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for her guidance, mentorship, encouragement and trust, as well as providing opportunities to travel and meet other researchers around the world. I would also like to
express my sincere gratitude to my supervisors, Dr. Olli Pakarinen and Dr. Bernhard
Reischl, for their support, guidance, patience, and the many insightful discussions, comments, and meetings during my doctoral research. Individually, I would like to thank
Dr. Pakarinen whose expertise was invaluable in formulating the research questions
and methodology. And I would like to thank Dr. Reischl for his insightful ideas and
feedback which helped me to sharpen my thinking and brought my work to a higher
level. I would also like to thank Farshad Veshki for fruitful research collaboration.
My sincere thanks go out to my pre-examiners Prof. Gren Patey and Dr. Maria Sammalkorpi, as well as my opponent Dr. Laura Lupi, for taking the time to carefully
read my thesis and provide constructive feedback. Additionally, I would like to thank
Prof. Simo Huotari and Dr. Antti Kuronen for reviewing and providing feedback on
my annual reports.
I would also like to thank the many colleagues whom I have had the pleasure of
knowing during these past years. Thanks to Evgeni, Monica, Dina, Nanna, Valtteri,
Jakub, Anna, Tommaso, Cintia, Vitus, Stephen, Ivo, Sarah, Huan, Siiri, Zoé, Angelica,
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Abstract
Pure water can remain in liquid phase in the atmosphere even at −38 ℃. However, ice nucleation can occur at higher temperatures up to −3 °C in the presence of atmospheric particles.
Numerous studies have been conducted to identify and characterize particles with eﬃcient
nucleation enhancing properties. Silver iodide (AgI) is known for excellent ice nucleating
capabilities and has long been used in rain seeding applications. In this thesis, we study
the inﬂuence of various AgI structures on the ice nucleation eﬃciency using both atomistic
and coarse grained molecular dynamics simulations. In particular, we aim to identify which
characteristics of the AgI particles contribute to the ice nucleation.
Speciﬁcally, we investigate ice nucleation in the presence of AgI surfaces with diﬀerent defects.
We also study the eﬀects of conﬁned geometries on ice nucleation using AgI systems with
wedge and slit structures. We consider AgI wedges of diﬀerent angles and AgI slit systems
of varying widths. The simulation results show that AgI surfaces with defects lead to ice
nucleation at low supercooling, but with a lower intensity than the perfect AgI surface.
Moreover, it is observed that conﬁned wedges (systems with angles less than 90°) almost
always accelerate the formation of ice. Furthermore, ice nucleation occurs signiﬁcantly faster
when the wedge angle corresponds to that of the ice lattice. The simulation results for the
slit structures show that as the slit’s gap widens, the nucleation is periodically promoted and
hindered: the nucleation process is accelerated when the gap width is an integer multiple of
the width of an ice bilayer, and slowed down otherwise.
Computer simulations of ice nucleation require eﬃcient algorithms for distinguishing between
the liquid and ice phases as well as identifying diﬀerent types of ice crystals. In this thesis,
we develop a novel ice recognition algorithm based on conformation template-matching for
the identiﬁcation of diﬀerent ice polymorphs and interfacial ice structures. Our algorithm
is robust in classifying non-ideal structures or structures with defects making it ideal for
studying ice nucleation in the presence of foreign materials.

Keywords: heterogeneous ice nucleation, molecular dynamics simulations, silver iodide,
ice structure recognition.
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Introduction

Liquid water freezing into ice is a ubiquitous phenomenon in nature. The study of this
phenomenon has great importance in numerous ﬁelds, including biological, environmental and atmospheric sciences. For instance, the control of intracellular ice nucleation is
vital for many living systems. The freezing of water can limit the movement of water
in trees, posing a threat to their health and survival (Lintunen et al., 2013). Freezing
of water can also halt or slow down biochemical reactions in living organisms (Mazur,
1970). In addition, ice nucleation mechanism in clouds can signiﬁcantly aﬀect their
properties and, consequently, impact the climate in Earth’s atmosphere.
In nature, ice nucleation always involves liquid water at a temperature below its melting
point. Liquid water in these conditions is known as supercooled water. Ice nucleation
occurs either homogeneously or heterogeneously. In the former process, only water
molecules are present, and ice can only form at temperatures lower than −38 °C.
Heterogeneous nucleation occurs when foreign agents such as ice nucleating particles
(INPs) are present, and it can take place in the atmosphere at temperatures as high
as −3 °C (Hegg and Baker, 2009; Pruppacher and Klett, 2010).
Atmospheric aerosols can act as cloud condensation nuclei (CCN) as well as INPs, and
thus inﬂuence the characteristics and lifetimes of clouds. The CCN aid the transformation of water vapour into liquid droplets. Clouds with a higher number of CCN contain
smaller water droplets. This is because the same amount of water is distributed into a
larger number of droplets, thus there are more surfaces that facilitate the phase transition. Smaller droplets decrease the chance of precipitation, resulting in longer-lasting
clouds (Rosenfeld, 1999; Fan et al., 2016). Some aerosol particles such as mineral dust,
biological particles, and silver iodide are also known to be good ice nucleating materials,
and can therefore trigger subsequent freezing of the droplet at moderate supercooling.
Numerous studies have been conducted to identify and characterize INPs with respect
to their ice nucleation enhancing properties (Murray et al., 2012).
Classical nucleation theory (CNT) based on bulk thermodynamics is commonly used to
explain the mechanism of both homogeneous and heterogeneous nucleation processes.
However, CNT relies on a number of assumptions, which limit its applicability. Therefore, we need eﬀective tools and techniques for studying complex processes such as
heterogeneous ice nucleation at the molecular level. (Bai and Li, 2005; Karthika et al.,
2016)
9

Ice nucleation has been the subject of many experimental studies over the last few
decades. Experimental methods developed in recent years have enabled the study of ice
nucleation at extremely low temperatures and facilitated the identiﬁcation of materials
that inhibit or promote ice nucleation. These methods include transmission electron
microscopy (TEM) (Nielsen et al., 2014), atomic force microscopy (AFM) (Sleutel et al.,
2014), and X-ray scattering (Sellberg et al., 2014). However, experimental techniques
cannot provide details of the ice nucleation process at the atomic level. This is because
the timescale for a nucleation process is a few nanoseconds to a few microseconds,
and the length-scale of the involved systems is usually around a few nanometers. As
a result, computer simulations, especially molecular dynamics (MD) simulations, are
essential for understanding the atomistic level mechanisms of the nucleation process
and revealing the key properties of the ice nucleating materials (Sosso et al., 2016a;
Coluzza et al., 2017).

1.1

Classical Nucleation Theory

CNT can be used to describe the appearance of an ice nucleus in supercooled water.
CNT assumes that ice clusters of any size or shape can be modeled as microscopic
spherical objects. CNT also assumes that the surface tension of a small nucleus is
the same as that of a ﬂat surface. This is known as the capillarity approximation
(Vehkamäki, 2006; Kalikmanov, 2013). Based on the these assumptions, CNT describes
the thermodynamics of ice nucleation by deﬁning the formation free energy of an ice
cluster as the diﬀerence between the bulk crystal and bulk liquid free energies (volume
term) and the interfacial free energy (surface term). For homogeneous ice nucleation,
the formation free energy can be written as
ΔG(r) =

4πr3
Δμl,i + 4πr2 γl,i ,
3
     
volume term

(1.1)

surface term

where ΔG(r) is the formation free energy as a function of the radius r of a spherical
cluster. Moreover, Δμl,i is the change in chemical potential between the bulk liquid
and the bulk ice and γl,i is the surface tension between supercooled water and ice. Since
Δμl,i is always negative, the volume term favors nucleation. In contrast, γl,i is always
positive, thus the surface term inhibits ice nucleation.
Figure 1 illustrates the evolution of the formation free energy as a function of cluster
10

Figure 1: Evolution of the formation free energy ΔG(r) (green line), interfacial free
energy (red line), and bulk free energy diﬀerence (blue line) as a function of radius
r. ΔG∗ and r∗ are the formation free energy and the radius of the critical cluster,
respectively.
radius. The ﬁgure shows that when the ice cluster is small, the surface term dominates.
However, when the ice cluster grows, the surface term is overcome by the volume
term. The critical cluster is deﬁned as the cluster with the radius r = r∗ for which
we observe the maximum ΔG(r) = ΔG∗ . For radii larger than r∗ , the free energy
decreases monotonically.
CNT explains the kinetics of nucleation based on the assumption that ice-like structures form or dissolve in liquid water one molecule at the time. The probability of
formation/dissolving of ice molecules is assumed to depend only on the current state,
i.e. number of molecules in the ice cluster, and does not depend on the history of the
the cluster (Markov process). As a result, it can take a long time and a lot of ﬂuctuations for a system to overcome the free energy barrier and form a critical cluster, but
once it does, the critical cluster grows into macroscopic ice in a very small amount of
time. The nucleation rate J is the formation rate of critical clusters per unit volume
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and time, and can be expressed as



J = J0 exp

−


ΔG∗
,
kB T

(1.2)

where J0 is a kinetic prefactor, ΔG∗ is the formation free energy of a critical cluster,
kB is the Boltzmann constant and T is temperature. In equation (1.2), the nucleation
rate is assumed independent of time, and in this case it is called the steady state nucleation rate (Sear, 2012). Furthermore, all of the parameters speciﬁed in equation (1.2)
are dependent on pressure, and in particular, temperature. A decrease in temperature
reduces ΔG∗ , thus, thermodynamically favors nucleation. In contrast, the kinetic prefactor J0 governs the dynamics of liquid water which slows down at lower temperatures
and, therefore, suppresses the nucleation process, but this eﬀect is usually weaker than
the opposite eﬀect through ΔG∗ (Schmelzer, 2010).
CNT is commonly used also in the study of heterogeneous ice nucleation, which occurs when foreign ice nucleating particles (INPs) are present. In this case, the phase
separating surface is easier to create than in homogeneous ice nucleation as there is
already an interface between the INP and the liquid water. The eﬀect of INPs in heterogeneous nucleation can be described using a geometric factor f (θ), leading to the
following formulation
ΔG∗heterogeneous = ΔG∗homogeneous × f (θ),

(1.3)

where the variable θ represents the contact angle, which indicates how easily the ice
cluster wets the surface of the INP (Fletcher, 1958).

1.2

Structure of Ice and Clathrate Hydrates

A crystalline ice structure is composed of water molecules that are hydrogen bonded
in a regular tetrahedral arrangement. Depending on pressure and temperature, water
molecules change their arrangements to minimize energy. As a result, ice transforms
into diﬀerent phases (Bartels-Rausch, 2013). The phase diagram of water exhibits
extraordinary complexity, with 17 polymorphs already conﬁrmed experimentally, and
74963 ice structures predicted through computations. However, only cubic ice (Ic ) and
hexagonal ice (Ih ) exist under atmospheric conditions (Salzmann, 2019).
Hexagonal ice is a common ice phase on Earth as it is thermodynamically stable. Ih
has a hexagonal unit cell and has ABAB stacking arrangement. In this arrangement,
12

Figure 2: (left) Hexagonal ice planes with ABAB stacking and (right) cubic ice planes
with ABCABC stacking. Oxygen and hydrogen atoms are shown as red and gray
spheres, respectively.
every ice plane is a reﬂection of the neighbouring plane (see Fig. 2). Snowﬂakes are
one of the familiar structures of Ih . Cubic ice is a metastable phase in which molecular arrangements are long-lasting without being at the energy minimum. Ic has face
centred cubic (FCC) lattice structure with half the tetrahedral holes ﬁlled and has
ABCABC stacking arrangement. In this arrangement, every ice plane is identical to
its neighbouring plane but shifted by 1/3 of the width of a hexagonal ring sideways so
that the ice planes at every third layer are identical (see Fig. 2). When supercooled
water starts to freeze, the ﬁrst phase that forms is stacking disordered ice (Isd ), which
is a sequence of stacked cubic and hexagonal ice layers. For example, halos around
light sources indicate the presence of stacking disordered ice crystals in the atmosphere
(Salzmann, 2019).
Oxygen atoms are topologically ordered in both Ih and Ic , and their positions determine
the ice structures. In contrast, hydrogen atoms in ice are disordered. In fact, an ice
crystal can have several possible hydrogen conﬁgurations even at 0 K, despite the
absence of thermal eﬀects (Dimarzio and Stillinger, 1964).
Another type of solid water-based polymorphs includes crystalline inclusion compounds
known as clathrate hydrates. These cage-like water structures are usually formed by
surrounding small guest molecules of liquid or gas phase, such as Ar, Kr, Xe, CO2
and CH4 (Ghosh et al., 2019). Clathrate hydrates are stabilized by minimizing the
number of broken hydrogen bonds around the guest molecule. In clathrate hydrates,
similar to ice, every water molecule is hydrogen-bonded to its four nearest oxygen
13

Figure 3: Sawhorse and Newman projections of the staggered and eclipsed conformations. This ﬁgure is adapted from Article II.
neighbours. However, the crystal structure of clathrate hydrates contains polyhedral
water cages composed of ﬁve rings (Nguyen et al., 2012; Jacobson and Molinero, 2010).
Clathrate hydrates are usually formed spontaneously under high pressure and at moderate temperatures. These structures are metastable without presence of guest molecules.
Clathrate hydrates have three common structures: cubic sI, cubic sII, and hexagonal
sH, which have the space groups Pm3n, Fd3m, and P6/mm, respectively (Takeuchi
et al., 2013).
In perfect cubic ice, hexagonal ice and clathrate hydrates, each oxygen atom and its four
nearest neighbours form a regular tetrahedron. The tetrahedra have either symmetric
or antisymmetric arrangements with respect to the O–H· · ·O bond between the two
neighboring central atoms. The symmetric and antisymmetric arrangements are known
as the eclipsed and staggered conformations, respectively. Visual representations of the
eclipsed and staggered conformation are shown in Fig. 3.
In cubic ice, the bonds between each oxygen atom and its four nearest neighbours
are staggered, while in hexagonal ice, there are three staggered bonds and one eclipsed
bond. In clathrate hydrates, all four bonds between oxygen atoms are eclipsed (Nguyen
and Molinero, 2015).
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1.3

Ice Nucleating Particles

There are diﬀerent types of aerosols in diﬀerent parts of the world depending on the
time of year, the weather and the emission sources (Murray et al., 2012; Zielke, 2016),
but there are only a limited range of aerosol particles that can act as INPs. Some of
the most eﬀective INPs in the atmosphere are mineral dust, biological materials, soot,
and silver iodide (Hoose and Möhler, 2012).

1.3.1

Mechanisms and Properties

INPs can participate in ice nucleation through the following three mechanisms (DeMott
et al., 2011):
• Deposition nucleation: supersaturated water vapour directly deposits as ice on
an insoluble surface.
• Immersion freezing: ice nucleates in a supercooled liquid droplet on a solid particle immersed.
• Contact freezing: occurs as a result of collisions between solid particles and liquid
droplets.
The underlying molecular mechanisms of ice nucleating processes are still poorly understood. Moreover, it is not clear why and how ice nucleation is triggered by some
speciﬁc INPs. Previous studies have, however, revealed some special properties of the
INPs that can contribute to promoting heterogeneous ice nucleation:
• Insolubility: for ice to form, INP must provide a surface for nucleation (Murray,
2017).
• Size: larger INPs are usually more eﬀective than smaller ones (Murray, 2017).
• Bond formation: INPs can create hydrogen bonds that can constrain water
molecules, resulting in ice nucleation (Murray, 2017).
• Lattice match: INP’s lattice resembles that of ice, and thus it can act as a
template for ice formation (Pruppacher and Klett, 1997).
15

• Active sites: locations on the INPs’ surfaces where ice begins to crystallise. For
example, defects such as step edges and cracks on a K-feldspar’s surface (Murray,
2017).
• Low mobility: decreasing mobility of water molecules is shown to contribute to
ice nucleation. For example, INP’s with conﬁned structures can promote ice
nucleation by decreasing the water molecules mobility (Fitzner et al., 2019).
• Density reduction: the density of water is higher than that of ice. Thus, INPs
can contribute to nucleation by reducing the local density of liquid water near
their surfaces. (Fitzner et al., 2019)
However, the criteria listed above are not absolute rules applicable to all circumstances.
For example, studies have demonstrated that ice nucleation can occur when amorphous
(noncrystalline) materials, such as organic aerosol and soot, are present. Hence, atomistic level studies are needed for a better characterisation of ice nucleating particles.

1.3.2

Silver Iodide Particles

Silver iodide (AgI) is known to be one of the best ice nucleating materials. AgI has been
long used for rain seeding applications (Vonnegut, 1947). In ambient conditions, the
AgI crystals with the wurtzite structure (β-AgI) and the zincblende structure (γ-AgI)
are thermodynamically stable (Burley, 1963). β-AgI has a (0001) surface which has a
structure very similar to the (0001) plane of hexagonal ice and the (111) plane of cubic
ice with approximately 98 % lattice match. In Fig. 4, the (0001) surface of β-AgI and
the basal plane of Ih are compared. First, the ability of silver iodide to form ice crystals
was merely attributed to its ice-like structure. However, later studies suggested that
there can be other factors contributing to the high ice nucleation eﬃciency of silver
iodide (Zettlemoyer et al., 1961).

1.4

Computational Studies of Ice Nucleation

Computer simulations are widely used to study both the structure and dynamics of
molecular systems. Molecular dynamics (MD) simulations enable the investigation
of the time evolution of complex many-body systems that does not have analytic,
16

Figure 4: (a) Basal plane of ice Ih and (b) the (0001) plane of β-AgI seen along the c
axis of the crystals. The lattice mismatch is less than 2 %. O, H, Ag, and I are colored
in red, white, silver, and pink, respectively. The hexagonal unit cells are indicated by
blue lines. This ﬁgure is adapted from Article I.
closed-form solutions (Lin, 2013). Classical MD simulation calculates the motion of
the particles in a system based on the laws of classical mechanics. This yields good
approximations for a variety of materials and can be applied to simulations of systems
containing up to billions of particles for trajectories of nanoseconds to microseconds
depending on the complexity of the interaction potentials between atoms/molecules.
Thus, MD simulations are commonly used to study heterogeneous ice nucleation, where
thousands of molecules are involved, and nucleation can take place within a few hundred
nanoseconds. In the following, we review the previous computational studies of both
homogeneous and heterogeneous ice nucleation based on MD simulations.

1.4.1

Homogeneous Ice Nucleation

Homogeneous ice nucleation has been studied extensively using both coarse grained (for
example, the monatomic water (mW) model explained in detail in Section 2.2.5) and
atomistic water models (for example, the TIP4P and the TIP4P/Ice models explained
in detail in Section 2.2.5) to reveal the crystallization mechanisms of ice (Li et al., 2013;
Sosso et al., 2016a).
A study of homogeneous ice nucleation using MD simulations based on the mW model
revealed that the number of water molecules with 4-fold-coordinated structures increases drastically around the homogeneous nucleation temperature (Moore and Mo17

linero, 2011). The mW model has been also used to study the nucleation rates of
nanodroplets of diﬀerent sizes at diﬀerent temperatures (Li et al., 2013; Hussain and
Haji-Akbari, 2021). Moreover, using the mW model, Lupi et al. (2017) found that the
type of ice polymorph can signiﬁcantly aﬀect the ice nucleation rate. In particular, they
showed that the cubic-hexagonal stacking disordered ice (Isd ) is more stable compared
to the hexagonal ice around homogeneous ice nucleation temperature.
Atomistic simulations have been used to study the phase transition of liquid water
to ice crystal by limiting the number of water molecules in a conﬁned system (Matsumoto et al., 2002). Moreover, simulation methods such as seeded MD simulations
have been used to study the homogeneous ice nucleation using all atom models. The
seeded MD method initializes the simulation with an embedded crystal nucleus of a
certain size to observe at what temperature the system fully crystallizes or melts. For
example, Sanz et al. (2013) studied homogeneous ice nucleation using realistic water
models (TIP4P/2005 and TIP4P/Ice) using a seeded spherical ice cluster in supercooled water. In a more recent work, atomistic simulations have been used to calculate
the size of the critical cluster and the nucleation rates at diﬀerent temperatures based
on rare event techniques (Haji-Akbari and Debenedetti, 2015).

1.4.2

Heterogeneous Ice Nucleation

Computer simulations are also widely used to study heterogeneous ice nucleation using
both coarse-grained and atomistic models. Speciﬁcally, during the last decade, the
eﬀects of atmospheric particles including inorganic materials (such as AgI and mineral
dust), bacteria, and organic crystals on ice nucleation have been extensively studied. In
particular, the structural properties of surfaces such as lattice match with ice, ﬂexibility,
nanotextures, charge distributions, and hydrophobicity have been the focus of many
studies (Fitzner et al., 2015; Sosso et al., 2016b; Metya et al., 2016; Sosso et al., 2018;
Qiu et al., 2019; Soni and Patey, 2019; Lukas et al., 2020; Soni and Patey, 2021).
For example, it has been shown that the hydroxyl group of an Al-terminated (001)
surface of kaolinite can enhance ice nucleation due to the similarities between the
atomistic structure of this surface and cubic and hexagonal ice (Zielke et al., 2016a;
Sosso et al., 2016b). It has been also observed that the Si-terminated (001) surface of
kaolinite, which does not have any similarity to the ice structure, can also promote ice
nucleation by forcing the ice molecules to grow at a certain angle (Zielke et al., 2016a).
18

In another study of mineral dusts, Kiselev et al. (2017) showed that ice nucleation
occurs predominantly on active sites (for example, defects such as steps, cracks, and
cavities) on a K-feldspar surface. They suggested that small patches of the (100) plane
of K-feldspar are responsible for the high ice nucleating ability of this mineral.
Lupi and Molinero (2014) investigated the eﬀect of hydrophilicity on the heterogeneous
ice nucleation by situating hydrophilic species (hydroxyl groups) on a carbon surface
and tuning the water-carbon interactions. They found that there is no correlation between hydrophilicity of a surface and its nucleation ability. In a later work, they showed
that surfaces with diﬀerent degrees of roughness but the same level of hydrophilicity
exhibit diﬀerent ice nucleation capabilities (Lupi et al., 2014). However, Cox et al.
(2015a,b) showed that highly hydrophilic surfaces can negatively aﬀect the ice nucleation by accommodating more water molecules compared to when ice forms on these
surfaces.
Numerous experimental and computational studies have demonstrated the high eﬃciency of AgI as an INP (Vonnegut, 1947; Evans, 1965; Reischl and Vali, 1975; Ward
et al., 1983; Marcolli et al., 2016; Liu et al., 2021). Computer simulations have been
used to study the eﬀects of diﬀerent faces of the AgI crystal (namely, the basal faces
Ag-(0001) and I-(0001̄), and the prism face (101̄0)) on the ice nucleation. It was observed that only Ag-(0001) leads to ice nucleation on time scales accessible to unbiased
MD simulations (Zielke et al., 2014; Fraux and Doye, 2014). Zielke et al. (2016b) reported that ice nucleation can occur in the presence of AgI disks and plates of varying
sizes at diﬀerent supercooling temperatures. Glatz and Sarupria (2016) investigated
ice nucleation at the basal plane of AgI. They observed that variations of the surface
charge distribution can signiﬁcantly aﬀect ice nucleation. In another work, Prerna
et al. (2019) showed that defects on the AgI surface can reduce the growth rate of ice.
Computer simulations have been extensively used to study how diﬀerent geometries
of surfaces with ice-like structures can aﬀect ice nucleation. Page and Sear (2006)
used the Ising model to study the eﬀect of slit pores of diﬀerent widths on nucleation.
In recent works, heterogeneous ice nucleation has been also studied at nanogrooves
of varying widths on the surfaces of platinum (Zhang et al., 2014) and graphene (Li
et al., 2018) using the mW model. These studies found that the nucleation rate is
signiﬁcantly higher within the conﬁned structures (pores and nanogrooves) compared
to ﬂat surfaces. In addition, it was observed that the nucleation rate is highest in
conﬁned structures with certain gap sizes. Page and Sear (2009) later used a simple
19

generic model based on the Lennard-Jones (LJ) potential to study the eﬀect of wedges
of diﬀerent angles on nucleation. The eﬀect of wedge structures of graphene has been
also studied in the same context using both the mW and the TIP4P/Ice models (Bi
et al., 2017). In both studies, it was suggested that when the wedge angle matches
the crystal structure, the nucleation occurs signiﬁcantly faster compared to on the ﬂat
surface.

1.4.3

Ice Recognition Algorithms

Computer simulation based studies of ice nucleation require eﬃcient and accurate methods for detecting and identifying diﬀerent ice structures (Zielke et al., 2014; Cox et al.,
2015a; Zielke et al., 2016b; Sosso et al., 2016b; Roudsari et al., 2020).
A common approach for ice structure recognition uses a local orientational parameter
vector based on spherical harmonics (van Duijneveldt and Frenkel, 1992; ten Wolde
et al., 1996; Lechner and Dellago, 2008; Espinosa et al., 2016; Reinhardt et al., 2012;
Stukowski, 2012). The CHILL method demonstrated that the correlation coeﬃcients
between the local orientational parameter vectors can be used to identify the staggered
and eclipsed conformations (Moore et al., 2010). The accuracy of this approach has
been later improved in the CHILL+ method (Nguyen and Molinero, 2015).
Deep learning methods have also been employed in ice structure recognition. The main
diﬀerence between various methods is in how they select the input features. For example, Geiger and Dellago (2013) used a set of symmetry functions, while Fulford et al.
(2019) used a combination of multiple presentations of the local structures (including Cartesian coordinates, spherical coordinates, Fourier transform of the histogram
of Cartesian coordinates, and spherical harmonics) as the input to the deep neural
network.
Haji-Akbari and Debenedetti (2015) developed an algorithm based on ring analysis for
identiﬁcation of double-diamond and hexagonal cages that can be used for recognition
of cubic and hexagonal ice structures, respectively. This method is advantageous for
identiﬁcation of interfacial ice structures, as it can classify molecules that are not in a
tetrahedral arrangement, as opposed to, for example, the CHILL+ method.
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1.5

Objectives of the Thesis

This thesis investigates the eﬀect of AgI systems with diﬀerent structures on heterogeneous ice nucleation. In particular, our goal is to determine which properties of
the AgI surface contribute to facilitating ice nucleation. We use molecular dynamics
simulations to investigate the heterogeneous ice nucleation process. This allows us to
study the atomistic details of the nucleation process and determine the nucleation rate
in diﬀerent simulation scenarios.
In publication I, we used atomistic molecular dynamics simulations to study the eﬀect
of AgI (0001) surfaces with diﬀerent defects, such as vacancies, step edges, terraces
and pits, on ice nucleation. The nucleation rate is compared between the surfaces with
defects and a ﬂat surface.
In publication III, we used molecular dynamics simulations based on both atomistic
and coarse grained water models to study heterogeneous ice nucleation in silver iodide
using slit-like and concave wedge structures. Our simulation results provide important information about how geometrical matching can facilitate ice nucleation on a
microscopic level.
Most of the existing ice recognition methods are based on polar coordinates and spherical harmonics, and they often have diﬃculties in recognising structures with defects
or interfacial ice structures, which are abundant in heterogeneous ice nucleation. In
publication II, we developed a staggered-eclipsed conformation recognition algorithm
that allows us to recognise liquid water, cubic and hexagonal ice, clathrate hydrates,
as well as diﬀerent types of interfacial water and ice.
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2

Methodology

In this chapter, we describe the methodology used in this thesis. The GROMACS
(2020.5) (van der Spoel et al., 2005; Berendsen et al., 1995) and the LAMMPS (27 Feb
2020) (Plimpton, 1995) codes are used to perform the MD simulations.

2.1

Molecular Dynamics Simulations

Prior to the start of an MD simulation, the initial positions and velocities need to be
assigned to all particles in the system. If required, the initial positions of the particles
can be determined based on experimental data or electronic structure calculations, for
example, for simulation of crystals and liquids. Initial velocities can be assigned from
a Maxwell-Boltzmann distribution at the desired temperature of the system.
After initialization, the main loop of the MD simulation begins. In this stage, ﬁrst
the forces between all particles are computed using the interaction model, and then
the particles are moved based on Newton’s equation of motion. These two steps are
repeated for a desired length of time. The atomic coordinates are written to a trajectory
ﬁle at desired time intervals for analysis and visualization. (Frenkel and Smit, 2002).

2.1.1

Integration of Equations of Motion

The positions and velocities of the particles in the MD simulation systems are calculated
by solving the Newtonian equation of motion
Fi = −

N


∇U ij = mi ai = mi

j=1
j=i

d 2 xi
,
dt2

(2.1)

where F i , xi , mi and ai are the force acting on the i-th particle, the position, the mass
and the acceleration of the i-th particle, respectively, N is the number of particles, ∇ is
the gradient operator, and U ij is the potential energy between i-th and j-th particles.
When the number of particles is greater than two, the equations of motion cannot
be solved analytically, thus numerical integration techniques are required. Diﬀerent
algorithms can be used to integrate the equation of motion. We employ the Verletleapfrog method in our atomistic simulations. In this algorithm, the position of a
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particle with mass m at time step k + 1 (denoted as xk+1 ) is obtained using the force
at step k (F k ) and the velocities evaluated at the half-steps k − 12 and k + 12 (denoted
1
1
as v k− 2 and v k+ 2 ) (Frenkel and Smit, 2002)
1

1

v k+ 2 = v k− 2 +

Fk
Δt,
m

1

xk+1 = xk + v k+ 2 Δt + O[(Δt)4 ],

(2.2)
(2.3)

where Δt is the timestep. The error in the positions is of order O[(Δt)4 ]. If required,
the velocities at the timestep k are calculated as


1
1 k+ 1
v 2 + v k− 2 .
(2.4)
vk =
2
2.1.2

Temperature Control

Studying ice nucleation at a constant supercooled temperature requires the MD simulation to reproduce an isothermal ensemble. This is addressed using canonical ensemble
(NVT), in which the number of particles (N), volume (V), and temperature (T) are
ﬁxed. Canonical ensembles allow the total energy to vary, while the Helmholtz free
energy (F = U − T S) is minimized in the equilibrium state. A thermostat is used to
maintain the expected temperature of the simulation system at a target temperature
by controlling the particle velocities. This is done based on the kinetic temperature
equation, which is written as follows
T =

N
i=1

mi vi2
,
kB f N

(2.5)

where mi and vi denote the mass and the velocity of the i-th particle, respectively.
Moreover, f is the eﬀective number of degrees of freedom, and kB is the Boltzmann
constant. From equation (2.5), it can be inferred that scaling all particles’ velocities
by a factor of λ results in a change in temperature ΔT = (λ2 − 1)T .
In this thesis, Berendsen and Nosé-Hoover thermostats have been used to control temperature in the simulations. The Berendsen method (Berendsen, 1991) scales velocities in such a way that the deviation between instantaneous and desired temperature
(T0 − T ) decays exponentially with a time constant τ ,
dT
T0 − T
=
.
dt
τ
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(2.6)

This approach does not provide a correct canonical ensemble (NVT) (Bussi et al.,
2007). However, it is very eﬃcient, particularly when handling very complex simulation
systems. We use the Berendsen thermostat for initial relaxation of our simulation
systems.
The Nosé-Hoover thermostat (Nosé, 1984; Hoover, 1985) is commonly used for temperature coupling in NVT condition. This method guarantees the correct temperature
ﬂuctuations around the desired temperature by modifying the equation of motion by
adding a temperature friction term
dxi
Fi
d 2 xi
−ζ
,
=
dt2
m
dt

(2.7)

where ζ is a temperature dependent friction coeﬃcient and it is updated using
dζ
T − T0
=
dt
Q

(2.8)

where Q represents a mass parameter that controls how strongly the temperature
coupling is enforced. GROMACS tunes Q based on the parameter τT of the kinetic
energy ﬂuctuations using
τ 2 T0
(2.9)
Q= T 2 .
4π
We use the Nosé-Hoover thermostat in our MD simulations throughout this thesis,
apart from initialisation with the Berendsen thermostat, as mentioned before.

2.1.3

Pressure Control

An MD simulation system can also be required to maintain a constant pressure. An
isobaric-isothermal (NPT) ensemble is a system whose particle number, pressure, and
temperature are ﬁxed. In equilibrium, the Gibbs free energy G = U − T S + P V is
minimized in an NPT ensemble.
The NPT ensemble can be used to set up a correct initial conﬁguration for the simulation system. For example, to model a crystal slab in liquid water, one can start from
an NPT ensemble with a ﬂexible box size to obtain the correct density of the liquid
water. This needs to be done because the hydration layer formation on the crystal slab
surface causes the bulk liquid density to deviate from the equilibrium value (Reischl,
2013).
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In this thesis, the Berendsen barostat (Berendsen et al., 1984) is used for maintaining
a targeted pressure in MD simulations by rescaling the coordinates and the box size
(every np step). Berendsen barostat exponentially decreases the deviation from the
target pressure P0 using a time constant τP
dP
P − P0
=
.
dt
τP

(2.10)

Parameter τP is tuned using an scaling matrix μ, deﬁned as
μij = δij −

np δt
βij (Pij0 − Pij ),
3τp

(2.11)

where βij is the isothermal compressibility parameter, δij represents the Kronecker
delta, and Pij and P0ij are the instantaneous and reference pressures, respectively (Lindahl et al., 2021). The Berendsen algorithm is stable and eﬃcient, but it does not
provide an accurate NPT ensemble (Shirts, 2013).

2.1.4

Constraint Algorithms

Constraint algorithms are required to treat the motion of rigid bodies consisting of
mass points. By implementing a constraint algorithm, the distance between mass
points will remain ﬁxed. The LINCS algorithm (Hess et al., 1997) is commonly used
in MD simulations for this purpose. This algorithm consists of three steps: in the
ﬁrst step, the positions of the particles are updated in an unconstrained manner (see
Fig. 5a). Next, the displacements along the bonds are projected out (see Fig. 5b).
Finally, the bonds lengths are corrected to their proper lengths (see Fig. 5c). In this
thesis, we employ the LINCS algorithm to constrain both H-O and H-H distances in
TIP4P and TIP4P/Ice water molecules.

2.2

The Force Calculation

In MD simulations, 95% of the computation time is spent for calculating the forces
on each particle. The forces are obtained from partial diﬀerentiation of the potential
energy

Fi = −

∂U (x1 , x2 , ..., xN )
.
∂xi
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(2.12)

Figure 5: The three steps of the LINCS algorithm: (a) unconstrained updates; (b)
setting the displacements along the bond directions to zero; (c) correcting the bond
lengths. Old particles positions and bonds are shown using white spheres and dashed
sticks, respectively. New particles positions and bonds are shown using black spheres
and solid sticks, respectively. The displacements are shown using black arrows. The
red arrows show the changes in the positions of the particles along the bond directions.
In classical MD simulations, molecules are modeled as atomic sites that interact with
each other. The potential energy is then computed only between the atomic sites
rather than nuclei and electrons. In this way, the computational cost is reduced drastically compared to electronic structure methods, where also the electrons are explicitly
modelled (Frenkel and Smit, 2002)
A force ﬁeld consists of parameter values that are used for modeling the interactions
between atomic sites using simple functional forms. Experimental data or electronic
structure calculations can be used to ﬁt these parameters. Potential energy of a given
system can then be expressed using intramolecular (bonded ) and intermolecular (nonbonded ) interactions
U = Ubonded + Unonbonded .
(2.13)
Intramolecular interactions exist between atomic sites separated by three or fewer covalent bonds. These interactions consist of the bond stretching energy, the angle bending
energy and the torsion (dihedral) energy. A bond stretching term is calculated only
for bonded atomic sites. An angle bending term is used to determine the bending
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potential of two atomic sites that are mutually bonded to a same central atomic site.
A dihedral term is used to describe the torsion potential resulting from the rotation of
two neighboring atomic sites. The stretching and the bending potentials are typically
represented using harmonic potential models, and Fourier series can be used to model
the dihedral potential. The intramolecular potential energy is written as
Ubonded =


Nbonds



ks (l − l0 )2 +


Ustretching





kb (θ − θ0 )2 +

Nangles







  Vn
(1 + cos(nω + φ)),
2
Ndihedrals n



Udihedral

Ubending

(2.14)
where parameters ks , l and l0 are the stretching force constant, the actual bond length
and the equilibrium bond length, respectively, and, kb , θ and θ0 are the bending force
constant, the actual bond angle and the equilibrium bond angle in the molecules,
respectively. Furthermore, Vn , n, ω, and φ are the Fourier series coeﬃcient, dihedral
multiplicity, repeat angle, and cosine phase of the dihedral potential.
In this thesis, the bonded interaction are considered for simulation of spruce budworm
antifreeze protein (sbwAFP) using CHARMM27 force ﬁeld (MacKerell et al., 1998),
which will be explained in Section 2.2.7.
Intermolecular interactions are often the result of a combination of van der Waals
interactions, arising from the interaction between induced dipoles, and Coulombic interactions due to point charges. The LJ potential is commonly used to represent the
van der Waals interactions. The intermolecular interactions between atomic sites i and
j can be calculated as a function of their distance rij ,

Unonbonded = 4


ij

σij
rij



12
−

LJ

σij
rij

6
+


qi q j
,
4π 0 rij
  

(2.15)

Coulomb

where ij is the potential energy well depth and a measure of how strongly the two
sites attract each other, and σij is the diameter of the site and gives a measurement of
how close two nonbonded sites can get. Moreover, qi and qj are the partial charges of
sites i and j, and 0 is the vacuum permittivity.
At short distances (up to r = 21/6 σij ), the LJ potential acts as a repulsive force.
When rij > 21/6 σij , the LJ potential becomes attractive and describes the dispersive
interactions.
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When the atomic sites i and j are of diﬀerent types,
the Lorentz-Berthelot mixing rules
σij =

σ i + σj
,
2

and

ij

ij

=

and σij are calculated using

√

i j,

(2.16)

where σi and i are the parameters describing the interactions between two similar
sites. In this thesis, the nonbonded interactions are used in the water, the silver iodide,
sbwAFP and the clathrate hydrates force ﬁelds, which will be explained in detail in
Sections 2.2.5, 2.2.6 and 2.2.7

2.2.1

Periodic Boundary Conditions

In computer simulations of a bulk system, periodic boundary conditions (PBC) along
all three cartesian axes are typically used. In the PBC technique, the simulation cell
is considered to be surrounded by its own images from all directions (26 images). In
this way, also the particles near the edge of the cell reﬂect the bulk properties (Frenkel
and Smit, 2002).
When we want to study an interface, e.g. between a crystal surface and water, we can
simulate a double interface between a slab of crystal and a volume of water, coupled
through the PBC, provided that the box size perpendicular to the interface has the
correct length to ensure the right water density. In heterogeneous ice nucleation studies,
the density change upon freezing needs to be accounted for. This can be achieved
by either performing the simulation at constant pressure, and allowing the box size
perpendicular to the interface to change, or by introducing a triple interface (solidliquid, liquid-vacuum, vacuum-solid), which allows the volume of water to change as
well.

2.2.2

Truncation of Short-range Interactions

The Lennard-Jones potential decays as 1/r6 , where r is the distance between atoms.
As a result, LJ interactions are signiﬁcant only between particles separated by small
distances. Hence, it is common to consider a cutoﬀ distance (rc ) in MD simulations.
This helps to improve computational eﬃciency without compromising accuracy. To
avoid jumping to zero at the cutoﬀ distance, it is also common to use truncate and
shift method in MD simulations. Speciﬁcally, the truncated and shifted LJ potential
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is calculated by subtracting LJ potential at rc from the LJ potentials at all distances
less than or equal to rc . The truncated and shifted LJ potential is zero at all distances
larger than rc . (Frenkel and Smit, 2002)

2.2.3

The Neighbour List and the Cell List Method

To calculate the short-range interactions, it is necessary to ﬁrst ﬁnd the particles within
the cutoﬀ distance. This requires determining the distances between all the particle
pairs. To avoid such an extensive search at every time step, it is common to use
simplifying techniques for maintaining a list of neighbours for each atom, which is
only updated at intervals depending on particle displacements. Between the updates,
distances between atoms are only calculated for these neighbours. One of the techniques
to eﬃciently keep track of possible neighbours of each atom is the cell list method, which
scales as O(N ). In this method, the simulation box is divided into smaller cubic cells.
The side (edge length) of the cells should not be less than rc . The possible neighbours
of an atom are therefore restricted to particles inside the cell it is in and the particles
inside all cells around that cell. As a result, the computational costs are considerably
reduced. (Allen and Tildesley, 1987)

2.2.4

Long-range Interactions

The Coulomb interactions decay with 1/r. Therefore, even for long ranges, these interactions are not negligible and should not be truncated like the short-range interactions.
In the Ewald summation method, the Coulomb interactions are split in a real space
sum over point charges screened by Gaussian charge distributions of opposite sign,
and a sum over periodic images of the system in Fourier space, containing only sums of
Gaussians cancelling the real space screening distributions. Both real space and Fourier
space sums converge quickly, speeding up the calculation of Coulomb interaction (Allen
and Tildesley, 1987). In this thesis, the particle-mesh Ewald method (PME) was used,
where the Fourier space summation is done by discretizing the charge distribution on
a grid (Darden et al., 1993; Essmann et al., 1995).
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2.2.5

Force Fields for Water

Several water models have been developed for molecular dynamics simulations. The
most common models are the simple point charge (SPC) model (Berendsen et al., 1981,
1987), the transferable interatomic potential (TIP) series (Jorgensen et al., 1983), and
the monoatomic water (mW) model (Molinero and Moore, 2009). Each of these water
models is able to reproduce a subset of water properties fairly accurately. Therefore,
we choose water models according to the characteristics of our case studies. In this
thesis, we have used the TIP4P, the TIP4P/Ice and the mW water models.

TIP4P and TIP4P/Ice: The TIP4P and the TIP4P/Ice models can eﬀectively
reproduce the properties of bulk ice near the melting point of the model. Therefore,
they are suitable for the simulation of ice phases (Abascal et al., 2005). Both TIP4P
and TIP4P/Ice model are rigid four-site models and have the same design as the original
Bernal and Fowler (1933) model. They mainly diﬀer by their melting points. Figure 6
illustrates a water molecule in these water models. In both TIP4P and TIP4P/Ice, the
intermolecular potentials between oxygen atoms are modeled based on LJ potential.
In addition, the positive charges (+q) are located on the hydrogen atoms and negative
charge (−q) is located on the m-site, a dummy atom located along the bisector of
the HOH angle, at the distance dom from the oxygen atom. We have used TIP4P/Ice
water model in the simulations in all publications I-III. In addition, in publication II,
we have used the TIP4P water model (Jorgensen et al., 1983) for the simulation of
ice nucleation in the presence of an antifreeze protein. The parameter settings for the
TIP4P and the TIP4P/Ice water models used in the simulations are summarized in
Table. 2.2.1.
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Figure 6: TIP4P water model. Oxygen atom, hydrogen atoms, and m-site are shown
in red, blue and gray, respectively.
Table 2.2.1: Parameter settings for the TIP4P and the TIP4P/Ice water models.
Parameter
TIP4P
TIP4P/Ice
σo (nm)
0.31536
0.31668
0.64852
0.82165
o (kJ/mol)
0.52
0.5897
qH (e)
qm (e)
−1.04
−1.1794
dOH (Å)
0.9572
0.9572
dOm (Å)
0.1500
0.1577
θ (deg)
104.52
104.52

Monoatomic Water (mW): A coarse-grained (CG) model is a useful tool in studying systems with large sizes and/or long timescales. A CG model considers molecules
or groups of atoms as beads or single sites. For example, in CG water model, only the
oxygen atoms are taken into consideration and the hydrogen atoms are ignored (see
Fig. 7). Thus, the degrees of freedom in the systems are reduced. As a result, we can
use larger time steps in the CG simulations compared to the atomistic model (Hadley
and McCabe, 2012). Early CG water models were unable to reproduce simultaneously
the density anomaly of water, phase transition energies, and structures of the condensed
phase water (Molinero and Moore, 2009). Molinero and Moore (2009) developed the
monoatomic water (mW) model based on the Stillinger-Weber (SW) (Stillinger and
Weber, 1985) silicon potential. In the SW model, the tetraheral coordination of the
atoms is incorporated by adding a tree body potential V3 to the pairwise potential V2 .
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Figure 7: A tetrahedral ice structure (5 water molecules) in (left) the atomistic and
(right) the coarse grained water models. Oxygen and hydrogen atoms are shown in
red and white, respectively. In the monoatomic model, the gray spheres represent the
water molecules.
The mW potential model can be written as


V2 (rij ) +
V3 (r i , r j , r k )
E=
i<j

=


i<j

i<j<k

V2 (rij ) +



φ(rij , rik , θjik ) + φ(rji , rjk , θijk ) + φ(rki , rkj , θikj )

(2.17)

i<j<k

with

σ p
σ q
σ
B
−
exp
r
r
r − aσ
(2.18)
2

γσ
γσ
exp
φ(r, s, θ) = λ cos θ − cos θ0 exp
r − aσ
s − aσ
where θijk is the three body angle between particles i, j and k, λ is a parameter used to
tune the tetrahedrality of the model, and a is the reduced cutoﬀ parameter (in both two
body and three body terms, the potential and forces go to zero at a distance aσ). A, B,
p, q, θ0 and γ are model ﬁtting parameters. In the mW model, the V3 potential favours
tetrahedral conﬁgurations. This enables the mW models to accurately reproduce liquid
structure, ice crystal structures, liquid anomalies, and phase transitions. We have used
the mW model in publication III. The parameter settings are summarized in Table 2.2.2
V2 (r) = A

The mW model neglects long-range interactions. This can result in inaccuracies in
the simulation results. However, this model is fairly accurate in terms of calculating
density, structure, and phase transitions in water.
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In Table 2.2.3, the melting points, the densities of liquid water at the melting point
and the room temperature, the densities of ice at the melting points, the melting
enthalpies, electric dipole moments and the diﬀusion coeﬃcients for the mW, TIP4P
and TIP4P/Ice water models are compared to the experimental values.
Table 2.2.2: Parameters of the mW water model.
Parameter
Value
A
7.049556277
B
0.6022245584
λ
23.15
p
4
q
0
a
1.8
109.47
θ0 (deg)
γ
1.2
σ (nm)
0.23925
(kJ/mol)
25.895

Table 2.2.3: The melting points Tm , density of liquid water at the melting point ρl (Tm ),
density of liquid water at the room temperature ρl (298 K), density of ice at the melting
point ρice (Tm ), melting enthalpy ΔHm , electric dipole moment μ(Tm ), and diﬀusion
coeﬃcient D(298 K) of mW, TIP4P, TIP4P/Ice models, and in experiment.
Parameter
Tm (K)
ρl (Tm ) (g · cm−3 )
ρl (298 K) (g · cm−3 )
ρice (Tm ) (g · cm−3 )
ΔHm (kcal · mol−1 )
μ(Tm ) (D)
D(298 K) (10−9 m2 · s−1 )

mW
273.0
1.001
0.997
0.934
1.26
−−
2.4

TIP4P
232
1.002
1.001
0.940
1.05
2.177
3.22
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TIP4P/Ice
270
0.982
0.992
0.967
1.75
2.292
1.05

Experiment
273.15
0.999
0.997
0.999
1.436
1.855
2.3

2.2.6

Structure and Force Field for Silver Iodide

Silver iodide (AgI) has been modeled using several force ﬁelds (Rains et al., 1991;
Niu et al., 2018). However, the perfect (0001)-terminated AgI slab generates a dipole
moment which cannot be stably modeled using any of the existing force ﬁelds. As a
result, atoms of the AgI surfaces are either ﬁxed to the bulk positions (Zielke et al.,
2014; Glatz and Sarupria, 2016) or they are constrained by a spring potential (This is
further discussed in Section 3.1) (Fraux and Doye, 2014). In this thesis, all Ag and I
atoms are ﬁxed at the bulk positions of an ideal wurtzite crystal with lattice constants
of a = 4.58 Å and c = 7.50 Å.
Since silver and iodide ions are ﬁxed, they only interact with water molecules. Two
water models are used to study ice nucleation on silver iodide in this thesis, namely
TIP4P/Ice and the mW model. The potential by Hale and Kiefer (1980) is used to
describe the interactions between Ag+ and I− ions and TIP4P/ice water molecules.
The ions carry a point charge and interact with oxygen atoms of water through LJ
interactions. The LJ parameters for this interaction are given in Table 2.2.4. Zielke
et al. (2014) have demonstrated that changing the partial charges between 0e and
±0.8e has no signiﬁcant eﬀect on ice nucleation results using AgI crystals with the
wurtzite structure (β-AgI). Hence, we use the original value of ±0.6e from Hale and
Kiefer for the partial charges in this thesis. Our electrostatic interactions do not take
into account polarization eﬀects since the TIP4P/ice water model has a rigid point
charge geometry (Abascal et al., 2005).
In the mW water model simulations, the interactions between the mW water, and Ag
and I atoms are described by LJ potentials only. The parameters are ﬁtted to reproduce
both the exact corrugations of the water molecules in the ﬁrst hydration layer at 273 K
temperature as well as the interfacial energy of a single hydration layer over a ﬂat AgI
(0001) surface using the TIP4P/Ice and Hale and Kiefer force ﬁelds (see Table. 2.2.4).

2.2.7

Other Materials

In Publication II, we simulate a spruce budworm antifreeze protein (sbwAFP) and
clathrate hydrates to showcase the capabilities of our ice recognition algorithm. The
CHARMM27 force ﬁeld (MacKerell et al., 1998) and TIP4P water (Jorgensen et al.,
1983) are used to model sbwAFP (Kuiper et al., 2015) in liquid water. The clathrate
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Table 2.2.4: Parameters for LJ and Coulomb interactions between Ag, I, and oxygen
atoms of TIP4P/Ice water (denoted as OW), and for LJ interactions between Ag, I,
and mW water.
i
j
qi (e) σij (nm) ij (kJ/mol)
Ag OW +0.6
0.317
2.289
I OW −0.6
0.334
2.602
Ag mW
–
0.29469
2.81805
I mW
–
0.32103
3.2041

hydrates are modeled using TIP4P/Ice for water and LJ potentials for argon and
krypton guest molecules with Lorentz-Berthelot mixing rules using Ar /kB = 116.81 K,
σAr = 0.341 nm, Kr /kB = 164.5 K, σKr = 0.3601 nm.

2.3

Simulation Data Analysis Techniques

We use both qualitative and quantitative methods to analyze our simulation results.
Throughout this thesis, the simulation results are visualized using VMD (Humphrey
et al., 1996) and OVITO (Stukowski, 2010) softwares. To analyse our results quantitatively, we calculate and compare ice nucleation rates for diﬀerent systems. In addition,
the atomistic details of nucleation mechanisms are analysed and visualised using different ice recognition algorithms.

2.3.1

Nucleation Rate

We calculated the induction times and the nucleation rates for the analysis of the
simulation systems in publications I and III. The induction time is deﬁned as waiting
time until the ﬁrst appearance of an ice cluster growing monotonously (i.e., a time
when a critical cluster is formed). The induction time is determined by monitoring
the size of the largest ice cluster in the simulation systems using an ice recognition
algorithm.
The nucleation rate R can be determined by calculating the probability for the system
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to be in the liquid state at time t using (Cox et al., 2015a)
Pliq (t) = exp(−Rt)γ ,

(2.19)

where γ is a compressed delay ﬁtting parameter. As the appearance of a critical
cluster is a stochastic event, the probability Pliq (t) can be estimated by repeating
the simulation, n times, using diﬀerent random initial velocities, and then taking the
average by using
n
1
H(t − tiind ),
(2.20)
Pliq (t) = 1 −
n i=1
where tiind is the induction time for the i-th simulation system and H denotes the
Heaviside step function, which is deﬁned as
⎧
⎨1 x > 0
H(x) =
.
⎩0 otherwise

2.3.2

(2.21)

Ice Recognition Algorithm

We have used three ice recognition algorithms in our work: the CHILL+ method (Nguyen
and Molinero, 2015) (in publications I and II), the topological ring analysis by HajiAkbari and Debenedetti (2015) (in publication I), and our own LICH-TEST algorithm (Roudsari et al., 2021) (in publications II and III). The ﬁrst two methods are
explained in Section 1.4.3.
In the LICH-TEST algorithm developed by us, diﬀerent ice structures are detected
based on the number of staggered and eclipsed conformations (see Section 1.2 for details). Figure 8 illustrates two neighboring tetrahedral oxygen structures. The vectors
ui and vi , i = 1, . . . , 4, represent the bond directions for the two central oxygen atoms.

The conﬁguration in Fig. 8 can be described using a matrix whose elements are the
inner products of the bond directions ui and vi (the cosine of the angles between the
bond directions). The structure representation matrix T is then formed as
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Figure 8: Construction of ice crystal from connection of two tetrahedral structures.
This ﬁgure is adapted from Article II.
⎡

u1 , v1 
⎢u , v 
⎢ 2 1
T=⎢
⎣u3 , v1 
u4 , v1 

u1 , v2 
u2 , v2 
u3 , v2 
u4 , v2 

u1 , v3 
u2 , v3 
u3 , v3 
u4 , v3 

⎤
u1 , v4 
u2 , v4 ⎥
⎥
⎥,
u3 , v4 ⎦

(2.22)

u4 , v4 

where ui , vj  is the inner product of ui and vj . The representation matrices associated with the perfect staggered and eclipsed conformations (denoted by Ts and Te ,
respectively) are found as
⎡

−1
⎢0.5
⎢
Ts = ⎢
⎣0.5
0.5

0.5
−1
0.5
0.5

0.5
0.5
−1
0.5

⎤
0.5
0.5⎥
⎥
⎥,
0.5⎦
−1

⎡

⎤
0.5 −0.5 −0.5 0.5
⎢−0.5 0.5 −0.5 0.5⎥
⎢
⎥
and Te = ⎢
⎥,
⎣−0.5 −0.5 0.5 0.5⎦
0.5
0.5
0.5 −1

(2.23)

and they are used as the conformation templates. In LICH-TEST method, we have
developed an algorithm which classiﬁes water molecules as liquid, cubic or hexagonal
ice, clathrate hydrates, or diﬀerent interfacial types, based on the similarity between
the structural representation matrices and the two templates, Ts and Te for a given
arrangement in the simulation output.
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3
3.1

Results
Simulation System Setup

In this thesis, we have investigated the eﬀects of various structures of silver iodide on
the ice nucleation. In accordance with the focuses of each study, diﬀerent conﬁgurations
for the simulation systems have been used.
As mentioned in section 2.2.6, a dipole moment is present on the AgI(0001) surface.
The net dipole can create a long-range electrical ﬁeld across the simulation cell, coupling
through periodic boundaries. Thus, the polar water molecules will align in the dipole
ﬁeld, which introduces artefacts in the ice nucleation simulations. We have conducted
preliminary simulations to see how diﬀerent simulation setups, shown in Fig. 9a-d,
aﬀect the behavior of water. The minimum dipole ﬁeld eﬀect was observed using a
mirror image geometry, which is illustrated in Fig. 9d. Using this setup in an NVT
simulation ensures the correct bulk density of the TIP4P/Ice water model at large
distances from a ﬂat AgI(0001) surface. This can be observed in results shown in
Fig. 9e. Moreover, this conﬁguration eﬀectively cancels the net dipole ﬁeld in bulk
water (see Fig. 9f). Similar setups were also used by Zielke et al. (2014); Glatz and
Sarupria (2016).
The structure of the slit systems (studied in publication III) is similar to the mirrored
conﬁguration. Thus, the dipole ﬁeld is naturally canceled. For wedge systems, the
two slabs are symmetric, and thus the dipole eﬀects are greatly reduced, especially for
systems with tighter angles. This has been validated by the similarities between our
TIP4P/Ice and mW simulations results, which indicates that the eﬀect of dipole ﬁeld
on the ice nucleation events is insigniﬁcant. Note that there are no point charges in
the simulations using the mW model.
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Figure 9: Diﬀerent simulation setups for an AgI(0001)-water interface (top): (a) slab
in contact with bulk water in 3D PBC, (b) slab in contact with two ﬁlms of water
with open surfaces, (c) mirror image geometry with two ﬁlms of water and (d) mirror
image geometry with only one ﬁlm of water. Silver ions, iodide ions, oxygen atoms,
and hydrogen atoms are shown in silver, pink, red, and white, respectively. (e) water
density proﬁle along z coordinate and (f) proﬁle of the projection of the water dipole
moment along z coordinate observed for the diﬀerent simulation setups (bottom). This
ﬁgure is adapted from Article I.

3.2
3.2.1

Heterogenous Ice Nucleation on AgI(0001) Structures
AgI with Defects

In publication I, we have studied the eﬀects of defects on AgI(0001) surfaces on the
ice nucleation (at T = 263 K) using the atomistic TIP4P/Ice model. Speciﬁcally, we
considered charge neutral AgI(0001) surfaces with single and double vacancies, step
edges along [210] and [100] directions, terraces and pits, and compared them to a
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Figure 10: Atomistic model representing the AgI(0001) surfaces with diﬀerent defects.
Ag+ and I− ions are shown in silver and pink, respectively. This ﬁgure is adapted from
Article I.
perfect AgI(0001) surface. The six studied defected surfaces are shown in Fig. 10.
The simulations consist of ten independent ice nucleation trajectories for each system.
Figure 11 shows probability of being in the liquid phase, Pliq (t), for each system. Nucleation rates and their standard deviations are presented in Table 3.2.1. We observed
that the surfaces with single and double vacancies had the highest nucleation rates,
comparable to the perfect (0001) surface. Step edge along [100], terrace and pit defects
resulted in lower nucleation rates. The lowest value of nucleation rate was obtained
for the step edge along [210], but even this value was only one order of magnitude
below the nucleation rate of the perfect surface. We observed that there is a clear positive correlation between nucleation rates and the availability of ﬂat, perfect, surfaces
in diﬀerent systems with defects. These results can be understood by the extremely
good ice nucleation ability of the ﬂat AgI(0001) surface, due to the very small lattice
mismatch with the basal plane of ice (Zielke et al., 2014). For this system, extended
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Figure 11: Comparison of the probability to remain in the liquid state Pliq (t) for AgI
surfaces with defects and the ideal surface. This ﬁgure is adapted from Article I.
defects (terrace, pit, step edge [100] and step edge [210] defects) disrupt the orientation
of the hydration layers, which results in reduced nucleation rates.
In addition to aﬀecting the nucleation rate, our simulation results show that the defects
change the growth rate of ice. This can be attributed to the fact that the defects alter
the atomistic structures of ice. For example, the growth of ice in a system with cubichexagonal stacking faults is drastically slower than the growth of uniform ice structures
(cubic or hexagonal). We have studied the relationships between diﬀerent ice structures
and ice growth rate. Figure 12 shows key instances of ice growth for a perfect (0001)

Table 3.2.1: Ice nucleation rates and standard deviations on the studied AgI(0001)
surfaces at T = 263 K.
System
Nucleation rate (×1023 m−2 s−1 )
Perfect surface
3.86 ± 0.13
Single vacancy
3.75 ± 0.12
Double vacancy
3.89 ± 0.23
Step edge [100]
1.06 ± 0.04
Step edge [210]
0.47 ± 0.05
Terrace
1.41 ± 0.12
Pit
1.09 ± 0.06
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surface and surfaces with step edges along [100], step edge along [210] and pit defects.
The growth rates are compared in the ﬁrst columns of the subﬁgures. The ice structures
are identiﬁed using the CHILL+ algorithm (Nguyen and Molinero, 2015).
On the perfect surfaces, once a complete bilayer of ice has formed, ice growth occurs
mostly layer-by-layer with a stacking disordered arrangement (a mix of Ic and Ih layers).
The growth of stacking disorder was also observed by Lupi et al. (2017) in pure ice.
Upon initiation of a stacking fault, the growth slows down until a complete grain
boundary between two structures of ice is formed, then the growth accelerates again
(see Fig. 12a, for example). On the surfaces with step edges, critical clusters are formed
on both levels either simultaneously or at diﬀerent times. In either case, the additional
stacking faults at the position of the step can occur, which hinders the the growth of
ice (see Figs. 12b and c, for example). In the surfaces with pit defects, ice nucleation
usually starts away from the pit. The ice layers then continue to form inwards until
they cover the pit. This can be observed in the example shown in Fig. 12d.

3.2.2

AgI Wedge Structures

In Article III, we studied the growth of ice within wedges with diﬀerent angles. A
wedge system is created by connecting two surfaces of silver-terminated AgI(0001).
The purpose of our study is to uncover the underlying microscopic mechanisms of how
geometrical conformity aﬀects ice nucleation. The results are compared with a perfect
surface of AgI(0001). Our simulations consider the following wedge systems (We use W θ
to denote a wedge system with angle θ (in degrees)): W 30 , W 45 , W 60 , W 70 , W 73 , W 110 ,
W 120 . Both TIP4P/Ice and mW models were employed in our simulations. For each
wedge system, 15 independent simulations (using both mW and TIP4P/Ice models)
were performed at temperatures 263 K, 265 K and 267 K. The results show that for
both water models, ice can form in certain wedge systems at higher temperatures (up
to 267 K) than at the ﬂat AgI(0001) surface.
Fig. 13 shows the probability of being in the liquid phase Pliq (t) for diﬀerent wedge
systems as well as for the perfect AgI(0001) surface using the TIP4P/ice model. The
induction times are determined by monitoring the formation of ice nuclei using the
LICH-TEST algorithm. The nucleation rates calculated for wedge systems are reported in Table 3.2.2. Note that the nucleation rate for these systems is given in units
of inverse time and distance, because the wedges are inﬁnitely periodic along the y
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Figure 12: Examples of the atomistic details of ice growth on (a) perfect AgI(0001)
surfaces, (b) surfaces with a step edges along [210] and (c) along [100], and (d) a
surface with a pit (is indicated by a darker grey square). The ﬁgures on the lefthand side show the ice growth curves for the 10 diﬀerent simulations for each system
(gray lines). One simulation run is highlighted in color, and four snapshots of this
particular MD trajectory taken at times indicated by the black arrows are shown next
to each ﬁgure. Water molecules are color-coded as cubic ice (red), hexagonal ice (blue),
interfacial (green) and liquid (gray), to illustrate the diﬀerent growth mechanism. In
panels (a-c) the system is shown in a side view, whereas the pit system in the bottom
panel (d) is shown in top view. This ﬁgure is adapted from Article I.
direction. Since ice nucleation did not occur in systems W 110 and W 120 within 150 ns,
the nucleation rates for these systems could not be determined.
According to CNT, a conﬁned concave structure can reduce the interfacial free energy
which leads to reducing the free energy barrier, thus promoting ice nucleation. However, our observations indicate that ice nucleation in wedge systems is more complex.
Figure 14 shows the simulation results for diﬀerent wedge systems using both the mW
and the TIP4P/Ice models. In general, the TIP4P/Ice and the mW simulations pro43

Figure 13: Comparison of Pliq (t) for the wedge AgI systems and the perfect AgI(0001)
surface. This ﬁgure is adapted from Article III.
duced nearly similar results. However, we observed diﬀerences in the results for W 70
between these two water models: in the mW simulation results, we observed that W 70
caused the smallest distortions in the ice structures. However, in the TIP4P/Ice simulation results, the smallest distortion were observed for the W 73 systems (see Figs. 14f
and g).
The (111) planes of cubic ice intersect at a 70◦ angle. Thus, an AgI wedge with a
matching angle (W 70 ) can promote ice nucleation. Our results of mW model on the
W 70 is also consistent with the earlier work of Bi et al. (2017), which was conducted

Table 3.2.2: Average ice nucleation rates for diﬀerent wedge systems averaged over 15
independent TIP4P/Ice simulations.
Angle Nucleation rate (R) m−1 s−1
30◦
6.161 × 1015
45◦
2.809 × 1015
◦
60
3.069 × 1016
70◦
8.890 × 1014
◦
73
5.238 × 1015
180◦
3.373 × 1015
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Figure 14: Examples of atomistic details of ice structures at the bottom of the wedge
systems for the TIP4P/Ice and the mW water models for (a) W 30 , (b) W 32 , (c) W 45 ,
(d) W 60 , (e) W 62 , (f) W 70 , (g) W 73 , (h) W 75 . TIP4P/Ice molecules are shown as red
and white sticks, and hydrogen bonds are shown as dashed red lines. For the mW
model, the hydrogen bond network is shown as blue sticks. This ﬁgure is adapted from
Article III.
on a hydrophobic graphene surface. Moreover, W 60 was the geometry with the highest
nucleation rate using TIP4P/Ice model. In this case, some ice like structures with
defects remain a few nanometers above the bottom of the wedge, but ice continues
to form around it. In both mW and TIP4P/Ice simulation results, we observed that
the growth of ice in W 30 and W 45 occurred either with the aid of topological defects
(5+7 ring) (Donadio et al., 2005) or distorted ice-like structures (see Fig. 14a and c,
for examples).
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3.2.3

AgI Slit Structures

In Article III, we also investigate the growth of ice between mirrored slabs of AgI(0001)
(the slit geometry). Since ice forms bilayers of well-deﬁned widths parallel to the
AgI(0001) surface, as shown in Fig. 15, we considered slit systems with gap widths ranging from 1.479 nm (4 ice bilayers) to 4.295 nm (12 ice bilayers), in steps of 0.0176 nm
(161 systems in total). We performed an independent MD simulation for each gap
width using the mW model. Moreover, 12 simulations were carried out using the
TIP4P/Ice water model to verify the results of our coarse grained mW simulations.
The results show that the nucleation event is periodically enhanced and suppressed as
the gap width between the AgI slabs increases. Speciﬁcally, we observed that when
the gap width is an integer multiple of the width of an ice bilayer, the nucleation is
promoted. However, when the gap width of a slit system does not match an integer
number of ice bilayers, the nucleation process is slowed down. In addition, the intensity of ice nucleation promotion is reduced when the slit’s gap becomes large, i.e. more
than 9 bilayers. Figure 16 shows examples of simulation results for slit systems with
diﬀerent gap widths.
In a related work, Zhang et al. (2014) studied the ice nucleation inside platinum grooves
using the mW model. They reported that nucleation is enhanced when the gap width
of the groove is near the ice lattice constant. More recently, Li et al. (2018) investigated
ice nucleation within graphene nanogrooves using the mW model. They observed that
ice nucleation is accelerated when the gap width of the grooves is near certain multiples
of the ice lattice constant which is 0.743 nm along the c-axis at 220 K. In our work,
using slit structures instead of grooves enabled us to tune the gap widths more freely.
Additionally, we carried out simulations on a ﬁner grid. Our results are consistent with
those of Zhang et al. (2014) and Li et al. (2018).

3.3

Benchmarking the LICH-TEST Algorithm

In publication II, we have developed a novel conformation matching method for the
recognition of diﬀerent types of ice as well as defected and interfacial ice structures
(the LICH-TEST method). Figure 17 compares the performance of the LICH-TEST
method and the earlier CHILL+ method using a spruce budworm anti-freeze protein
(sbwAFP). As can be seen, the interfacial ice structures (at the interface of sbwAFP)
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Figure 15: Top: shows a snapshot from the simulation of ice on an AgI(0001) surface. Silver and iodide ions are shown using silver and pink spheres, respectively.
Water molecules are shown using red and white sticks. Below: number density of H2 O
molecules at diﬀerent distances from the surface of AgI. The density of ice molecules
and liquid water are shown in blue and gray, respectively. Each double peak in the
density indicates an ice bilayer. This ﬁgure is adapted from Article III.
are recognised with a better precision using our new method. This is because LICHTEST method can detect defective staggered and eclipsed conformations. As a result,
it can recognize also broken ice structures. In contrast, other available ice recognition
algorithms (including CHILL+) require the presence of four neighbors inside the ﬁrst
coordination shell to calculate, for example, the local bond order parameters. Thus,
they cannot detect ice structures with missing bonds. Speciﬁcally, CHILL+ cannot
fully identify the broken ice structures in the hydration layer at the interface with the
sbwAFP (see Fig. 17e), and this issue is substantially improved by the LICH-TEST
method (see Fig. 17d).
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Figure 16: Snapshots of the last timesteps of TIP4P/Ice simulation results for the slit
systems with gap widths of (a) 4 ice bilayers, (b) 4.5 ice bilayers, (c) 5 ice bilayers, (d)
5.5 ice bilayers, (e) 6 ice bilayers and (f) 6.5 ice bilayers. Silver and iodide ions are
shown using silver and pink spheres, respectively. Water molecules are shown using
red and white sticks. This ﬁgure is adapted from Article III.
In Fig. 18, we compare our new algorithm with the CHILL+ method for recognition of
cubic sI chathrate hydrates. The results show that our method performs considerably
more accurately in comparison with the CHILL+ method in recognizing of clathrate
hydrates.
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Figure 17: Ice structure recognition for a spruce budworm anti-freeze protein (sbwAFP)
in water using LICH-TEST and CHILL+ algorithms. Simulation frames (a) before
and (b) after the sbwAFP has bound to an advancing ice front. In panels (a) and
(b), protein atoms are shown as large colourful spheres, and water molecules as small
red (oxygen) and white (hydrogen) spheres. The row of water molecules hydrogen
bonded to OH groups on the protein’s threonine residues, which form the interface
with the ice crystal, are highlighted by black circles in the magniﬁed box of panel b,
and hydrogen bonds are indicated by dashed red lines. Cross-section of the structure
of water molecules around the protein (magenta) (c) before and (d) after contact as
determined by the LICH-TEST, and (e) the CHILL+ algorithms. Oxygen atoms of
water are shown as spheres color-coded according to their structure (see top right
corner). The water molecules at the protein-ice interface are highlighted by yellow
circles in the magniﬁed boxes of panels (d) and (e). This ﬁgure is adapted from
Article II.
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Figure 18: (a) Snapshot of the atomistic simulation of cubic sI clathrate hydrate. Water molecules are shown as red (oxygen) and white (hydrogen) spheres. The red and
white sticks and dashed lines show the covalent, and hydrogen bonds, respectively. Furthermore, argon and krypton atoms are shown as pink and cyan spheres, respectively,
and the simulation box boundaries are marked by blue lines. Ice recognition results
using (b) the LICH-TEST and (c) the CHILL+ algorithms. This ﬁgure is adapted
from Article II.
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4

Summaries of the Research Articles and Author
Contribution

Article I: We have studied heterogeneous ice nucleation on AgI(0001) surfaces exhibiting vacancies, step edges, terraces, and pits, and compared them to the perfect
surface using atomistic molecular dynamics simulations at T = 263 K. Our simulations
show that defects reduce both the nucleation and the growth rate of ice, with a clear
correlation between the dimensionality of defects and the severity of the reduction. In
particular, we found that while single and double vacancies do not aﬀect the nucleation rate, the presence of step edges, terraces, or pits, reduces both the nucleation and
growth rates by up to an order of magnitude. These results are contrary to those concerning many other mineral surfaces, where the presence of defects is typically required
to create active sites for ice nucleation.
Contribution: The author performed all the simulations and the majority of the
analyses, and contributed to writing the manuscript.
Article II: We developed a novel conformation template matching approach for the
identiﬁcation of cubic and hexagonal ice structures, diﬀerent interfacial structures, as
well as clathrate hydrates. Speciﬁcally, the proposed method identiﬁes staggered and
eclipsed ice conformations by determining the similarity between the local structure and
two templates representing each conformation. We have proposed a similarity score
based on the squared Euclidean distance between the structure and the templates.
The similarity score cut-oﬀ can be used as a parameter to tune the sensitivity of the
algorithm. Our method provides improved classiﬁcation of interfacial ice and water
molecules, at a slightly lower computational cost compared to earlier methods. As
our algorithm does not require the presence of four nearest neighbors, it is robust in
classifying non-ideal structures or structures with defects. This can be particularly
advantageous in the study of heterogeneous ice nucleation and other complex systems.
Contribution: The author developed the algorithm and implemented the MATLAB
version. The author also performed some of the simulations and analyses, and wrote
the ﬁrst draft of the manuscript, and contributed to the ﬁnal version.
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Article III: We investigated microscopic mechanisms of how combinations of conﬁnement by the surface topology and lattice match induced by the surface properties
can lead to enhanced ice nucleation. We performed molecular dynamics simulations
using both atomistic and coarse-grained water models, at very low supercooling, to
extensively study heterogeneous ice nucleation in slit-like and concave wedge structures of silver-terminated silver iodide (0001) surfaces. We found that ice nucleation is
greatly enhanced by slit-like structures when the gap width is a near-integer multiple
of the thickness of an ice bilayer. For wedge systems we also did not ﬁnd a simple
linear dependence between ice nucleation activity and the opening angle. Instead we
observed strong enhancement in concave wedge systems with angles that match the
orientations of ice lattice planes, highlighting the importance of structural matching
for ice nucleation in conﬁned geometries. While in the slit systems ice could not grow
out of the slit, some wedge systems showed that ice readily grows out of the wedge.
In addition, some wedge systems stabilized ice structures when heating the system
above the thermodynamics melting point. In the context of atmospheric ice nucleating
particles, our results strongly support the experimental evidence for the importance of
surface features such as cracks or pits functioning as active sites for ice nucleation at
low supercooling.
Contribution: The author performed all the simulations with the TIP4P/Ice water model, carried out the analyses and wrote the ﬁrst draft of the manuscript, and
contributed to the ﬁnal version.
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5

Conclusions and Outlook

In this thesis, we investigated ice nucleation in the presence of diﬀerent structures of
silver iodide (AgI), which is known to have excellent ice nucleation properties and has
been used in rain seeding applications for many decades. While the Ag-terminated
(0001) surface can act as a template for the nucleation and growth of ice, this surface
is polar and probably not very abundant on actual AgI particles. If exposed, defects
or reconstructions are likely. We ﬁrst studied the eﬀects of the (0001) surfaces with
diﬀerent defects of β-AgI on the heterogeneous ice nucleation using atomistic MD simulations. Our results revealed that ice nucleation can still readily occur on the existing
perfect patches around the defects, and thus these surfaces can contribute to ice nucleation at moderate supercooling. Next, we investigated the role of conﬁnement and
geometrical conformity on ice nucleation in slit-like and concave wedge structures of
AgI(0001) surfaces using both atomistic and coarse-grained MD simulations. Such geometries could e.g. be encountered in surface pits and cracks, which are often found to
be active sites for ice nucleation. The simulation results showed that the lattice match
between ice and geometrical structures and conﬁnement can signiﬁcantly enhance ice
nucleation. Furthermore, we found that the two eﬀects are additive. We also developed a novel conformation template matching method for identiﬁcation of cubic and
hexagonal ice, diﬀerent interfacial structures, and clathrate hydrates. Speciﬁcally, our
method identiﬁes the staggered and eclipsed conformations using a pair of predeﬁned
templates. Our algorithm signiﬁcantly improves the existing ice recognition methods
by enabling the identiﬁcation ice and clathrate hydrates with defects.
We used the AgI(0001) surface in this thesis due to its high ice nucleation ability
which makes it an eﬃcient choice for atomistic simulations. Nevertheless, the bulk
terminated AgI(0001) surface is intrinsically unstable since the cleavage of the crystal
lattice of AgI(0001) produces a dipole ﬁeld. It is common to use diﬀerent approaches
to model the β-AgI crystal, for example, using mirrored images to cancel the dipole
eﬀect, and constraining the silver and iodide ions in their bulk positions to ensure
the stability of the AgI surface, as done in the present work. Further studies are
recommended to develop more realistic models of polar β-AgI surfaces. For instance,
reconstructed (0001) surfaces could be considered. This method has been already
applied to ZnO(0001) surfaces, leading to eﬀective cancellation of the inherent dipole
eﬀect (Mora-Fonz et al., 2017). Furthermore, both dry and water-covered reconstructed
β-AgI surfaces would need to be investigated using ab initio methods (such as DFT)
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ﬁrst. Then, the current force ﬁelds for the interactions of β-AgI and water would
need to be assessed and, if necessary, new force ﬁelds would have to be developed.
The LICH-TEST algorithm could be integrated into software packages such as the
GROMACS tools in the future, so that it can be more conveniently used for analysing
MD simulation outputs.

54

References
Abascal, J. L. F., Sanz, E., Garcı́a Fernández, R., and Vega, C. (2005). A potential
model for the study of ices and amorphous water: TIP4P/Ice. J. Chem. Phys.,
122(23):234511.
Allen, M. and Tildesley, D. (1987). Computer Simulation of Liquids. Oxford: Clarendon
Press.
Bai, X.-M. and Li, M. (2005). Test of classical nucleation theory via molecular-dynamics
simulation. J. Chem. Phys., 122(22):224510.
Bartels-Rausch, T. (2013). Ten things we need to know about ice and snow. Nature,
494:27–29.
Berendsen, H. J. C. (1991). Computer Simulation in Materials Science: Interatomic
Potentials, Simulation Techniques and Applications. Springer Netherlands, Dordrecht.
Berendsen, H. J. C., Grigera, J. R., and Straatsma, T. P. (1987). The missing term in
eﬀective pair potentials. J. Phys. Chem, 91(24):6269–6271.
Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., DiNola, A., and Haak,
J. R. (1984). Molecular dynamics with coupling to an external bath. J. Chem. Phys.,
81(8):3684–3690.
Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., and Hermans, J. (1981).
Interaction Models for Water in Relation to Protein Hydration. Springer Netherlands, Dordrecht.
Berendsen, H. J. C., van der Spoel, D., and van Drunen, R. (1995). GROMACS: A
message-passing parallel molecular dynamics implementation. Comput. Phys. Commun., 91(1):43–56.
Bernal, J. D. and Fowler, R. H. (1933). A theory of water and ionic solution, with
particular reference to hydrogen and hydroxyl ions. J. Chem. Phys., 1(8):515–548.
Bi, Y., Cao, B., and Li, T. (2017). Enhanced heterogeneous ice nucleation by special
surface geometry. Nat. Commun., 9(15372).
Burley, G. (1963). Polymorphism of silver iodide. Am. Min., 48(11-12):1266–1276.
55

Bussi, G., Donadio, D., and Parrinello, M. (2007). Canonical sampling through velocity
rescaling. J. Chem. Phys., 126(1):014101.
Coluzza, I., Creamean, J., Rossi, M., Wex, H., Alpert, P., Bianco, V., Boose, Y.,
Dellago, C., Felgitsch, L., Fr´’ohlich-Nowoisky, J., and et al. (2017). Perspectives
on the future of ice nucleation research: Research needs and unanswered questions
identiﬁed from two international workshops. Atmosphere, 8(8):138–5790.
Cox, S. J., Kathmann, S. M., Slater, B., and Michaelides, A. (2015a). Molecular
simulations of heterogeneous ice nucleation. I. Controlling ice nucleation through
surface hydrophilicity. J. Chem. Phys., 142(18):184704.
Cox, S. J., Kathmann, S. M., Slater, B., and Michaelides, A. (2015b). Molecular simulations of heterogeneous ice nucleation II. peeling back the layers. J. Chem. Phys.,
142(18):184705.
Darden, T., York, D., and Pedersen, L. (1993). Particle mesh ewald: An N · log(N )
method for ewald sums in large systems. J. Chem. Phys., 98:70902.
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M., and Meister, K. (2020). Electrostatic interactions control the functionality of
bacterial ice nucleators. J. Am. Chem. Soc., 142(15):6842–6846.
Lupi, L., Hudait, A., and Molinero, V. (2014). Heterogeneous nucleation of ice on
carbon surfaces. J. Am. Chem. Soc., 136(8):3156–3164.
Lupi, L., Hudait, A., Peters, B., Grünwald, M., Gotchy Mullen, R., Nguyen, A. H., and
Molinero, V. (2017). Role of stacking disorder in ice nucleation. Nature, 551:218–222.
Lupi, L. and Molinero, V. (2014). Does hydrophilicity of carbon particles improve their
ice nucleation ability? J. Phys. Chem. A, 118(35):7330–7337.
59

MacKerell, A. D., Bashford, D., Bellott, M., Dunbrack, R. L., Evanseck, J. D., Field,
M. J., Fischer, S., Gao, J., Guo, H., Ha, S., Joseph-McCarthy, D., Kuchnir, L.,
Kuczera, K., Lau, F. T. K., Mattos, C., Michnick, S., Ngo, T., Nguyen, D. T., Prodhom, B., Reiher, W. E., Roux, B., Schlenkrich, M., Smith, J. C., Stote, R., Straub,
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