr, (ZnBr,), the Br K-
edges (Zn K-edges) shift to lower electronic energy when the solvated Br™ (Zn*) ions
transfer from liquid to solid. Whereas, the Br K-edges of NaBr solution shift first to

higher energy and then back to lower energy at certain relative humidity.

Charge effects on nucleation process are studied with sample solutions of KCI and
NaCl. Efflorescence point, which is defined as the relative humidity where the
crystallization time of levitated droplets suddenly decreases from more than 600 s to
less than 2 s, is measured for both neutral and charge droplets of these model systems.
For KCI solutions, the efflorescence point of charged droplets which has an excess
charge of — (240 %=24) fC is 12 £2% of relative humidity higher than that of neutral
ones. Similar results are also observed for NaCl solutions. Nevertheless, NaCl
solutions require a higher charge amplitude than KCI solutions to obtain a significant
increase of the efflorescence point; this is due to the size difference of the critical
clusters for both salts. Molecular dynamics simulations of NaCl solution demonstrate

that a negative charge (OH") acts as a linker between two neighbor Na® ions in
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solution, which means solute clusters are more ready to form in a charged solution,

and therefore, initialize the nucleation process.

Overall, we have successfully recorded XANES spectra of single levitated droplets
and studied charge effects, which allow us to probe the nucleation process on an
unprecedented molecular level. This could provide the basics for further
investigations of more complex systems and the development of improved

homogeneous nucleation theories.
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Zusammenfassung

Diese Arbeit ist dem fundamentalen Verstehen von homogener Nukleation von
SalzlGungen in (bersatigten Mikrotr&pfchen gewidmet.

Im Wesentlichen werden zwei Hauptaspekte des Nukleationsprozesses betrachtet:

(i) Die fortschreitenden Anderungen in der elektronischen Struktur von
ausgewénlten lonen wéarend der Nukleation. Diese werden mittels XANES
Spektroskopie,die mit optischer Levitation kombiniert ist, (berwacht;

(i) Die beginstigenden Effekte von negativen Ladungen auf den
Nukleationsprozess von (bers&tigten L&ungen, welche durch den Vergleich
der Abh&ngigkeit der Luftfeuchtigkeit auf die Kristallisationszeit von

neutralen und geladenen Mikrotrcpfchen erzielt werden.

Optische und elektrodynamische Levitationstechniken werden entsprechend

verwendet um neutrale und geladene Tr&pfchen einzufangen.

XANES Spektren werden im Energiebereich der Br K-Kante (Zn K-Kante) fUr
(bersatigte Mikrotrdpfchen aus NaBr, CaBr, (ZnBr,) und den entsprechend

zugehdigen verdinnten ditnnen Filml&ungen und Festk&pern aufgenommen.

Bei (bersatigten Trcpfchen wurden wiederholende XANES-Spektren mit
verringernder  Luftfeuchtigkeit aufgenommen. Systematische Anderungen der
Engeriepostionen der Absorptionskanten, werden experimentell erhalten fUr jede

L&ung und verglichen mit theoretischen Simulationen.

FU L&ungen aus CaBr, (ZnBr,) verschieben sich die Br K-Kanten (Zn K-Kanten)
zu niedrigeren elektronischen Energien, wenn die solvatisierten Br (Zn*) lonen von
der FlUssigkeit zum Festk&per (bergehen. Hingegen verschieben sich die Br K-
Kanten der NaBr L&ung erst zu h&eren Energien und dann dann zuritk zu

niedrigeren Energien bei einer bestimmten relativen Luftfeuchtigkeit.

Ladungseffekte auf den Nukleationsprozess werden studiert mit KCI- und NaCl-
L&ungen. Der Effloreszenzpunkt, welcher als die relative Luftfeuchtigkeit, bei der

die Kristallisisationszeiten der levitierten Tr&pfchen pldzlich um mehr als 600 s bis
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hin zu 2 s weniger abnehmen, definiert ist, wird fUr neutrale und geladene Tr&pfchen

dieser Modellsysteme gemessen.

FU KCI L&ungen, ist der Effloreszenzpunkt von geladenen Tr&pfchen, welche eine
Uberschi®sige Ladung von - (240 £24) fC hat, 12 2% relativer Luftfeuchtigkeit
hcher als das von neutralen.

Ahnliche Ergebnisse wurden wir NaCl-L&sungen erhalten. Dennoch fordern NaCl-
L&sungen einen héheren Ladungsausschlag als Kcl-L&ungen um eine signifikante
Erhdwung des Effloreszenzpunktes zu erhalten. Dies Dberuht auf den

Grd%®nunterschieden der kritischen Cluster fUr beide Salze.

Simulationen der Molekddynamik von NaCl-L&ungen demonstrieren, dass eine
negative Ladung (OH") verh&t sich wie eine Bindung zwischen zwei Nachbar-Na*-
lonen in L&ung, was bedeutet dass gelGste Cluster eher bereit sind sich in geladenen

L&sungen zu formen und, daher den Nukleationsprozess initialisieren.

Zusammengefasst haben wir erfolgreich XANES-Spektren von levitierten Tr&pfchen
aufgenommen und die Ladungseffekte, welche uns erlauben den Nukleationsprozess
in noch nie dagewesenen molekularen Level zu erforschen. Dies k&nnte die Basis fUr
weitere Untersuchunen komplexerer Systeme and Entwicklung von verbesserten

homogenen Nukleationstheorien liefern.
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