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Abstract
The solid-liquid interface represents systems of great and diverse technological importance. The
interfacial phenomena at solid-liquid interfaces play an important role in a wide range of biological,
chemical and industrial processes, such as heterogeneous catalysis, environmental remediation,
waste disposal, biomineralization, and others. In order to understand these processes, it is
important to study solid-liquid interfaces at the atomic level.
N o w ad ay s , t h e s e i nt e rf ac e s are mai nl y e xp l o re d at t h e at o mi c s c al e w it h AF M , p ro vid ing d e t ai l e d
insights into the liquid structure. Since it was discovered, AFM experienced numerous technical
improvements that led to the development of 2D and 3D force mapping technique. Although these
new techniques allow us to visualize hydration layers at solid-liquid interfaces with molecular
resolution, the biggest ﬂ aw is with regards to the interpretation of the results due to the very
complex nature of the experiments themselves. Hence, the connection between the measured signal
and physical processes usually requires additional analysis tools.
In order to provide a better understanding of the processes being investigated by AFM, in this
work classical molecular dynamics techniques (MD) are employed. As part of this work, we used
MD simulations to support and explain AFM images obtained at highly reactive surface steps. Up
until now, AFM imaging of the heterogeneous step edges was accompanied by many difﬁ culties
and as such, has not been obtained. In this thesis, we represented the ﬁ rst obtained 3D AFM
topographic images of the hydration structures at heterogeneous edges and provided additional
understanding of the atomic structure of the hydration layers and the processes at such edges by
performing MD simulations. The distribution of charge in the solid-liquid interfaces plays an
essential role in a wide range of processes in biology, geology, and technology. It was also noticed
that AFM measurements in electrolytic solutions resulted in improved atomic-scale image stability
and resolution in respect to the AFM experiments performed in pure water. Hence, in this thesis
we demonstrated the mechanism of ion inﬂ uences on the interface structures by performing MD
simulations at hydrophilic solid-liquid interfaces such as muscovite mica and calcite in high molar
solutions (~5 M), also expanding the understanding of AFM measurements in high molar solutions.
The last topic included in this thesis refers to the theoretical investigation of the origin of the
hydration layers. We showed that ordering at the interface is mainly the result the attractive
interactions only, although there are some indications that conﬁ nement alone (in the absence of
the attractive interactions) can also be a source of layering.
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1. Introduction

Water is the most abundant compound. It covers almost 75% of the Earth’s
surface and it is essential for sustaining all forms of life. Water is also known as
a "universal solvent" due to its capability to dissolve a wide variety of different
substances. This ability comes from its unique physical and chemical properties. Even though the water molecule is a fairly simple compound, composed of
an oxygen atom covalently bonded with two hydrogen atoms, it exhibits some
anomalous properties, such as a maximum density at 4◦ C, high surface tension
and exceptionally high heat of vaporization. Therefore, water has intrigued
many scientists and has been the main research topic for over decades [1–5]. It
has been known that the established water structure originates from hydrogen
bonds between the water molecules, whether the water is in solid or liquid form
as presented in the Figure 1.1.

Figure 1.1. Hydrogen bonds in (a) ice and (b) liquid water. Red atoms are oxygens and white
atoms are hydrogens. Blue dashed line represents hydrogen bonds.

However, the structure of water at solid-liquid interfaces is not driven only by
hydrogen bonds between the water molecules, but also by the surface structure
and composition. Hence, the interactions between the surface and water greatly
affect the water behavior at interfaces, leading to different structural and dynamic properties of the water at the vicinity of the solid surfaces. Solid-liquid
interfaces are ubiquitous and therefore responsible for many phenomena in
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biological, chemical and physical processes such as for cell membrane transfer [6, 7], heterogeneous catalysts [8], environmental remediation [9], waste
disposal [10, 11], protein dynamics [12] and others. Studying solid-liquid interfaces and processes occurring at the interfaces is fundamental to a wide range
of disciplines. For example, water at the mineral surfaces are of general importance for environmental, chemical, metallurgical, and ceramic processes [13, 14].
Water orientation on clay minerals plays a crucial role in the geochemical processes [15]. On the other hand, water at the hydrophobic, graphene-based
materials, exhibits quite different structural and dynamic properties in comparison with hydrophilic and charged surfaces [16–18]. In order to develop practical
applications of these materials, understanding the water structure on surfaces
is vital. In general, if one is about to understand the macroscopic properties of
the different materials and devices, such as how quickly the battery drains or
the way the body functions, studying the structure of the solid-liquid interfaces
at the atomic level is of great importance.
The relatively new experimental technique used to study surfaces at the
atomic level is the so-called Atomic Force Microscopy (AFM) [19]. AFM is capable of imaging the surfaces at extremely high (atomic scale) spatial resolution
in both lateral and vertical directions. AFM images, also known as surface
topographic images, are obtained by bringing the atomically sharp tip close to
the examined surface. Apart from imaging the surface, AFM is also capable
of measuring the forces between the probe and sample (surface) as a function
of the distance between them. This makes it very powerful tool for studying
the physical properties of the examined surfaces, such as molecular interactions, surface charges, and mechanical properties. Soon after being invented,
AFM experienced numerous technical improvements that led to its broader
application. Many experiments that have been performed only in ultra-high
vacuum (UHV) [20–22] with true atomic resolution, have now been possible in
different environments such as in air [23, 24] and even in water [25–27]. This
was the major breakthrough of the AFM that allowed solid-liquid interfaces to
be studied. Operating in the liquid environment brought new insight into the
structure of the ﬂuids at the interfaces and hence improved our understanding
of the properties of different materials in liquids. Nowadays, a lot of effort is
invested in the improvement of the AFM devices in order to broaden its application further. Recently developed two-dimensional (2D) and three-dimensional
(3D) force mapping techniques allow us to visualize hydration layers at the
solid-liquid interfaces with molecular resolution. This improvement also allowed
the reactive sites of the surfaces, such as edges, to be studied. There are many
reported AFM studies of dynamic processes happening at the reactive edges,
such as surface dissolution [28, 29] and crystal growth [30, 31] that revealed new
insight into the mechanisms of these processes. AFM has the ability not only
to characterize certain surfaces but also to change its properties in a controlled
way by atomic manipulation. Even though AFM represents one of the leading
techniques in studying surfaces and processes occurring in different environ-
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ments at the atomic level, interpretation of the experimental results faces many
difﬁculties. This struggle comes from the very complex nature of experiments.
The results are affected by the tip location, composition, and polarity, important
factors that often remain unknown for the operator. Hence the interpretation of
the experimental results is not straightforward and requires additional analysis
tools.
Atomistic simulations are usually employed in order to assist in the experimental analysis and hence provide a better understanding of the processes being
investigated by AFM. In order to do so, the system of interest is modelled at the
molecular level and the simulations are performed under the exact same conditions, reproducing the real experiment. This way we study the system of interest
in more detail, helping us to improve the interpretation of the experimental
results and also reveal new insights into the mechanism of the processes at the
interfaces. There are many reported studies including atomistic simulations in
support of AFM [32–35].
Soon after the ﬁrst liquid water simulation was successfully performed by Rahman and Stillinger [36], molecular dynamics becomes an important technique to
study solid-liquid interfaces at atomic level. Various types of minerals such as
inorganic salts (calcite, sodium-chloride), oxydes, hydroxides and clay minerals
are extensively studied by molecular dynamics in terms of water structure and
its dynamic properties at the boundary region. Molecular dynamics simulations
of liquid water at mineral surfaces reveal quite structured interfacial water
indicating a strong inﬂuence of the surface structure on water behaviour. In the
study of Sebastien Kerisit and coworkers [37] the inﬂuence of calcite surface on
the interfacial water structure is reﬂected in quite regular density oscillation
pattern that diminishes with the distance from the surface. The positions of
two well-deﬁned hydration layers, that indicate highly structured water at the
calcite interface, are found to match well with experimental X-ray scattering
study [38]. They also showed that water inﬂuence on calcite nanoparticle is
reﬂected in greater stability of calcite structure in water than in vacuum. The
direct insight into the stabilization of calcite surface in the presence of water was
also achieved in other theoretical studies [39–41]. On the other hand, various
experiments suggested that different surface structures inﬂuence the interfacial
water properties in different ways. For example, spectroscopic SFG experiments
showed that the interfacial orientation and bonding structure of water are
strongly inﬂuenced by the electrostatic interaction and hydrogen bonding of
molecules with the surface [42]. Therefore, it is reasonable to expect the quite
different structure of interfacial water at hydrophobic and hydrophilic surfaces.
One such theoretical study has been performed on the example of naturally
occurring hydrophobic talc and hydrophilic muscovite mica surfaces [43]. Wang
and coworkers showed that despite the structural similarities between these two
surface, quite different water structuring at the interface is mainly the result of
the electrostatic interactions and the H-bonding between water and hydrophilic
muscovite mica surface, caused by the local variations of the surface structural
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charge. Thus the negatively charged mica surface indicate water molecules
donation of hydrogen bonds to the surface oxygens. They also showed that
water molecules on talc surface are oriented preferably parallel to the surface,
indicating hydrophobic nature of the talc surface. The same conclusion in terms
of hydrophobicity of talc surface is suggested from experimental measurements
of contact angles [44]. On the other hand, MD simulations of liquid water above
the graphite surface [18, 45] showed similar water oxygen density proﬁle to
talc even though these two surfaces have a quite different composition. This
is however attributed to the hydrophobic nature of graphite surface [46, 47].
Nevertheless, some distinctions are noticed in the water organization above
these surfaces that indicate different structural organization of atoms at the
surface.
Appart from the inﬂuence of the substrate structure and composition on the
interfacial water structure, many theoretical and experimental studies have
also emphasized the inﬂuence of the electrolyte solutions on the mineral-water
interface structures. It has been established in various experiments such as
second harmonic generation (SHG) [48] and vibrational sum-frequency generation (vSFG) [49], that addition of the salts causes some perturbations in water
structuring at the interface [50, 51]. However, the detail structural analysis of
the interfacial water based on these experimental results remains limited. On
the other hand, theoretical simulations have proved to be able to provide deeper
insight into the structural properties of the interfaces at the molecular level and
hence offer an additional understanding of the interface properties. For example,
MD simulations of the silica-water interface in the presence of salt solutions
have shown that cations do not bind to the homogeneously charged silica surface
directly as it appears to happen at the locally charged silica surface, emphasizing the signiﬁcant inﬂuence of the cation adsorption on the interfacial water
structure and orientation [52]. The additional understanding of the interfacial
water structure in ionic solutions was also obtained on the example of rutile
(110) surface by performing molecular dynamic simulations [53]. The results
derived in this study suggest that all investigated cations form inner-sphere
complexes with the surface oxygens exposed at the rutile (110) surface in aqueous solutions, disproving previously established belief that 1:1 salts of the alkali
metals do not interact speciﬁcally with metal oxide surfaces [54]. However, in
some cases, interfacial water is strongly ordered that prevents ions from the
solution to directly affect these layers. This was demonstrated in the example
of calcite surface where MD simulations showed that direct adsorption of ions
at the calcite-water interface is prevented due to the high energy penalty ions
need to pay in order to get closer to the calcite interface [55]. Nevertheless, same
simulations showed that sodium ions get closest to the interface, but remain on
top of the ﬁrst water layer in comparison to the calcium ions that mostly remain
outside calcite’s structured water. On the other hand, MD simulations of mica
surface in NaCl solution indicate the creation of stable sodium inner-sphere complexes at the ditrigonal rings of the mica surface [56]. The interfacial structure
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derived in this study is represented as a plausible model to explain the electron
density obtained by the X-ray CTR proﬁle. Even though many important conclusions about the inﬂuence of ions at the structural and dynamic properties of
the interfacial water are obtained, the most of the theoretical and experimental
studies are mainly performed in slightly molar solutions and rarely the study
has been put into a concept of higher (>1M) molarity.
The main goal of my research, presented in this thesis, is to provide a practical
understanding and strong link between the systems prepared in the experimental work and real performance via direct calculations and simulations. The major
part of this thesis is based on the study of structural and dynamic properties of
the hydration layers at different interfaces by molecular dynamics simulations.
The obtained properties of the hydration layers provide new insight into the
various processes taking place at the solid-liquid interfaces. At the same time, a
more detailed analysis of the hydration layers improves our understanding of
the AFM topographic images, revealing the relationship between the measured
contrast pattern and the atomic nature of the hydration layers. Therefore, simulations are expected to contribute to the further development of AFM as a tool
for nanoscale characterization.
In this thesis, molecular dynamic simulations are mainly used as a support
tool to recently developed, new 3D force mapping technique for visualization of
hydration layers above surface steps, the key areas responsible for dissolution
and crystal growth. The new understanding of the mechanism of the crystal
dissolution and the structure of the hydration layers at the step edges is provided
on the systems such as alkali halides. On the other hand, the heterogeneous
step edges that are part of the layered phyllosilicates (clay minerals), represent
one of the major challenges for the visualization of the hydration layers by AFM.
However, 3D NC-AFM topographic images of the hydration structure of such
an edge are obtained and presented in this thesis. MD simulations provided
additional understanding of the atomic structure of the hydration layers and
the processes at the heterogeneous edges.
In the experiments, ions are expected to play a role in high-resolution AFM
imaging in liquids, although the mechanism remains unclear. Therefore, the
important part of this thesis is also the investigation of the role of ions at
the interfaces by MD simulations. The results obtained from the simulations
performed at different types of the interfaces expanded our understanding of the
mechanism of the ions inﬂuence on the interface structures and also obtained
new support for the AFM experiments in high molarity.
The last part of the thesis contains a theoretical study of the origin of interfacial ordering. It is important to understand why hydration structures appear at
the surfaces and to reveal the mechanism that is behind such phenomena.
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2. Atomic Force Microscopy

Atomic force microscopy (AFM) was invented in 1986 as a new experimental
technique of imaging surfaces with atomic resolution [19]. It was invented
in order to overcome limitations of the scanning tunneling microscope (STM),
previously established experimental technique [57]. The basic principle of any
AFM operation is to bring atomically sharp tip (with radius typically smaller
than 10 nm), attached to the oscillating cantilever, close to the surface and detect
forces that arise between the tip and the sample. The basic components, common
to all AFM devices, are the tip, cantilever, laser beam, detector of reﬂected laser
signal and sample (surface), as depicted in the following ﬁgure.

Figure 2.1. Schematic presentation of AFM device

Depending on the cantilever’s way of motion, there are two basic types of AFM
operating modes: static and dynamic mode. In static mode, the tip is brought
into the direct, constant physical contact with the surface being scanned and
therefore is also known as contact mode. As the tip encounters the surface, forces
felt from the surface cause cantilever to bend. During the scanning across the
surface, changes in the topography of the sample cause changes in the deﬂection
of the cantilever. The most common conﬁguration of the static mode is to operate
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in constant force where the feedback mechanism is used to keep the deﬂection
and hence, the force of the cantilever constant. The cantilever’s deﬂection is used
as a measured parameter. The contact AFM set up is depicted in the following
ﬁgure.

Figure 2.2. Contact AFM set-up

Static mode is the original and simplest mode to operate an AFM and it is
usually chosen to image ﬂat and hard surfaces. However, it usually derives low
resolution. Since the examined surface is in the constant contact with the tip,
the possibility of damage the sample is increased. In order to avoid damage to
the molecules, the interaction force must be kept below 10−8 N. This is, however,
hard to achieve in the air, due to the thin water and hydrocarbon ﬁlms that are
ubiquitous on surfaces in air [58]. Therefore, many efforts are made in order to
improve this technique such as the invention of tapping AFM mode [59]

2.1

Dynamic Atomic Force Microscopy

The major breakthrough in the improvement of the AFM comes with the dynamic AFM [60]. In the dynamic mode the tip is no longer brought into direct
contact with the sample, but rather it’s oscillating above the sample as it is
shown in the Figure 2.3. When the tip is brought within a few angstroms from
the sample, the changes in the cantilever’s oscillating frequency, are detected.
These changes in the frequencies are caused by tip-sample interactions, such as
van der Waals and electrostatic forces, and are used to reveal surface properties
of samples. The dynamic AFM allowed various different materials to be studied,
among which and many sensitive biomolecules, including proteins and nucleic
acids [61, 62], and also polymers [63], without damaging the substrate. Dynamic
AFM modes are categorized in terms of cantilever deﬂection and excitation mechanism into an amplitude modulated AFM (AM-AFM) and frequency modulated
AFM (NC-AFM).

16

Atomic Force Microscopy

Figure 2.3. Non-contact AFM set-up

2.1.1

Amplitude Modulated AFM

Amplitude modulation AFM was established in 1987 [60]. In the AM-AFM
mode, the cantilever is excited with a ﬁxed driving amplitude at a ﬁxed driving
frequency. As cantilever is brought closer to the surface it feels interactions
from surface resulting in a shift in its resonance proﬁle. This shift produces an
amplitude change that is the measured signal in AM-AFM. If the ﬁxed driving
frequency, used to excite the cantilever, is off the resonance, frequency shift
towards or away from the resonance, produces greater or smaller amplitude
response. For most tip-sample distances, the frequency shift is positive (to the
higher frequencies relevant to the resonance cantilever frequency) for repulsive
forces and negative for attractive forces [64]. If the cantilever is excited exactly
on resonance, differentiation of repulsive and attractive forces is no longer
possible.
The advantage of AM-AFM mode lays in its simplicity and is one of the most
frequently used imaging method. At the same time, AM-AFM is considered as
a gentle technique that does not destroy or damage the examined surface and
therefore is suitable for soft substrates. Additionally, due to the cantilever’s
oscillation amplitude used as the feedback parameter, the user can ﬁne-tune
the tip-sample interactions between different regimes, such as attractive and
repulsive regimes. On the other hand, operating in the vacuum is not generally
possible in this mode, due to the long relaxation time of the cantilever [65]
that comes from the high-quality factor (the function of the cantilever and
environment) in the vacuum.

2.1.2

Frequency Modulated AFM

FM-AFM was invented in 1991 in order to overcome ﬂaws of the AM-AFM [66].
In the FM-AFM, the cantilever is exited on resonance while the amplitude
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is kept constant. The main difference between the amplitude modulated and
frequency modulated AFM lays in the feedback signal that is detected. Whereas
in AM-AFM the cantilever’s amplitude change, is used as a measured signal,
in FM-AFM the change in the cantilever’s frequency, caused by the tip-sample
interaction forces, is directly used as contrast. By measuring the frequency
change during scanning the sample, it is possible to derive the force map of
the surface. One way to measure the frequency shift directly is to perform
the experiment in constant height mode. This mode requires the tip to be
brought down to some distance from the surface. The surface is scanned in
the lateral direction (XY) while the tip is kept at a certain height (Z), and the
image is produced. The tip is placed close enough to the surface in order to
detect the lateral frequency shift signal. However, the operator often does not
know how close to the surface he gets. Therefore, there is the high possibility
to crash the tip into the surface and damage the sample, which is one of the
main disadvantages of this mode. On the other hand, topography images can be
obtained by varying the tip-sample distance during the measurements to keep a
constant frequency shift. This is known as constant frequency shift mode. This
way, the tip crash is less likely to happen due to the constant adjustment of the
tip height during the scan.
In comparison with AM-AFM, more components are added to FM-AFM that
makes it slightly more complex. On the other hand, the main advantage of
FM-AFM is that the relaxation time is independent on the quality factor, which
makes it suitable to operate in vacuum environment [67, 68]

2.1.3

Imaging in liquids

Unlike imaging in the vacuum, where the main source of the detected forces
comes from tip-sample interactions, operating in the liquid environment becomes
more complicated. Apart from the interaction forces with the surface, the tip is
also inﬂuenced by the surrounding medium, such as water (see Figure 2.4).

Figure 2.4. AFM in liquid environment

This is however, reﬂected in the low force sensitivity due to the low Q factor of
the cantilever resonance [69]. Thanks to the various technical improvements in
the instrumentation, different modes of dynamic AFM are enabled to imaging
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substrates in liquid environments, such as AM-AFM [70] and most recently, FMAFM modes [69].
Since the tip interacts not only with the surface but also with a liquid, topographic images derived in liquid environment by measuring the forces, show
a strong correlation with the distribution of solvent molecules. In order to visualize the liquid structure at the solid surface, FM-AFM tip scans in vertical
(Z) direction, while it’s ﬁxed laterally, deriving force-distance curves (1D). Additionally, by scanning the tip laterally (XY) in constant height mode or constant
frequency shift mode, topographic image of the liquid distribution on the surface
is obtained in two dimensions (2D). However, the most important information
about the liquid structure is obtained by scanning the tip in all three dimensions. This is rather a routine technique nowadays, known as three-dimensional
scanning force microscopy (3D-SFM) [71]. The basic principle in 3D mapping
technique is that the tip scans in vertical direction while it approaches to the
surface in sinusoidal manner. The tip is then returned to its initial position and
shifted laterally, detecting the forces in XY direction. Both, vertical and lateral
forces, are then combined in order to create 3D image. This way hydration layers
at the solid-water interface are investigated with more accuracy and efﬁciency.
However, interpretation of the measured signal is not that trivial. Even
though the precise mathematical procedures for conversion of frequency shift
into forces are developed, understanding the inﬂuence of the environment on the
measurement and the surface is of the main importance. Hence, collaboration
between theoretical modeling and experiments is important.
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3. Methods

Computer simulations are nowadays an indispensable tool in scientiﬁc research.
The understanding of the properties of the system of interest, in the terms of
their structure and molecular interactions, has been improved by the development of molecular simulation techniques. Also, computer simulations have a
role to ﬁll the gap between experiment and theory. In experiments, a system is
measured and results, in numerical forms, are obtained. In theory, the model of
the system is constructed and described as a set of mathematical equations. In
order to describe the modelled system as realistically as possible, the equations
on which theory is based on, become more complex. Therefore, the exact numerical solution, necessary in interpreting experiments, is hard or in the most cases,
impossible to get. For example, in the quantum theory, the system of interest is
fully described by Schrödinger equation.

Ψ H = ΨE

(3.1)

where Ψ represents the quantum mechanical wave function, H is the Hamiltonian operator that characterizes the total energy of any given wave function
and E is total energy of the system. However, calculation of the wave function is demanding task and the exact numerical solution is only possible for
simple molecular structures, such as a hydrogen molecule. In order to solve
Schrödinger’s equation for slightly more complicated systems, it is necessary
to simplify mathematical equations by introducing different approximations.
Nonetheless, computer simulations are able to solve more complex mathematical
equations numerically, providing the exact results for the models that can then
be compared to the real experiments. A lot of additional information about the
molecular structure of the modelled system, that is very difﬁcult or impossible
to probe experimentally, can be obtained by computer simulations. Computer
simulations help us simulate the system of interest under the conditions that
are hard to obtain in laboratories, such as working at extreme temperatures and
pressure [72].
Depending on whether we want to simulate some chemical reactions in order
to observe and predict transition states or simply want to describe dynamic
and structural properties of water on different materials, we would need to
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use different simulation methods. In the ﬁrst case, we generally use quantum
mechanical methods, that include electrons in the computational algorithms
and are known as electronic structure methods [73]. These methods are suitable
for smaller systems size (of few dozens or few hundreds of atoms) and shorter
timescale. In the latter case, we would use classical molecular simulation
methods [74]. In classical molecular simulations, the electrons are not treated
explicitly as in quantum mechanics, but rather their effect is incorporated in the
force ﬁelds which are described in more details in section 3.1. Therefore, these
methods are fast and applicable to the systems of hundreds of thousands of atoms.
The timescale is going from dozens of nanoseconds to a couple of picoseconds
or even microseconds, depending on what events we want to simulate. The
total energy (Hamiltonian) of the system, is expressed as a function of nuclear
variables only. For a system of N particles, the total energy is given as the sum
of kinetic and potential energy functions:
H(r 1 , r 2 , r 3 ....r N , p 1 , p 2 , p 3 ...p N ) = K(p 1 ...p N ) + U(r 1 ...r N )

(3.2)

where r is the position of particles and p is its momentum. The kinetic energy is
the energy of motion and hence given in terms of velocities:
K=

N
1
m i υ2i
2 i

(3.3)

Since velocity in classical mechanics is related with momentum as:
υ=

p
m

(3.4)

the kinetic energy can be expressed as:
K=

N p2

i
i

2m i

(3.5)

where m i is the mass of particles and p i momentum. The potential energy, in
classical mechanics, represents the energy that comes from the interactions
between the particles and it is associated with forces that act on particles. There
are various potential energies in the system of N particles and all of them are
products of corresponding potential energy functions. The potential energy
function, in the further text, will be considered as potential. The potential term,
in the equation 3.2 contains all information about the interactions between
the particles. In its simplest form, potential energy between two interacting
particles can be expressed as:
U(r 1 ...r N ) =


i j> i

φ (| r i − r j | )

(3.6)

where the φ is the modelled potential, r i and r j are the positions of two different
atoms and the summation term ensures that the potential energy is calculated
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only between distinct particles, i and j, considering each pair only once. The
potential energy for the so-called, pairwise interactions, depends only on the
magnitude of the pair separation | r i − r j |. The development of accurate interaction potentials is of the great importance in molecular simulations. The more
accurate the potential is, the more realistically the model is described.

3.1 Force Field
In general, all the interactions between the atoms can be classiﬁed as bonded
and non-bonded. Hence, the total potential of the system can be split into
contributions of bonded and non-bonded potentials.
U = Ubonded + Unonbonded

(3.7)

Bonded interactions are described as interactions between atoms that are covalently bonded to each other and hence are also known as intramolecular
interactions. Whether these interactions appear to exist between two, three or
four atoms, the bonded interaction potential is summarized as bond, angle and
torsion potential, respectively:
Ubonded = Ubond + Uangl e + U torsion

(3.8)

On the other hand, non-bonded interactions appear between the atoms that are
not covalently bonded and hence do not belong to the same molecules. However,
this statement is not completely true in practice. For example, interactions
between four bonded atoms, are sometimes found to be insufﬁciently described by
torsion (dihedral) potential. In order to treat these interactions more realistically,
non-bonded effects must be included in the torsion potential term. Hence, nonbonded interactions can also be found between atoms that are part of one
molecule and are separated by more than three consecutive bonds. Non-bonded
interactions are classiﬁed as a long-range electrostatic and Van der Waals
interactions and are expressed as a sum of Van der Waals and electrostatic
potentials:
Unonbonded = U el ec + UV dW
(3.9)
The general formula of the total potential energy in the system is given as the
sum of the following terms:
U = Ubond + Uangl e + U torsion + U el ec + UV dW

(3.10)

where the Ubond is the energy of the bond stretching, Uangl e is the energy
associated with the angle bending, U torsion include variations in energy related
to the rotations around bonds, U el ec is the electrostatic energy and UV dW is the
Van der Waals energy.
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In molecular simulations, a simpliﬁed model that describes all these interactions in terms of potential functions is known as a force ﬁeld. Therefore, force
ﬁelds contain the corresponding analytic forms of potential energy functions
and set of parameters, both used to calculate the potential energy of the system. Although the analytic forms of the potentials are based on approximations,
the force ﬁeld parameters are usually obtained from experiments or ab-initio
calculations. For example, bond length and angles can be determined from
experimental crystal structures and used in the potential function as reference
values. In the case when the experimental data are not available or some parameters are hard to determine from experiments, alternative way to obtain
these parameters is to use ab-initio calculations. These methods are known for
using a series of rigorous mathematical approximations and a small number
of physical constants in order to solve Schrödinger’s equation [73]. Therefore,
ab-intio methods are considered the most accurate and reliable. When we assign
parameters in force ﬁelds, it is also important to notice that the same chemical
elements may have different parameters, depending on their chemical environment and hybridization state. For example, oxygen that is part of the hydroxyl
group is distinct from the oxygen in carbonyl group and hence associated with
different parameters as well as elements found in different hybridization states,
such as sp3 , sp2 or sp carbon. Each of these elements is considered as different
atom types in force ﬁelds.
Appart from the atom types, bonds, angles and various spring constants, force
ﬁelds include the atomic charges and non-bonded parameters. There are many
different methods to provide charges in the force ﬁelds, such as bond charge
increment scheme [75] and electronegativity equalization schemes [76] but in
some cases, the accuracy of these methods is not good enough. However, the
most reliable way to derive charges is to use quantum mechanical calculations
and to optimize charges in order to produce electrostatic potential as closely as
posible [77].
Together with charges, the most difﬁcult parameters to obtain in the force
ﬁelds are van der Waals parameters. The reason for this lies in the lack of
relevant experimental data. A general approach to obtain these parameters
is to ﬁt calculated QM data to some experimental quantities, such as crystal
geometries from X-ray diffraction data, liquid density, the heat of vaporization,
sublimation enthalpies or self-diffusion coefﬁcients [78]. Even though obtaining
these vdW parameters is not an easy task, having the parameters for non-bonded
interactions between all possible pairs of atom types would enormously increase
the number of parameters in the force ﬁelds. It is, therefore assumed that the
same set of vdW parameters can be used for example, for all carbon atoms,
regardless of its hybridization state.
This ability to transfer parameters between the molecules is known as transferability of the force ﬁelds [79]. It is based on the fact that one can use the
same set of parameters for functional groups, such as methyl group to model
similar molecules, for example, n-butane, 1-butene or 1-butanol. Also, param-
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eters ﬁtted, for example, at ambient conditions (300 K and 1 bar) can be used
for simulations at different conditions (400 K and 100 bar). Transferability
is hence crucial for the development of force ﬁelds. There are many different
force ﬁelds designed to describe different class of molecules, such AMBER [80],
CHARMM [81] and GROMOS [82] that are primarily used for proteins and
macromolecules, UFF-general force ﬁeld [83] with parameters for the full periodic table, including the actinoids, OPLS [84] force ﬁeld designed for liquid
simulations, CLAYFF [85] invented for clay minerals and others. Hence, the
choice of the force ﬁeld strongly depends on the system of interest. In principle,
it is not recommended to combine parameters from different force ﬁelds in the
simulations, as they have been designed to reproduce different experimental
properties.

3.1.1

Intramolecular terms

As showed in the equation 3.8, intramolecular interactions are described in the
force ﬁelds as bond stretching, angle bending, and torsional motions.
Bond stretching

Figure 3.1. Bond between particles i and j

Bonded atoms are modelled as point particles connected by springs that represent the bond (see ﬁgure 3.1). Bond stretching describes the change in energy
that occurs due to the change of the bond length from its reference (equilibrium)
value. The deviations in the bond length are due to the constant vibrational
motion in molecules. The bond stretching term is often approximated as a simple
harmonic potential function given as:
Ubond (r i j ) = k i j (r i j − r 0 )2

(3.11)

where k i j is force constant of the bonded pair, r i j is the distance between these
two atoms and r 0 is the equilibrium bond length for the particular bonded pair.
This very simple harmonic potential implies that the bond between two atoms
cannot be broken and hence chemical processes cannot be studied by using
classical force ﬁeld approximations. Even though this approximation is poor and
does not describe very accurately bond stretching for larger bond deviations, it
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is also very cheap in terms of computational time and in the most cases it can be
considered as a reasonable choice. Apart from the harmonic description of the
bond stretching, a more accurate approximation is given by the Morse potential:
Ubond = D(1 − eα(r i j −r 0 ) )2

(3.12)

where D is the well depth of the potential energy minimum and α is the ﬁtting
parameter. This potential allows larger bond displacements, but the computational cost needs to be considered.
Angle bending

Figure 3.2. Angle between particles i, j and k

An angle is deﬁned between two bonds sharing the same atom as is shown
in ﬁgure 3.2. The most common description of the angle term in the force ﬁelds
is given by the harmonic potential function:
Uangl e (Θ i jk ) = k i jk (Θ i jk − Θ0 )2

(3.13)

where k i jk is force constant for the angle bending and Θ0 the reference bond
angle for the speciﬁc triplet of particles. This harmonic description of the angle
energy variations associated with the angle bending is shown to be a satisfactory
model for displacements just about the equilibrium angle values. In order
to improve angle bending descriptions, some force ﬁelds usually include an
additional cubic term in the harmonic potential function:
Uangl e = k i jk (Θ i jk − Θ0 )2 + ki jk (Θ i jk − Θ0 )3

(3.14)

where ki jk is another force constant. Even though this additional cubic term
allows a more accurate description of the angle bending potential, it also introduces more parameters in the force ﬁeld, making the optimization procedure
for the model more complicated [86]. However, harmonic approximations for
bonds and angles are considered to be a good choice for simulations performed
at room temperature, because the bonds and angles do not deviate that far from
the equilibrium values.
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Torsions

Figure 3.3. Dihedral and torsion angles.

For molecules that have four consecutive bonded atoms, a dihedral angle is
deﬁned, as shown in the ﬁgure 3.3 (a). During the rotation around a certain
bond, molecule passes through different local and global minimum. Therefore,
torsional motions are important in determining the relative stability of different
molecular conformations. The most common potential used to describe torsional
motions is the following :
Udihedral = k i jk (1 + cos (n i jkl ϕ i jk − ϕ0 ))

(3.15)

where k i jk is the force constant, n i jk is the integer number associated with the
number of minima that the molecule passes through during the rotations around
the bonds and ϕ0 is the reference dihedral angle. Another deﬁnition of torsional
angle refers to the case when three atoms are bonded to the one central atom.
This improper angle, is depicted in the ﬁgure 3.3 (b). The improper torsion is
used to maintain planarity of certain atoms (usually is deﬁned in the molecules
with ring structure) and it is described by a harmonic potential:
U improper = k i jk (ϕ i jk − ϕ0 )2

(3.16)

where k i jk is force constant and ϕ0 is the reference angle.

3.1.2

Intermolecular terms

Intermolecular or non-bonded interactions are generally electrostatic and van
der Waals interactions that appear between non-bonded atoms or between the
molecules. These interactions can also intervene between the bonded atoms,
as mentioned in section 3.1. Usually, the atoms that are three or more bonds
apart from each other are treated as non-bonded, while interactions between
1-2 and 1-3 atom pairs are excluded. The reason for this exclusion lies in the
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fact that these interactions are considered to be already correctly described by
the intramolecular terms [87].
van der Waals interactions
The simple potential model for these interactions is given as Lennard-Jones
potential:



 
σ i j 12
σi j 6
Ul j = 4 i j
−
(3.17)
ri j
ri j
where  i j is the minimum (well depth) of the potential for the interaction between particle i and j, σ i j is the separation between the particles i and j for which
the potential energy is zero and r i j is the separation distance. The potential is
depicted in the following ﬁgure. Van der Waals interactions include different

Figure 3.4. Lennard Jones potential

type of attraction between the atoms and molecules that are all based on the
quantum effect. This quantum effect refers to the electrons that are constantly
moving. At the certain moment, the electron distribution throughout the neutral
atom is such that one part of the atom will result in higher electron distribution
giving a partial negative charge, δ−, while another part of the atom will have
a partial positive charge, δ+. This distorted electron distribution produces the
instantaneous dipole in an atom. As instantaneous dipole appears in one atom,
it will cause distortion of the electron distribution in any nearby neutral atom
as a consequence of the correlated movement of electrons and hence induce the
same dipole in it. This is so called, van der Waals or London dispersion [88].
This process is demonstrated in Figure 3.5.
Appart from the weak London dispersion forces, van der Waals interactions also
induce dipole-dipole attractive interactions that appear when polar molecule
with permanent dipole (meaning that one side of molecule possess partially
negative charge and other side possess partially positive charge), induce dipole
in the nearby atom or non-polar molecule in the same manner as mentioned
earlier (see Figure 3.6). This causes a weak force of attraction to form between

28

Methods

Figure 3.5. London forces.

these two species known as Debye forces.

Figure 3.6. Debaye forces.

As a part of van der Waals forces, there are also the interactions beween the two
polar molecules with permanent dipoles. This dipole-dipole forces, known as
Keesom forces, appear when the positive end of one polar molecule is attracted
by the negative end of another polar molecule (see Figure 3.7).

Figure 3.7. Keesom forces.

The energy of the attractive van der Waals interactions represented as an
attractive tail in the ﬁgure 3.4 depends on the distance as r −i j6 which is given in
equation 3.17 as a second term. As atoms continue to approach each other, the
potential energy decreases until it reaches the minimum value. At this point, if
approaching atoms have different or similar electronegativities (the ability of
an atom in a molecule to attract electrons to itself) [89], the bond between them
is going to be created. The distance at the minimum energy is then associated
with the bond length of the created molecule. In case the separation between
the atoms continues to decrease, the energy rises rapidly. This steeply rising
repulsive potential is due to the non-bonded overlap between the electron clouds,
known as Pauli repulsion [90]. Dependence of the repulsive interactions on the
atomic separations is given in the equation 3.17 as r −i j12 term in order to simplify
and hence speed up the computation of the potential by multiplying the r −i j6 term
by itself. The parameter  that governs the strength of the interactions and σ
that deﬁnes the length scale is derived from ﬁtting the QM data to the different
experimental properties, as mentioned in section 3.1. However, the parameters
obtained this way are only used to describe properties of the individual atoms,
such as i and j. In order to get the set of parameters for each different pair of
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atoms, Lorentz-Berthelot mixing rules [91] are applied:
σi j =

1
(σ ii + σ j j )
2

(3.18)


 ii  j j

(3.19)

and
i j =

where σ ii , σ j j are the distances where the potential is zero for particles i and j,
and  ii ,  j j are the well depths for the particles i and j, respectively. Therefore,
σ i j gives a measurement of how close two nonbonding particles can get. It is

also related to van der Waals radius as 6 2σ ii = 2r vdW , which means that for a
pair interaction the minimum of the Lennard-Jones potential is located at the
sum of each of the particle’s Van der Waals radius.
Appart from the Lennard-Jones potential, some force ﬁelds also use different
potential functions to describe intermolecular interactions. Another type of
intermolecular potential extensively used in MD simulations is a so-called
Buckingham potential [92] given as:
E = Ae−B/r −

C
r6

(3.20)

where A, B and C are constants, r is the distance between the atoms. As shown
in equation 3.20, the repulsive term is described as an exponential function that
represents a more realistic model of the repulsive interactions in comparison
to the inverse twelfth power used by the Lennard-Jones potential. However, in
terms of computational efﬁciency, Buckingham potential remains more expensive due to the slow evaluation of the exponential repulsive term.

Electrostatic interactions
Another contribution to the non-bonded interactions comes from long-range,
electrostatic interactions between charged particles. In classical mechanics, the
usual way to describe these electrostatic interactions is to assign a partial charge
to each atom and use Coulomb’s law to calculate the energy:
U el ec =

qi q j
4π0 R r i j

(3.21)

where q i and q j are the charges of particles i and j respectively, 0 is the
2
permittivity of vacuum (0 = 8.8542 · 10−12 NCm2 ), R dielectric constant (R = 1
for vacuum by deﬁnition) and r i j is the distance between the particles i and j.
The different ways of obtainning these charges in the force ﬁelds are mentioned
in setion 3.1. In case of ionic interactions in aqueous solutions, the equation 3.21
can be written as:
z i z j e2
(3.22)
U el ec =
4π0 R r i j
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where z i and z j are ionic valences and e is elementary electron charge (e =
1.602 · 10−19 C).

3.2 Molecular Dynamics
Classical molecular dynamics (MD) is a simulation technique, used to describe the trajectory of the system composed of the certain amount of atoms or
molecules, by integrating Newton’s equations of motion. The very ﬁrst attempt
to derive such a trajectory was achieved by Alder and Wainwright in the late
1950’s for a very simpliﬁed system of hard spheres [93]. The next successful
attempt to solve equations of motion was registered in 1964 when Rahman
carried out the ﬁrst simulation using a more realistic Lennard Jones potential
for liquid argon [94]. This was the major breakthrough in the classical molecular
dynamics simulations that opened the door for modeling and investigation of
more complicated systems. Therefore in 1974, the simulation of liquid water was
performed by Rahman and Stillinger [36]. Soon after, many different systems,
such as ﬂexible hydrocarbons [95] and even proteins [96], have been studied by
molecular dynamics. Nowadays, molecular dynamics is used to simulate a broad
specter of different systems, such as protein-DNA complexes, lipid bilayers,
solid-liquid interfaces and many others. The classical equation of motion is
given as:
m i a i (t) = F i (x)
(3.23)
where m i is the mass of atom i, a i acceleration of atom i and F i the force exerted
on atom i. Since the force can also be expressed as the gradient of the potential
energy:
∂U
Fi = −
(3.24)
∂r i
where U is potential energy function and r i position of atom i, the combination of
these two equations associates the derivative of potential energy to the changes
in atoms position as a function of time:
−

∂U
∂r i

=

m i d2 r i
dt2

(3.25)

This written, the equation of motion is a second order non-linear differential
equation and the solution is only possible to be obtained numerically, step by
step, using an appropriate integration algorithm. Forces for all potentials described in section 3.1 are expressed, according to the equation 3.24, as a negative
gradient of the potential energy. For MD simulations, it is important that integration algorithms are accurate enough to derive a trajectory that satisﬁes
the conservation law for energy and momentum, otherwise the dynamics of the
system cannot be correctly described and hence, results from MD simulations
are not considered to be accurate. It is, also important that algorithms employ a
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long enough time step Δ t during the integration procedure in order to obtain
all relevant information about the system of interest in the acceptable amount
of computational time. Apart from these requirements, it is necessary for integration algorithms to be reversible in time in order to correctly describe the
thermodynamic equilibrium, to reduce energy drift [97] and to conserve bond
constraints in constrained dynamics [98]. There are several different integration
schemes, but the most commonly used one is the Velocity-Verlet algorithm.

3.2.1

Verlet and Velocity-Verlet algorithms

The basic idea for the solution of differential equation 3.25 is to use the initial
positions and velocities of atoms at time t in order to obtain future positions and
velocities of atoms at time t + Δ t and therefore derive forces and accelerations
on these atoms. An estimate of the positions at time t + Δ t and t − Δ t can be
obtained by a Taylor expansion :
r(t + Δ t) = r(t) +

dr(t)
d 2 r(t) Δ t2 d 3 r(t) Δ t3
Δt +
+
+ ϑ (Δ t 4 )
dt
dt2 2
dt3 6

F(t) Δ t2 d 3 r(t) Δ t3
= r(t) + v(t)Δ t +
+
+ ϑ (Δ t 4 )
m 2
dt3 6

(3.26)

F(t) Δ t2 d 3 r(t) Δ t3
−
+ ϑ(Δ t4 )
(3.27)
m 2
dt3 6
Summing up these two equations and moving the r(t − Δ t) term to the right-hand
side, the result equation is given:
r(t − Δ t) = r(t) − v(t)Δ t +

r(t + Δ t) = 2r(t) − r(t − Δ t) +

F(t)
Δ t + ϑ (Δ t 4 )
m

(3.28)

This equation is known as basic equation of the Verlet algorithm where terms
r(t) and r(t − Δ t) are current and previous positions of atom, F(t) force, m atomic
mass and ϑ(Δ t4 ) is the truncation error. There are several downsides to this
algorithm. One is the increased memory request in order to simultaneously store
quantities computed at two different times and the second is the fact that the
integration scheme does not generate velocities that would be used to compute
atoms positions at the next time step. Although velocities are not necessary to
describe trajectory, the estimation of the kinetic energy depends on the velocity,
as is shown in equation 3.3. Although, velocities can be obtained using the
following equation:
v(t) =

r(t + Δ t) − r(t − Δ t)
+ ϑ(Δ t3 )
2Δ t

(3.29)

in order to compute the velocity at time t, one needs to know the position of
atoms at future time t + Δ t. In order to overcome these ﬂaws, some variations of
the Verlet algorithm have been developed. The commonly used modiﬁcation of
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this algorithm is so-called velocity - Verlet integrator that calculates velocities
explicitly at the same time as positions:
r(t + Δ t) = r(t) + v(t)Δ t +

F(t) 2
Δt
2m

(3.30)

F(t + Δ t) + F(t)
Δt
(3.31)
2m
The general implementation of the velocity-Verlet algorithm is based on the
following scheme:
V (t + Δ t) = V (t) +

1.
2.
3.
4.
5.

Compute forces on each atom at a given time t
Use current forces to update the velocities at halftime step
Update the positions for a time step Δ t using equation 3.30
Compute new forces at time t + Δ t using the new positions (r + Δ t)
Update the velocities at time t + Δ t, using the previously computed new forces.

The velocity - Verlet algorithm satisﬁes all requirements mentioned in section
3.2. It conserves the energy and it is able to correctly describe time-reversible
physical processes. At the same time, the velocity - Verlet algorithm is numerically stable and simple enough to be easily programmed. The access to the
kinetic and hence total energy of the system is possible at each time step.

3.2.2

Time step

As mention in section 3.2, the time step used in the integration scheme is an
important parameter in MD. A small time step will produce a more accurate
trajectory but simulations will be expensive and inefﬁcient. On the other hand, a
larger time step will lead to unstable dynamics that is reﬂected in lack of energy
conservation. Therefore, the size of the time step cannot be arbitrarily large
or small. Rather the choice is limited by the fastest frequency motion in the
atom. That is typically covalent bond vibration that ranges from less than 1013
to approximately 1014 Hz. By choosing a large time step, the dynamics of these
fast frequency motions is inconsistently described. In order to keep numerical
stability and accuracy in the energy conservation, it is recommended that size of
the time step should be at least an order of magnitude smaller than the fastest
motion in the system [99]. A typical time step for MD simulations of simple
ﬂuids is about 1 fs. However, if these fast motions do not signiﬁcantly affect the
dynamics of the system, they could be removed and hence the time step can be
increased. One way to remove these motions is to apply some constraints to the
system, such as ﬁxing the bond length or angles [100]. In systems composed of
two quite different temperature regions, the size of the time step can be changed
during the simulation such that a short time step is chosen for fast motions
(high-temperature region) and the longtime step is chosen for slower frequency
motion (low-temperature region). This is an alternative way to improve the
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efﬁciency of MD simulations without losing any important information of the
dynamics of the system.

3.2.3

Periodic boundary conditions (PBC)

The aim of any MD simulation is to realistically describe all the macroscopic
properties of the system of interest. Hence the model used in the simulations
needs to be constructed in such a way to preserve the real-life behavior throughout the simulation. For example, in case of bulk water, it is necessary that the
simulation cell (i.e the box that contains all the atoms considered in simulation)
allows for all water molecules to behave as they are in the bulk area. In other
words, the molecules that are close to the box boundaries should experience the
exact same forces as molecules in the middle of the box. One way to overcome
surface effects in the simulations is to model the simulation cell as it were
inﬁnite. This can be achieved if the central box is surrounded by an inﬁnite
number of replicas of itself as shown in the ﬁgure 3.8.

Figure 3.8. PBC in two dimensions

This is known as periodic boundary conditions (PBC). During the simulations,
only molecules in the central box are considered explicitly. As soon as atoms in
the central box move, its periodic copy in each of the neighboring boxes moves in
the exact same way. Therefore, if any atom leaves the central box by crossing the
boundaries, it is immediately replaced by another atom, entering from the opposite box side with the same velocity and hence, the number of atoms is preserved.
In the ﬁgure 3.8, the cubic simulation box is presented in two dimensions. This is
the commonly used box in the liquid simulations, due to its very simple geometry
and hence very easy implementation of PBC. On the other hand, this simulation
box is sometimes considered computationally wasteful [101]. This is due to the
spherical approximation cut-off for the short-range interactions (see the section
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3.2.4) between the particles. That means that in the cubic box almost half of
the particles on average will be out of the range for the interactions. Therefore,
the spherical shape of the simulation box, such as rhombic dodecahedron or
truncated octahedron (see ﬁgure 3.9) would be more appropriate for example,
when liquids or proteins are simulated, due to its isotropic structure.

(a) Truncated octahedron

(b) Rombic dodecahedron

Figure 3.9. Spherical simulation boxes: (a) truncated octahedron and (b) rombic dodecahedron

In order to describe the properties of the simulated system, forces acting on all
particles need to be calculated. In the case when PBCs are applied, the number
of interactions that need to be considered signiﬁcantly increases. In principle,
the forces are calculated not only between the particles in the central simulation
box but also with all its periodic images. This is, however, not possible in practice.
Instead, to calculate an inﬁnite number of terms, only the closest neighbors are
considered. This is known as minimum image convention. Considering only the
nearest neighbors, the number of interactions needed to be computed decreases
to the 12 N(N − 1) terms. Another following issue in the systems with PBC is the
choice of the box size. This, however, depends on the range of the intermolecular
interactions. Therefore, the obvious solution is to make the box at least large
enough to cover the longest cut-off length of the potentials (see subsection 3.2.4).
In that case, the particle cannot ’feel’ its own image in the neighboring box and
hence, potentials won’t be double counted.

3.2.4

Truncated potentials

Non-bonded interactions between the particles are modeled as inﬁnite at the
larger distances as shown in the ﬁgure 3.4. In order to correctly treat these
non-bonded potentials in the systems with PBC, the simulation box should
be enormously large. That would have a huge impact on the simulation time.
However, as shown in section 3.1.2, the main contribution of the non bonded
interactions at short ranges is due to the fast decay of the potential with separations (as r −6 ). Bearing that in mind, computing the interactions at large
distances (larger than 2.5σ for Lennard-Jones potential) would have no signiﬁcant impact on the total energy and hence, the computational time can be
considered as wasted. In order to exclude negligible contributions to the potential energy at large distances, the potentials are spherically truncated at
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the certain distance. This means that all the interactions between all pairs of
particles that are further apart than a speciﬁed cut-off radius (r c ) are set to zero
and hence, not considered in the computation. This method allows the number
of explicitly considered neighbors and hence the number of interactions to be
reduced. However, simple truncation may result in poor energy conservation
due to the potential discontinuity at the cut-off distance. The method used to
overcome this ﬂaw and ensures that potential reaches its continuity at the cut-off
is known as potential shifting. Practically, this means putting the potential
to zero beyond the cut-off and shifting it before the cut-off using the following
modiﬁcation:
⎧
⎨U LJ (r) − U LJ (r ), if r ≤ r ,
c
c
U trunc (r) =
(3.32)
⎩0,
if r > r .
c

where U LJ (r) is the Lennard-Jones potential at the distance r and U LJ (r c ) is
the same potential at the cut-off r c . In this way, the potential is modiﬁed over
the entire range of distances. Another example of modiﬁcation of the potential
refers rather over the chosen distance between r 1 and r c . This approach involves
the use of polynomial functions that interpolate smoothly between the values of
the potential at a range between r 1 and r c and again the potential becomes zero
for distances larger than the cutoff. The cut-off value is different for different
potentials and it is deﬁned by the force ﬁelds. For Lennard-Jones potential the
usual cut off is at 2.5σ. However, the cut-off distance should not be greater than
half the box length for consistency with the minimum image convention [102].

3.2.5

Ewald summation

The cutoff schemes mentioned in subsection 3.2.4 are the most common way
to evaluate potentials in MD simulations. Applying these schemes in MD
simulations, the time needed to compute all the interactions in the systems
with PBC decreases signiﬁcantly making the simulations more computationally
efﬁcient. However, earlier studies have shown that long-range electrostatic
interactions treated this way may lead to signiﬁcant errors in the simulations
[103, 104]. In order to enhance efﬁciency and avoid artiﬁcial behavior in MD
simulations in terms of calculating long-range interactions, a new technique
known as Ewald summation was developed [105]. The total Coulomb energy of
a system of N particles in a cubic box of size L and their inﬁnite replicas in PBC
is given by:
N 
N
qi q j
1 1
(3.33)
U=
4π0 2 n i=1 j=1 | r i j + nL|
where n = (n1, n2, n3) is the lattice vector, q i and q j are charges of particles i and
j respectively, r i j represents the distance beetween a particle in the origin cell
and another at an image cell and nL = n 1 c 1 + n 2 c 2 + n 3 c 3 is arbritary repeated
vector. The sum given in equation 3.33 depends on the order of summation,
and hence is considered as conditionally convergent [106]. The evaluation of
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long-range interactions in the system is also time consuming due to the slow
convergement. However, Ewald summation represents the equation 3.33 as sum
of two rapidly converging terms:
UEwald = U r + U m

(3.34)

where U r represents the real space sum, U m the reciprocal (imaginary, or
Fourier) sum. The equation 3.34 can also be written as:
 1
 1
F(n) +
(1 − F(m)
n | n|
m | m|

(3.35)

where the ﬁrst term in equation 3.35 converges fast as the function F(n) decays
rapidly as n → ∞ while the second term is a smooth function and hence its
Fourier transform decays rapidly. A physical interpretation of Ewald summation
simply means that each point charge in the system is represented as being
surrounded by a charge distribution of equal magnitude and opposite sign. The
charge distribution is commonly taken to follow a Gaussian distribution (the
choice of the distribution is arbitrary) and hence charge density is expressed as:
ρ i (r) =

q i α3 exp(−α2 r 2 )

π3

(3.36)

where α is a positive parameter that determines the width of the distribution,
and r is the position relative to the center of the distribution. This charge
distribution then screens the interactions between neighboring point charges,
effectively limiting them to a short range, that is then summed up in real space.
In order to cancel out the screening charge, the second charge distribution of
the same sign and magnitude as the original point charge, but opposite sign to
the ﬁrst charge distribution, is added for each point charge. In contrast with
the ﬁrst summation, this sum is then performed analytically in the reciprocal
space using Fourier transforms. This is known as classical Ewald method whose

computational cost scales as O( N 3 ) where N is the number of atoms in the
system.
In order to make Ewald summation even more efﬁcient, various methods
are applied to the real-space and reciprocal-space summation. For example,
the efﬁciency of the real-space sum can be enhanced by truncation using the
minimum image convention and spherical cutoffs described in subsection 3.2.4.
According to the Rycerz and Jacobs [107], the reciprocal-space sum contribution
can be neglected entirely if the simulation parameters are chosen properly.
On the other hand, new algorithms based on the Ewald summation are also
invented in order to improve computations of long-range interactions in MD
simulations. One of the frequently used method is the so-called Particle-Particle
Particle-Mesh method (PPPM) developed by Hockney and Eastwood [108]. This
method uses the same analogy as Ewald summation in terms of expressing the
long-range interactions as a sum of short-range force, that is only nonzero within
some cutoff radius, and the "reference" force, that is long-ranged and smooth
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and can be approximated on a grid. The basic principle of this solver relies on
mapping atom charges to a 3D grid and using the Fast Fourier Transform (FFT)
techniques to solve Poisson’s equation on the grid. The electric ﬁeld is then
interpolated on the grid points back to the atoms. The advantage of this method
lies in computing reciprocal sum over reciprocal vectors more efﬁciently using
FFT in comparison.

3.2.6

Ensembles

As mentioned in the section 3, MD simulations link microscopic and macroscopic
properties of the system. As an example, MD simulations generate atomic positions and velocities that are later converted to thermodynamic, measurable
properties, such as density, internal energy, thermal diffusivity, heat capacity,
shear viscosity and so on, using statistical mechanics. These thermodynamic
properties depend on what experimental conditions are being held constant
(i.e., a temperature, pressure, volume). Variables that are held constant during
the simulation, deﬁne the ’ensemble’ [86]. In order to accurately reproduce
experimental measurements that are considered to be either time or ensemble
averages, simulations need to be performed under the same conditions. There
are several ensembles used in MD simulations that are deﬁned by the variables
that serve as the constraints, such as microcanonical (NVE), canonical (NVT)
and isothermal-isobaric (NPT). In each of them, N denotes the number of particles, V is associated with the volume of the system and E, T and P refer to
energy, temperature, and pressure, respectively. In the further text, all of them
are described in more details.
Mirocanonical (NVE) ensemble
Microcanonical ensemble describes an isolated system (so the volume V and
number of particles N remain constant), which ensures no ﬂuctuation of the
total energy in the system. Energy conservation is obtained by solving Newton’s
equation of motion without any temperature or pressure control. Therefore, this
ensemble is usually used as a test of the accuracy of the chosen integrator for the
equation of motion and time step [97]. The basic concept in statistical physics ergodicity, claiming that time and ensemble averages are the same, is preserved
in this ensemble. This basically means that when observing a system moving
through a phase space, it will eventually ﬂow through all the microscopic states.
This way, all the microscopic states are equally likely. As this ensemble refers
to isolated systems, it hardly describes experimental conditions and hence does
not generally give much useful information about the properties of the system of
interest.
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Canonical (NVT) ensemble
For most MD simulations, precise temperature control is often necessary. Therefore, the properties of the system of interest are properly described by using
temperature constrain during the simulation. The ensemble that provides, apart
from the number of particle and volume, additional temperature parameter to
be ﬁxed, is known as canonical or NVT ensemble. Unlike in a microcanonical
ensemble, where energy conservation is preserved, in the canonical ensemble
the energy can ﬂuctuate. One way of controlling the temperature during the
simulation is to scale the velocities of each particle at each step to maintain
a constant temperature. This simple assumption comes from the relationship
between the temperature and kinetic energy given as:
K=

3
N kB T
2

(3.37)

Since kinetic energy is expressed in terms of velocities as given in equation 3.3,
the link between the temperature and velocities is given as:
T=

N
1 
m i υ2i
3N k B i

(3.38)

where N is the total number of atoms, m mass of the atoms and k B is Boltzman
constant. The velocities are scaled multiplying each atomic velocity by a factor
that creates desired temperature:
υnew =

T MD
T υ old

(3.39)

However, using this method to achieve temperature control is not always desirable in practice because the adjustment of the velocities, occasionally by fairly
signiﬁcant scaling factors, causes the trajectories to be no longer Newtonian [86].
Another, more accurate way to maintain the constant temperature is to mimic
the experimental approach based on the use of the heat baths. Practically, in the
experiments, a sample is immersed in the heat bath of the desired temperature.
Due to the thermal equilibrium between the sample and the heat bath, a constant temperature is established. In classical MD simulations, this is achieved
by using thermostats, that can be understood as special algorithms. These
thermostats are coupled with the system of interest in a such a way that time
averaged kinetic energy of the system corresponds to a target temperature. In
order to maintain the desired temperature, particle velocities are altered during
the simulation. There are different thermostat algorithms that are developed
to control the temperature in MD simulations such as Langevin, Andersen,
Berendsen and the most common Nose-Hoover thermostat [109] that is known
as the most accurate and efﬁcient method to constrain the temperature. The
basic principle of Nose-Hoover thermostat is based on scaling the velocities of
particles by a friction variable γ. Basically, the friction variable γ scales velocities by slowing down or accelerating particles until the temperature is equal to
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the desired value. The equation of motion for the particle i is then given as:

where γ is:

d2 r i
Fi
dr
=
−γ
2
mi
dt
dt

(3.40)

N
υ2 3N + 1
d γ(t) 1 
k B T0
=
m i −
dt
Q i
2
2

(3.41)

where Q can be presented as the equivalent mass of the heat bath and determines how quickly the system is affected by the thermostat. This is best
explained in the behavior of the system exposed to a sudden increase in the
imposed temperature. For example, when the temperature is suddenly increased
after certain time, the large value of Q will make the thermostat slow to respond
to the temperature jump, leading to a poor temperature control, while a small
value of Q corresponds to a low inertia of the heat bath and leads to a rapid temperature ﬂuctuations. In principle, the mechanism of temperature control works
in a such a way to keep the average kinetic energy of the system to a constant
value. In case the kinetic energy is larger than the averaged value given as
3
2 N k B T, γ increases. This increased value of γ will affect the equation of motion
3.40 as friction forces are applied, and thus will decrease velocities of particles
until the kinetic energy becomes smaller than 32 N k B T. In other words, the heat
of the system is transferred to the heat bath. If however, the kinetic energy of
the system is smaller than 32 N k B T, this mechanism increases the kinetic energy,
indicating a heat ﬂow in the opposite direction, from a heat bath to a system.
d γ(t)
When the desired temperature is reached, the equation 3.41 becomes dt = 0.
This indicates that the value of γ can be found for each desired temperature.
The advantage of this thermostat is reﬂected in its ability to control temperature
ﬂuctuations about the average value. On the other hand, the deﬁciency of the
Nose-Hoover algorithm is that it doesn’t preserve the ergodicity and therefore it
doesn’t sample the canonical ensemble for small, stiff systems. However, this
algorithm can be improved by using Nose-Hoover-chains method [110], where
the equation of motion is coupled not only with single heat bath variable but
also with all the other chain bath variables that are in contact with the ﬁrst bath.
Isothermal-isobaric ensemble (NPT)
Apart from the temperature, the system can additionally be simulated at a
certain constrained pressure, mimicking the real experimental conditions. In
order to do so, the simulation box must change its volume. This is known as an
isothermal-isobaric ensemble or NPT, where the number of particles, pressure,
and temperature are kept constant. The conditioned volume change in order
to achieve the corresponding constant pressure in the simulations comes from
a so-called virial theorem [111] where the pressure is expressed in terms of
volume as:
2
(E K − Ξ)
P=
(3.42)
3V
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where V is the box volume and Ξ represents the inner viral for pairwise additive
interactions given as:
1
Ξ=
r i j Fi j
(3.43)
2 i< j
Expressing kinetic energy in terms of temperature as given in equation 3.37,
the ﬁnal relation between pressure and volume is given as:
P=

N

1
N kB T + Fi j r i j
V
i< j

(3.44)

The main principle in maintaining the desired pressure in the system is analogous to the previously described temperature control where instead of heat bath,
an external pressure bath is used. Since the pressure is directly proportional to
the particle positions (see equation 3.44), the desired pressure can be achieved
by rescaling the positions of particles, rather than velocities. The most common
algorithm for pressure control is a Nose-Hoover barostat scheme that involves
coupling the system to an external variable V , that represents the volume of the
simulation box. The main role of this coupling is to mimic the action of a piston
on a real system. The equation of motion is therefore coupled with a barostat as
follows:
d 2 r F i p
pi
=
−
(3.45)
dt2 m i W
where p  is the barostat momentum and W is an associated ’piston mass’.
Temperature control in an NPT ensemble is maintained by using the already
mentioned, Nose-Hoover thermostat and hence, the equation of motion is coupled
with both thermostat and barostat:
pξ
d 2 r F i p
pi −
pi
=
−
2
mi W
Q
dt

(3.46)

where the last term refers to the thermostat control. Volume is given as:
V=

dV p 
W

(3.47)

The applied force on the system is given as:
F = dV (P internal − P external ) −

pξ p
Q

(3.48)

In these equations, the positions and the volume are dynamically scaled by
a factor depending on the new momentum variable, p  . The piston mass, W
controls the dumping of the volume ﬂuctuations. The algorithm drives the
system to the state where the average internal pressure is equal to the applied
external pressure.

3.2.7

Structural optimization

A molecular dynamic simulation run is usually performed using three steps,
such as:
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1. Structural optimization
2. System equilibration
3. Production run
Before we start with structural optimization, the desired system needs to be
deﬁned. That is achieved either by deriving initial crystal structure using available crystallographic database source or simply by drawing the initial structure
using different molecular drawing programs. Once the system is created, initial velocities are associated with each atom. Velocities can be obtained using
random distributions such as Gaussian or Maxwell-Boltzmann [112], in the
given temperature. This way atoms are ensured to evolve differently with time
while equations of motion are applied. The derived initial structures are usually
far from the optimal, minimum energy structures that are found in nature. In
order to ensure that the initial system is the most stable one and therefore
at the lowest point in the energy landscape, structural minimization needs to
be performed. The energy landscape is a function of atomic positions and it
is represented as a multidimensional surface. The lowest point of the energy
landscape refers to the point where all the forces on the atoms are balanced.
Therefore, the energy minimization procedure is based on ﬁnding where the
derivative of the energy with respect to the atoms positions, ∂U/∂ r, is zero vector.
There are different algorithms developed to perform structural minimization
such as steepest descent, conjugate gradient, quasi-Newton methods and others.
Steepest Descent
This algorithm is one of the oldest and simplest methods of ﬁnding the most
stable structure in the simulations. The idea is based on the search for the
lowest energy of the system by quickly moving the atoms in the direction of the
negative gradient. The justiﬁcation for this idea is found in the assumption that
the gradient can be used to solve the nonlinear function and it should decrease if
the step along the negative gradient is chosen [113]. Once the minimum is found
in one direction, the negative gradient is calculated at that point and taken
as a new direction. This method generates zig-zag path during the interaction
because each gradient is orthogonal to the previous gradient. The method is
depicted in Figure 3.10.
The simplicity makes this algorithm easy to implement and calculate in the
various simulation codes. On the other hand, the number of steps necessary
to ﬁnd the lowest minimum point will depend on the structure initial position
in the energy landscape. In case the structure is found at the position where
forces point straight down to the bottom of the energy valley, the minimization is
performed in one step. The limitation of this approach is that the previous step
is not taken into account in the search direction. However, despite its simplicity,
the steepest descent has played an important role in the development of the
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Figure 3.10. Steepest descent method with the starting position at [-0.8,-.05] and converged
position at [-0.1,-0.1]

theory of optimization [113], although it is considered to converge slowly for
many real-world problems.
Conjugate Gradient
In order to improve the steepest descent algorithm, new conjugate gradient
algorithm is developed [114]. This method is based on the conjugate restriction
for the search directions. Hence the search directions are constructed from the
vectors d i and d j , such that:
dT
(3.49)
i Ad j = 0
where A is an N x N matrix. Conjugate vectors are symmetrically related,
meaning that if d i is conjugate to d j , then d j is conjugate to d i . This restriction
is applied on the search directions for two consecutive steps, providing that the
minimization algorithm does not undo the minimization of the previous step.
The method is demonstrated in Figure 3.11

Figure 3.11. Steepest descent method (red) and conjugate gradient method (gree) with the
starting position at [-0.8,-0.5] and converged position at [-0.1,-0.1]

43

Methods

This way, the major drawback of the steepest descent method is solved and
hence, the conjugate gradient is considered to be a reliable method for total
energy minimization [97]. However, the efﬁciency of the minimization will also
depend on the step size taken in the direction of decreasing energy. If the step is
small, the minimization algorithm will run slowly.
Once all the unphysical interactions between the atoms are removed by performing structural minimization, the system is then well prepared for the next
step - equilibration. In this phase, the real dynamic is employed and atoms are
allowed to move in order to achieve a truly equilibrated system under certain
conditions (see section 3.2.6). During the equilibration, the system is slowly
passing through different ranges of temperature and pressure, until it ﬁnally
reaches the desired values given by corresponding thermostat and barostat. In
practice, we usually perform equilibration at two stages: ﬁrstly, we allow the
solvent (water) to adapt to the solute by performing short equilibration of the
solvent while the solute (surface) is constrained; the second part consists of
the equilibration of both the solute and solvent during the dynamics run. It is
usually recommended to check if the system reached the equilibrium by plotting
the target value (pressure, temperature or the different energy components) as
a function of time. The system is equilibrated if the ﬂuctuations are around the
average value.
As equilibrium is reached, the system is then exposed to the longer production
run. It is important to mention that all meaningful data should be collected in the
production run. Data collection is achieved by saving periodically the positions
and velocities of all the particles in the production run. These ﬁles are then
usually converted into trajectory (binary dcd ﬁle) by running the corresponding
code, generated by MD software or written by the user. The visualization of
the trajectory is enabled by using molecular visualization program such as
VMD [115]. Finally, the analysis of the trajectory is performed by computing
any statistical mechanical property of the system that can be expressed in terms
of the atomic positions, velocities and even forces as a function of time.

3.3

Monte Carlo Method

Another theoretical approach used in this thesis is the Monte Carlo method
(MC) [116] that in general represents a technique that can be used to solve a
mathematical or statistical problem. In general, MC simulations may be simply
understood in following steps. The ﬁrst step is to randomly generate initial
conﬁgurations of particles in the system following some probability distribution
over the box size. Secondly, these initial conﬁgurations are becoming subject of
change when Monte Carlo algorithm is invoked, meaning that conformation of
each particle is changed during the MC attempted move. Next step represents
the evaluation of derived new conformations based on some criteria (usually
the energy of the conformations are calculated and used as acceptance criteria).
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However, this criteria must guarantee that conﬁgurations are sampled in the
simulation from a statistical mechanics ensemble distribution and that the
conﬁgurations are sampled with the correct weight. After the acceptance or
rejection of a move, the value of a property of interest is calculated. The accurate
average of this property can be obtained after many such moves. The average
expected values of the observable functions are given as:
〈 A〉 =

A(q)P(q)dq
P(q)dq

(3.50)

where q is a conﬁguration of the system and P(q) is the probability of ﬁnding the
system in that conﬁguration.
Monte Carlo algorithm relies on moves that generate Markov chain of states.
It can be understood as a sequence of trials where the outcome of each trial
depends only on the outcome of the trial that immediately preceded it. In other
words, new conﬁgurations in the system are generated with a probability that
depends only on the current conformation. The mechanism of moves can be
explained in terms of the transition matrix and probability vector. For example,
the probability of moving the system from one conﬁguration (m) to another (n)
is deﬁned as πmn , where π is transition matrix. The initial probability vector,
for a randomly chosen starting conﬁguration, is ρ (0) and the probability vector
for subsequent points in the simulation can be expressed as:
ρ ( j) = ρ ( j−1) π

(3.51)

If transition matrix is then applied an inﬁnite number of times:
ρ∗ =

lim ρ (0) π NMC

N MC →∞

(3.52)

where N MC is randomly generated number of particles in the system, the system
reaches the equilibrium. Thus, the eigenvalue equation is satisﬁed:
ρ∗ = ρ∗π

(3.53)

For example, if we are simulating the system in the canonical ensemble, ρ ∗
is reached when ρ i is equal to the Boltzmann factor for all states. In order to
simulation reach the equilibrium, or converge to the limiting distribution of
Markov chain, Monte Carlo moves must result in ergodic sampling. Another
important condition is based on the microscopic reversibility between two states
[117]:
ρ m πmn = ρ n πnm
(3.54)
meaning that the net ﬂux between two states must be zero at equilibrium.
In order to check if the MC move is proposed correctly and whether it can
be accepted or not, Metropolis et al. suggested scheme known as Metropolis
method [118]. This method suggests the solution of the transition matrix by
introducing stochasting matrix α where αmn = αnm . This additional matrix can
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be understood as a probability of proposing a move between the two states. Thus,
the transition matrix between states m and n can be written as:
πmn = αmn p mn

(3.55)

where p mn is the probability of accepting the move. The essence of Metropolis
method lies in the following criteria: if the energy of the conformation n is lower
than the energy of conformation m, the move is accepted and thus p mn = 1. The
equation 3.55 then becomes:
πmn = αmn
(3.56)
In case the energy of the conformation n is higher than the energy of conformation m, the move is accepted with a given probability:
p mn = e−β[U(n)−U(m)] < 1

(3.57)

where U(n) and U(m) are energies of conformations n and m respectivelly. The
transition matrix is then given as:
πmn = αmn

ρn
ρm

(3.58)

In practice, if this happens, the random number between the zero to one is
generated (r ∈ [0, 1]) and if its probability meets the condition in equation 3.57,
the move is accepted. In the last case, when both conformations have the same
energy, the transition matrix is given as:
πmm = 1 −


n= m

πmn

(3.59)

Monte Carlo method is widely used in for various problems, such as for studying
the relative positions of atoms [118], optimizing very non- smooth functions
(simulated annealing) [119] and any other problems having a probabilistic
interpretation. However, in classical (traditional) Monte Carlo approach, no
dynamic properties of the system of interest are available since this method
does not evolve in time. The consequence of this reﬂects in increased speed of
MC simulations. In this thesis, MC simulations are used on the simpliﬁed 1D
system of hard spheres conﬁned between two hard walls in order to study the
origin of the hydration layering at solid-liquid interfaces (see chapter 7).

3.4

Solvent tip approximation

As mentioned in chapter 1, AFM is one of the most powerful experimental
techniques capable of imaging the solid-liquid interfaces with atomic resolution.
Since the force variations between the tip and surface represent the main
quantity for understanding AFM images, getting this information in the water
medium is far from a trivial process. The reason for this complicated nature of
AFM experiments in water comes from the fact that measured forces are affected

46

Methods

not only by the surface but also by surrounded water and thus the interpretation
of measured signal becomes complex. Therefore the understanding of AFM
images and correctly prediction of the interaction force between the tip apex
and water molecules requires the theoretical approach based on free energy
calculations where the tip is explicitly modelled and included in the simulations
[35, 120, 121]. Even though this approach showed to be in good agreement with
experimental measurements, it is however found to be very expensive in terms
of computational time required to simulate such comprehensive system.
In order to reduce the computational effort of these simulations, new method
known as Solvent Tip Approximation (STA) is developed [122]. This method
implies that AFM tip is simulated as one water molecule. The idea for such
simpliﬁcation comes from the previous tip simulations that showed that water
structure near the tip is affected also by the tip structure and composition
[35, 120, 121]. Thus, strongly adsorbed water on the tip will remain between
the actual tip and surface during the measuring process on a time average. The
fact that tip model has been reconstructed during the simulation time due to
the constant exchange of water molecules on the tip apex, led to the assumption
that instead to perform extensive free energy calculations by placing the tip in
every position within a solvated simulation, the same free energy proﬁle can be
obtained by displacing the only one single water molecule instead. Therefore, the
force that tip experience when brought closer to the surface can be approximated
to the force that one water molecule feels at particular position r. Since the
short-range forces are linked to the water density, analyzing free energy changes
as the water molecule moves from bulk towards the surface, it is possible to
directly connect the force acting upon one water molecule to the deviation of the
local water density as:
k B T d ρ (z)
f(z) =
(3.60)
ρ (z) dz
where f (z) is the force at height z and ρ (z) the density at height z. The obvious
advantage of this model is apart from the fast calculations, the direct comparison between the measured AFM force and calculated water density. Thus, in
principle forces detected by AFM can then be compared directly to the forces
calculated from a computed water density. On the other hand, the main disadvantage of this model is the exclusion of the tip in the simulations that will lead
to a neglection of the real water structure inﬂuenced by the tip. In addition, this
model is based on the assumption that tip existing in the solutions are sharp
hydroxylated silica tips or tips terminated with a signiﬁcantly charged cations
such as Si − OH2 or Ca − OH2 .
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4.1 Introduction
Clays are very abundant at the earth’s surface. They are small, colloidal-sized
crystals produced in nature mainly by the interaction of rocks with water, oxygen
etc. through chemical weathering, hydrothermal alterations and other natural
processes [123]. As such, clay minerals undergo spontaneous modiﬁcation and
transformation as environmental conditions change. So far, clay minerals have
been used in geology, ceramics, agriculture, environmental remediation [124]
but they are recognized as very important future materials because they are
very abundant, inexpensive and environmentally friendly. The large variety
of applications of clay minerals is due to their various physical and chemical
properties. For example, kaolinite clays have long been used in ceramic industry,
especially in ﬁne porcelains, because they can be easily molded, have a ﬁne
texture, and are white when ﬁred. These clays are also used as a ﬁller in making
paper. Montmorillonite, another type of clay mineral, can expand by several
times its original volume when it comes in contact with water. This makes it
useful as a drilling mud (to keep drill holes open), and to plug leaks in soil, rocks,
and dams.
The reaction of clays with water is of fundamental importance in the ﬁeld of
agriculture, engineering and clay technology [125]. Some clay minerals have
the ability to exchange ions, relates to the charged surface of clay minerals.
Ions can be attracted to the surface of a clay particle or taken up within the
structure of these minerals. Therefore, it is very important to investigate
the structures of clays at the molecular-scale level, especially the molecularscale relationships between the different structure and composition of clay
minerals and the structural, transport, and thermodynamic properties of water
on these surfaces. Clay-liquid interfaces have been investigated with many
experimental techniques such as X-ray [126], infrared reﬂectance-absorbance
spectroscopy(IRRAS) [127], sum-frequency spectroscopy(SFS) [128], non-contact
atomic force microscopy(NC-AFM) [129] and others.
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4.1.1

Clay minerals structure

Clay minerals are traditionally classiﬁed under layered silicates, but according
to some authors [130], these minerals can be considered as (hydr)oxides of silicon, aluminum or magnesium because they contain more oxygen than Si, Al or
Mg. However, these layered silicates consist of two basic components: a sheet of
corner linked tetrahedra (T) and a sheet of edge-linked octahedra (O) that stack
together to form layers. The tetrahedral sheet is build of individual "tetrahedral"
blocks that are composed of four oxygen O2- surrounding one central silicon Si4+ .
Some of the silica atoms can be substituted with aluminum Al3+ or with Fe3+ .
The tetrahedral blocks form a sheet by each sharing three of the vertex oxygen
atoms and arranging so in two dimensions a hexagonal pattern is formed. The
schematic is shown in ﬁgure 4.1.

Figure 4.1. Structure of tetrahedral sheets

The octahedral sheet is built of individual edge sharing octahedral blocks containing one central Al3+ , Mg2+ or Fe3+ and altogether six oxygen O2- or hydroxyl
groups OH-1 . The schematic octahedral and tetrahedral sheets are shown in
ﬁgure 4.2.

Figure 4.2. Structure of ctahedral sheets

Each layer consists of either one sheet of SiO4 joined to one sheet of Al-octahedral,
referred as 1:1 (TO) clays, or one sheet of Al-octahedral sandwiched between
two sheets of Si-tetrahedral, referred as 2:1 (TOT) clay minerals ( see Figure 4.3)
When these layers are joined together, the resulting structure (TO or TOT)
is electrically neutral. However, some clays usually appear charged in nature.
The main reason for charged clay minerals is an isomorphous substitution, that
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Figure 4.3. Structure of TOT layer

happens when one atom is substituted by another of similar size without modiﬁcation of the mineral lattice structure. For example, Si4+ is substituted by Al3+
in tetrahedral sheets and Al3+ is substituted by Mg2+ or Fe2+ in the octahedral
sheets, that results in the negatively charged layers. The substitution happens
during the crystallization process, resulting in a permanent charged clay structure. The structure of the clay remains charged regardless of the change of the
external conditions, such as soil pH and soil solution composition. The negative
surface charge is sometimes balanced by the presence of exchangeable cations
of which Ca2+ , Mg2+ , K+ and Na+ are the most common, as well as a positively
charged interlayer, such as brucite. In some silicate clays, such as kaolinite
and the metal oxides, the main source of charge is pH-dependent charges that
depend on the pH of the soil. For example, in the metal oxides, acid soils tend
to develop positive charges because of the protonation of the OH groups on the
oxide surfaces. However, isomorphous substitution is used as one of the criteria
for the classiﬁcation of clay minerals.

4.1.2

Clay minerals classiﬁcation

Before the ﬁnal classiﬁcation and nomenclature of clay minerals, it was very
hard to characterize clays because of their small particle size and variable
degrees of crystal perfection. In the beginning, they were described as "new"
minerals [131] and usually named by the places they were found in. Since the
large development of the experimental methods that enable a much more precise
characterization of clay minerals, they have been classiﬁed according to several
different criteria. The ﬁrst criterium was the type of tetrahedral-octahedral
sheet combination. There are 1:1 clays that consist of one tetrahedral and
one octahedral sheet and 2:1 clays that are composed of two tetrahedral and
one octahedral sheet. Layers may be separated from one another by various
interlayer materials, including cations, hydrated cations, organic molecules, and
hydroxide octahedral groups and sheets. The major role of this interlayer is
charge balancing as mentioned in section 4.1.1. It is possible to place cations
such as Na+ , K+ , Ca2+ or Mg2+ in the interlayer or even organic molecules or
H2 O molecules as well. The total assembly of a layer plus the interlayer material
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is referred to as a unit structure [132]. The second criterium is the magnitude of
the layer charge. Charge imbalance comes from atom substitution in a layer. 2:1
layer structures can be deﬁned in terms of their unit cell composition. The net
negative structural charge per formula unit is called the layer charge X. In order
for the bulk crystal to be electrically neutral, this structural negative charge
must be balanced by positive charge (+X) that is normally found in the interlayer
region. The groups are then divided into subgroups based on the octahedral
sheet type. In non-modulated layers, the smallest structural unit contains three
octahedral sites. That sheet is classiﬁed as trioctahedral. If only two octahedral
are occupied and the third is vacant, the sheet is classiﬁed as dioctahedral.
Subgroups are then divided into species by chemical composition [132]. The
classiﬁcation of clays is summarized in Table 4.1.

Table 4.1. Clay minerals classiﬁcation
Layer type

Group (X=charge per formula unit)

Subgroup

Species
Kaolinite

Kaoline
1:1

Kaolin-serpentine X=0

Dickite
Halloysite
Nacrite
Chrysotile

Serpentine

Lizardite

Pyrophylite

Pyrophylite

Amesite
Pirophylite-talc X=0

Talc

Talc
Montmorillonite

Montmorillonite(dioctahedral smectite)
Smectite X=0.2-0.6
Saponite(trioctahedral smectite)

Vermucilite X=0.6-0.9

Beidellite
Nontronite
Saponite
Hectorite

Dioctahedral vermucilite

Dioctahedral vermucilite

Trioctahedral vermucilite

Trioctahedral vermucilite
Muscovite

Dioctahedral mica
Mica X=0.5-1.0

Illite
Glauconite
Paragonite
Phlogopite

Trioctahedral mica

2:1

Biotite
Lepidollite

Dioctahedral brittle mica
Brittle mica X=2.0

Trioctahedral brittle mica
Dioctahedral chlorite
Di, trioctahedral chlorite

Chlorite X=variable

Margarite
Clintonite
Anandite
Donbassite
Cookeite
Sudoite
Chlinochlore

Trioctahedral chlorite

Chamosite

Sepiolite

Sepiolite

Palygorskite

Palygorskite

Nimite
Palygorskite-sepiolite X=variable
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4.1.3

Clinochlore

Chlorite group of minerals exist over a wide range of temperature and pressure conditions due to their different chemical composition. For this reason
chlorite minerals are ubiquitous minerals within low and medium temperature
metamorphic rocks, some igneous rocks, hydrothermal rocks and deeply buried
sediments [133]. Chlinochlore is especially interesting to study because of its
unique heterogeneous structure at the step edge that is composed of positive
and negative layers. Schematic representation is depicted in Figure 4.4s.

Figure 4.4. Structure of Clinochlore step

4.2 Atomic resolution three-dimensional hydration structures on a
heterogeneously charged surfaces
As mentioned in section (1) AFM is a powerful experimental technique used
for visualization of hydration layers at solid-liquid interfaces. This technique
has been constantly evolved since it was invented, due to the various technical improvements. Therefore, recently developed three-dimensional (3D) force
mapping technique of the local hydration structures by Frequency-Modulation
Atomic Force Microscopy (FM-AFM) has been successfully used in the characterization of hydration layers at numerous homogeneous samples [134–136].
However, using the same experimental technique on the uneven heterogeneous
surface steps represents the major challenge, due to the extremely high possibility to damage or deform the surface structure by the tip. Hence, atomic-scale
hydration structures on such surfaces have not been attained so far. In this
study, the local hydration structure at the heterogeneous step edge of clinochlore,
composed of different structures and charges, has been successfully studied by
using previously established nondestructive acquisition protocol of 3D map measurements [137]. The additional analysis of the hydration layers has been done
by classical molecular dynamics in order to support and explain experiments.
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4.2.1

Methods

FM-AFM experiments of clinochlore in water were carried out by Kei Kobayashi’s
group. The crystal was cleaved prior to the measurements that have been performed in 100 mM KCl aqueous solution. A large-scale topographic image of
the clinochlore was obtained as well as 3D Δ f map by using previously established protocol. As a support tool for experiments, classical molecular dynamics
simulations were employed. The ﬁrst step in simulating hydration layers at
clinochlore surfaces is to create appropriate surfaces. Based on the unit cell of
clinochlore crystal, obtained from the American Mineralogist Crystal Structure
Database [138], the simulation cell was constructed by repeating alternating T
(talc-like) and B (brucite-like) layers in such way that ﬁnal simulated crystal has
both exposed surfaces terminated with either the T or B layers. The surfaces
were then solvated by placing a sufﬁcient number of water molecules in the
simulation cells. As a consequence of such layer repetition, the ﬁnal crystal
structure is no longer charge neutral which requires ions to be added. Apart
from maintaining charge neutrality, ions conveniently mimic the experimental
conditions. A typical system contained 2800 atoms for the clinochlore crystal
and over 3000 water molecules that provided bulk water density far from the
crystal. The lateral dimensions of the simulation cell in the (001) plane are
roughly 2.1 × 3.7 nm2 . In order to simulate hydration structures exposed on a
step region, several step structures are created. The neutral model of the step
edge is created by removing one-half of the B layer in the [001] direction, leaving
the T layer exposed as a lower terrace. Another simulated charged step edge
is composed of the triangle B layer as an upper terrace. The lateral dimension
of the simulated cell was doubled in size in comparison with a ﬂat surface (of
4.3 × 7.4 nm2 ), in order to avoid a lateral dipole effect on the step edge that
would affect on water behavior. Step edges created this way were neutral. All
the constructed simulation cells are depicted in Figure 4.5.

Figure 4.5. Snapshots from the MD simulations. a,b, Clinochlore crystal with the brucite-like
(a) and talc-like (b) layers exposed on either side, c neutral steps, and d, negatively
charged triangular step/pit. The water molecules are drawn as red-white lines,
whereas the ions are shown in cyan (Cl–) or blue (Na+). The ﬁgures were drawn
using VMD [115].

Once the initial surface structures are created, classical molecular dynamics
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simulations are carried out in LAMMPS (Large- Scale Atomic/Molecular Massively Parallel Simulator) code [139]. In order to mimic an inﬁnite system,
periodic boundary conditions are employed along with all the dimensions of
the simulation cell. The surfaces are ﬁrst optimized in the vacuum, to remove
any unphysical interactions between overlapping atoms, and then immersed
in water that is equilibrated for 25 ps. All atoms in the crystal are allowed to
move, except for the Mg atoms in the central layer that are constrained in order
to prevent drift of the entire system during the simulation run. The system
is equilibrated again for additional 25 ps. The dynamic is run at the ambient
conditions (300 K and 1 bar) using a Nose-Hoover scheme and a time step of 1
fs. The target pressure was speciﬁed only along the z-direction (to protect the
crystal from lateral stress) allowing the simulation box to change during the
dynamics, ensuring the proper water density in the bulk phase. The production
MD runs with ﬂat terraces are performed for 10 ns. In case of clinochlore step,
the ﬁnal production MD run is increased to 15 ns, in order to allow ions in the
solution to sufﬁciently diffuse to reach the surface or step edge.

Force ﬁeld
The interactions between the clinochlore and water as well as ions in solution
are taken from CLAYFF, that represents a general force ﬁeld for hydrated crystalline compounds and their interfaces [85]. The need for such a general force
ﬁeld comes from the inability of previously developed force ﬁelds to properly
describe all the interactions in the different type of clay minerals. For example,
empirical force ﬁeld is based on simpliﬁed model where a constrained clay lattice
is required. Thus, this model fails to describe properly structural and dynamical
properties of clay minerals in water. On the other hand, more rigorous quantum
mechanical methods are also employed in order to get good interpretation of
the atomic interactions. Even though these methods are shown to be useful
in reproducing the bulk structure and bonding in layered aluminosilicate minerals such as kaolinite [140] and talc [141], they remain computationally very
demanding and thus not suitable for charged clays. In general, many additional force ﬁelds parameters developed for structurally simple clay minerals
are not completely transferable to clays that have more complex structure. Also
modeling clays in aqueous solutions represents another level of complexity for
such force ﬁelds. Thus, Cygan and coworkers developed a new force ﬁeld on the
basis of nonbonded metal-oxygen interactions by optimizing the empirical parameters using already known mineral structures and performing periodic DFT
quantum chemical calculations of simple oxide, hydroxide, and oxyhydroxide
model compounds with well deﬁned structures for derivation of partial atomic
charges. In principle, treating the mixed layered hydroxides as a mixture of
structurally binary compounds is found to be a good estimation for describing
the thermodynamic properties of such clays [142]. Thus Cygan’s approach in
development of clay force ﬁeld was reasonable assumption.
Nevertheless, in order to maintain an electrostatically neutral system for the
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clinochlore surface considered in this study, slightly modiﬁed CLAYFF parameters are employed in our simulations. This refers to partial charges of octahedral
magnesium in B layer ( + 1.37 new vs +1.36 CLAYFF), bridging oxygen with
tetrahedral substitution in T layer ( -1.16875 new vs -1.1688 CLAYFF) and
hydroxyl oxygen in the B layer (-0.9775 new vs - 0.95 CLAYFF). All these small
modiﬁcations are consistent with charge balancing approach in CLAYFF.
Although CLAYFF was originally developed to fully describe the properties of
clay minerals, the deﬁciency of this force ﬁeld is mainly observed in describing
the step edges of clay minerals in aqueous solutions. This is reﬂecting in the
migration of some hydroxyl groups from the surface, leaving the steps less stable.
In order to increase the stability of such edges, improved CLAYFF force ﬁeld was
developed by Zeitler at al. which introduced a new three-body potential term for
Mg-O-H bending interactions for a brucite mineral [143]. This bending potential
is described as a simple harmonic potential where parameters such as spring
constant and equilibrium angle are ﬁt to structural and vibrational properties
of brucite models derived by DFT calculations. We also used this bending term
in our simulations of step edges.
Water in this study was described as a ﬂexible TIP3P model with parameters
taken from CHARMM force ﬁeld [144]. The modiﬁcation includes Lennard-Jones
parameters for the hydrogens as well as the oxygen atoms. This water model
provides a reasonable description of thermodynamic water properties at ambient
conditions. The same water model is also used in the study of water inﬂuence on
the organization of ions at mica surface [145]. The results obtained in this work
emphasize that the single metal ions can form ordered structures at solid-liquid
interfaces through water induced correlation effects and are in good agreement
with experimental AFM observations. Successfully employment of this water
model was also observed in the study of other clay-liquid interfaces [146].

4.2.2

Results and Disscussion

By using FM-AFM, a large-scale topographic image of the clinochlore (001)
surface is obtained (see Figure 4.6).

Figure 4.6. FM-AFM images of clinochlore. a) Topographic image of the clinochlore (001) surface.
b) Atomic-resolution image of the clinochlore (001) surface showing that the B island
has two regions (BI and BII). In the blue square, the contrast was enhanced and
smoothed by a Gaussian ﬁlter.
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As can be seen, the topographic image of the clinochlore is composed of island
structures with stripe-like patterns running along the [310] direction. The
hights of these islands are found to correspond to the thickness of the B monolayer (0.5 nm) which suggest that the upper terrace is exactly the B monolayer
(higher islands), and the T layer is a lower terrace. Figure 4.6 b, represents
the topographic image of the island structure, showing the occurrence of the
transition region. This suggests that the B layer is composed of two different
regions labeled as B I and B I I , respectively. In Figure 4.7 the magniﬁed atomicresolution images on the T, B I and B I I are presented.

Figure 4.7. FFT ﬁltered topographic FM-AFM images of clinochlore with magniﬁed atomicresolution taken on a) talk-like (T) region. b) brucite-like (B I ) region and c) brucitelike (B I I ) region.

Topographic FM-AFM images obtained on these three different regions, show
quite different patterns. On the T layer, the clear honeycomb-like pattern with a
0.53 nm spacing is observed, while on the B I region hexagonal pattern with 0.31
nm spacing is derived. In case of the transition region, labeled as B I I , similar
but less clear hexagonal pattern is also observed.

Experimental and theoretical analysis of the terraces
From MD simulations, the hydration structure is analysed in terms of the water
atomic density calculated in the direction perpendicular to the surface. The
atomic density proﬁles provide the basis for understanding how the structure
of the interfacial water is affected by the surface composition and charge [134].
However, it has been shown, in the previous studies, that force proﬁles are
giving good qualitative agreement with the density distributions of the water
molecules [35, 135, 136, 147].
In order to better understand hydration structure at the transition region, the
hydration structures on the terraces are studied in detail. Therefore,3D FMAFM force map was obtained over the T, B I areas, from which 2D lateral force
maps were derived and compared with 2D water (oxygen) densities obtained
from MD simulations as shown in Figure 4.8
In Figure 4.8 a) and b), FM-AFM measurements revealed two different patterns:
honeycomb-like pattern (see Figure 4.8 a)) and dot-like pattern (see Figure 4.8
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Figure 4.8. Cmparison of 3D FM-AFM and MD results on each terrace region. a), b)Lateral 2D
force maps measured at the tip heights presumably corresponding to the ﬁrst a) and
second b) layers on the T region and the ﬁrst e) and second f) layers on the B region.
c), d), g), h) Theoretical lateral 2D-normalized water (oxygen) density maps of the
ﬁrst higher c) and second d) layers on the T region, and the ﬁrst g) and second h)
layers on the B region.

b)) suggesting two hydration layers on the T terrace. From MD simulations,
calculated 2D lateral water (oxygen) density in ﬁrst two layers, refer to a similar water organisation. As shown in Figure 4.8 c), honeycomb-like pattern is
obtained in the ﬁrst, while dot-like pattern belongs to the second hydration
layer, strongly conﬁrming experimental assumptions. The same comparison
is applied on the B terrace, proving that the same patterns are observed in
experiments and simulations (see Figure 4.8 e), g) and Figure 4.8 f) h) ). It is
also worth mentioning that the different structure and composition of these
two terraces strongly contributes to the different hydration structures formed.
Therefore, as a consequence of the T region structure, the ﬁrst hydration layer
on the T terrace, is composed not only of honeycomb-like patterns, as seen in
FM-AFM experiments, but also of highly localised water in the middle of the
honeycomb cavities, as MD simulations suggested (see Figure 4.8 c) ). Apart
from lateral densities, calculated perpendicular 2D water (oxygen) densities are
also compared with perpendicular 2D force maps and presented in Figure 4.9.

Figure 4.9. Cmparison of 3D FM-AFM and MD results on each terrace region. Perpendicular
2D force maps on T region (a)) and B region (c)). Theoretical perpendicular 2Dnormalized water (oxygen) density maps on the T (b)) and B (d)) region.

Perpendicular 2D density proﬁles (see Figure 4.9 b) and d) ), show formation
of three hydration layers above each terrace, which is also noticed in FM-AFM
experiments (see Figure 4.9 a) and c) ). Lateral spacing between the periodic
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hydration structures (labelled as red broken circles in Figure 4.9) which is 0.53
nm for T region (Figure 4.9 b) ) and 0.31 nm for B I region (Figure 4.9 d) ), is in
good agreement with spacing observed in FM-AFM experiments (Figure 4.9 a)
and c) ). Based on the previous comparisons between the FM-AFM experiments
and MD simulations, it can be concluded that tip indeed scanned over the ﬁrst
hydration layers formed on terraces instead of the bare mineral surface. This
is also supported by the fact that the adsorbed water from the ﬁrst lower hydration layer on the T terrace has not been observed in the experiments. Since
T layer has the similar structure as talc and mica surfaces and B layer as a
brucite mineral surface, we also compared our MD results to the previous MD
simulations [43, 134] where the same water oxygen density proﬁles are obtained,
additionally conﬁrming our results.

Force analysis
Apart from topographic images and 3D maps derived by FM-AFM, the averaged
force curves are also constructed from the experiments, measured at T and B I
regions and then compared with 1D density proﬁles obtained from MD simulations (see Figure 4.10).

Figure 4.10. Comparison of force curves and density proﬁles. a,b Average force proﬁles on the T
(a) and B I (b) regions extracted from 3D force map (red curves). The broken green
and solid light blue curves are the ﬁtted background force and subtracted force
curves, respectively. The vertical blue broken lines represent the force maxima
in the subtracted curves. c,d Normalised water (oxygen) and ion density proﬁles
calculated by MD simulation on the T (c) and B (d) regions. e,f Simulated force
curves calculated by the STA-model from the water densities c and d.

Distances between the force peaks obtained in experiments are found to be
0.31 nm on T and 0.30 nm on B I region, while the distances in density peaks
derived from MD simulations are 0.25 nm and 0.24 nm for the T and B I region,
respectively. It is important to notice that derived forces are affected by cantilever properties, tip size, shape, and termination, hence, in principle, direct
comparison with the water density is not possible. Therefore, the water densities
are converted to forces by the recently proposed solvent tip approximation model
(STA) [122]. In Figure 4.10 e and f, the simulated force curves for the T and BI
regions, are shown, respectively. Many common features between the simulated
force curves and the experimental force curves are found and they are in good
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agreement overall.

Analysis of the transition region
In order to analyze the transition region, potential models of the step edge
have been constructed based on previous experimental height measurements of
the island structures shown in Figure 4.6 a). The suggested schematic model
structures are depicted in Figure 4.11 f and Figure 4.12 a.

Figure 4.11. Theoretical local hydrations and ions around the step edge. a, c Lateral water
(oxygen) (a) and ion (c) density maps from the MD simulation in the ﬁrst layers
on the T and B regions. b, d Perpendicular water (b) and ion (d) density maps
averaged along the [001] direction, where the arrows indicate the heights of the
lateral water density maps in a and c, respectively. e Electric potential of 0.1 nm
above the outermost oxygen atoms of the B region (showing a zero potential at the
step edge, in white), f Structural model used in the MD simulation.

As mentioned in the section 4.2.1 suggested step models signiﬁcantly differ in
charge and composition. Therefore, the step shown in Figure 4.11 f is labeled
as a neutral step model (metal cations and the oxygen atoms are all on the
same line), while step shown in Figure 4.12 a represents a negatively charged
model as it is composed of exposed oxygen atoms, which are part of the fully
coordinated sphere of metal ions. 2D water (oxygen) density analysis performed
at neutral step, showed the theoretical local hydration structure around the step
edge (see Figure 4.11 b). The same analysis has been done on ions, resulting
in decreased ion (cation and anion) density in the step vicinity (see Figure 4.11
d). The depletion of ions in the step edge is, however, a potential reason why no
clear hydration structure was observed in the B I I region in experiments. It has
been shown (see Figure 4.11 e), that the calculated electric potential is neutral
around the step edge and reduced on the B terrace in the vicinity of the step.
This reduction of the surface potential causes the depletion of ions around the
step edge. On the other hand, in the case of a fully charged system such as the
B layer, the electric ﬁelds around the edges are the same as those on the ﬂat
surfaces, causing the same hydration structure as on the terrace. Based on the
triangle shape of some islands shown in Figure 4.6 a another potential candidate
for the real step edge structure has been studied (see Figure 4.12 a. Simulation
results for charged triangle step edges are shown in Figure 4.12.

60

Clay minerals

Figure 4.12. 2D water oxygen and ions densities at the triangular step edge. b-g, Normalised
Water (oxygen) (b,d,f) and ion (c,e,g) densities at the same vertical positions as the
1st hydration layer on the T layer (b,c), the metal ions in the B layer (d,e), and
the 1st hydration layer on the B layer (f,g). h Electric potential 0.1 nm above the
outermost oxygen atoms of the B region.

Unlike the case of the neutral edges, Na ions are clearly attracted to the sides of
the step edges (see Figure 4.12 e), due to its composition (exposed oxygens) and
charge, which partially neutralize the negative oxygen charges at the edges. As
a consequence of ion distribution at the edges, water molecules are also ordered
in the vicinity of the step edges (see Figure 4.12 d) due to the electrostatic
interactions with ions. In case of the B layer water (oxygen) density show the
same dot-like pattern as in previous neutral step model, while ion density is
quite different and does not resemble the ion distribution shown in case of
neutral step model (see Figure 4.12 f and g). Furthermore, unlike the neutral
edges, a signiﬁcant difference between the water and ion densities was not
observed around the step edges. In order to explain these discrepancies between
the neutral and charged step edges, the same analysis of the electric potential
has been done. As seen in Figure 4.12 h, the electrostatic potential signiﬁcantly
decrease going from the island terrace to the edge as also observed in the system
with neutral edges. The main difference occurs in the height of the B layer,
showing the negative electric potential that signiﬁcantly reduces the chlorine
distribution on the B terrace. The result of such reduced chlorine density is
reﬂected in the depletion of Cl ions around step edges (especially corners). In
order to avoid this negative electric potential at the B layer, a much larger
triangular island is required for simulation, which becomes very expensive.
Therefore, the emphasis is placed on neutral stable edge structure as a main
model for the step.
Results presented in this study, clearly show that the liquid-3D FM-AFM can
distinguish the local hydration structures reﬂecting different surface properties
even at the domain boundaries. The intermediate regions at the step edges of
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the B islands likely originate from ion depletion by the edge effect although the
stability of different step morphologies could also play a role.
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5.1 Introduction
A solid-state represents one of the four fundamental states of matter, characterized by structural rigidity and resistance to change in shape and volume [148].
Solids are composed of particles (molecules, atoms, ions) that oscillate around
their equilibrium position, contrasting with constant motion in the case of liquids. Particles in solids are bound to each other and arranged in an orderly
repeating pattern creating so-called crystalline solids [149]. If particles are
arranged irregularly, where no long-range structural order exists, materials are
known as amorphous [149]. Structural differences in these solids result in quite
different physical properties. For example, crystalline solids exhibit a discrete
melting point, while amorphous solids undergo a solid-liquid phase transition
over a range of temperatures [150]. In order to understand various properties of
solids, it is necessary to understand structural ordering of atoms and also the
type of interactions that holds the atoms together in the solids [151]. Depending
on the species that solids are composed of and the nature of the interactions
between them, the crystalline solids are classiﬁed as: ionic solids, covalent solids,
molecular and metallic solids.

5.1.1

Ionic solids

Ionic solids consist of ionic species (cations and anions) that are held together
through electrostatic interactions [152]. Ions are arranged in a way to maximize
the net electrostatic attraction, while at the same time minimizing the repulsive
interactions. Therefore, in ionic solids, the distance between like charges is
maximized and unlike charges are not allowed to get too close as the short-range
repulsive interaction will destabilize the structure. For example, in the NaCl
lattice, each sodium or chloride ion is surrounded by six ions of opposite charge,
which corresponds to a large attractive force. The NaCl lattice is depicted in
Figure 5.1.
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Figure 5.1. Structure of NaCl lattice (adapted from reference [153]). Green circles represent
chloride ion and smaller violet circles represent sodium ion.

The resulting crystal lattice in Figure 5.1 is known as a simple cubic lattice.
Ionic solids are only soluble in extremely polar solvents, such as water. For example, when NaCl is added to water, each ion of the lattice becomes surrounded
by water molecules due to the ion-dipole interactions. This attractive, ion-dipole,
interaction happens when a positively charged ion (Na+ ) attracts the partially
negative end of a neutral polar molecule, in this case, water. There is the same
attractive force between the negatively charged ion (Cl− ) and a positive end
of a water molecule. The result of such interactions is a formation of solvated
ions (see Figure 5.2). Even though this process is endothermic ( energy (heat) is
required to break the ionic bonds in the crystal), the dissolved Na+ ions have
a tendency to disrupt the aqueous bulk structure without ordering the water
molecules into stronger hydrogen bonds. As a result of bulk water structure
disruption, the entropy of the entire system becomes large enough to make the
dissolution process energetically favorable.

Figure 5.2. Solvation shell of a) sodium and b) chloride ions. The red spheres represent
partially negatively charged water oxygen atom, and white spheres represent
partially positive water hydrogen atom.

Alkali halides are very abundant compounds in nature. Due to the previously
mentioned high solubility in water, sodium and potassium ions are the main
constituents of marine water. Aqueous solutions in living systems also contain
appreciable amounts of these ions that are responsible for transmitting nerve
signals [154]. Salts are often used for de-icing and anti-icing of roads, spread by
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winter service vehicles [155]. Another important application of NaCl is in food
preservation due to the ability of salts to absorb water from food, making the
environment too dry to support harmful mold or bacteria.

5.2 Molecular Resolution of the Water Interface at an Alkali Halide
with Terraces and Steps
FM-AFM experimental technique, as discussed previously, has been successfully used in the characterization of hydration structures over various surfaces [28, 156–158]. Unlike the ﬂat surfaces, where the hydration structures
are nowadays routinely achieved by FM-AFM, a major challenge is to visualize the hydration structures at the highly reactive places, such as step edges.
Even though new experimental methods, such as 2D and 3D force mapping by
FM-AFM, contributed to the visualization of hydration layers at the reactive
places, detailed interpretation of the mechanism of physical and chemical phenomena, such as solute desorption and adsorption, happening at the step edges
remains incomplete. The main reason for vague the interpretation lies in the
very complex nature of experiments themselves, where the major factors that
affect experimental results, such as tip composition and shape, remain unknown
to the operator.
Many studies have been focused on the hydration structures on materials
that are insoluble in water. In this study, hydration structures at the highly
soluble alkali halide are investigated using both techniques, FM-AFM and MD
simulations. A detailed analysis of the hydration structures at the terraces and
reactive step edges is obtained.

5.2.1

Methods

FM-AFM experiments of NaCl and KBr in nearly saturated solution were performed by Fumiaki Ito’s group. Crystals are ﬁrst cleaved and then experiments
are performed using previously established method [135]. 2D frequency map is
collected in the z-x plane and the frequency shift curve is converted to the forces
using the analytical equations by Sader and Jarvis [159]. In order to perform
MD simulations, crystal structures composed of eight unit cells of NaCl and KBr,
with (001) exposed planes, are built. Before immersing crystals into the water,
all the surface atoms are optimized in order to remove unphysical interactions.
The solvation box contained approximately 7000 water molecules that are added
in the simulation box. The entire system is charge neutral and periodic in all
three dimensions. The step edges are created by removing half the atoms on one
of the exposed (001) planes. This procedure produced a rectangular pit with the
step edge running along the [010] direction.
All simulations have been performed using the MD code NAMD [160]. In the
initial step, water is optimized in order to remove unphysical contacts between
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the molecules, while the crystal is ﬁxed. After water is minimized, the crystal
atoms are allowed to move and the entire system is equilibrated at the ambient
conditions for 10 ps. The ﬁnal production run is performed for 250 ps. In the
case of step edges, all crystal atoms are constrained to their initial positions
by a weak harmonic spring (k = 1.0 kcal/mol) in order to prevent the crystal
from dissolving. The additional constraints allowed the hydration structures
around the step edge to be studied. The interactions between the atoms in these
simulations are described by using a CHARMM [144] force ﬁeld.

5.2.2

Results and Discussion

Analysis of the terraces
Topographic images of both, KBr and NaCl surfaces are obtained by FM-AFM.
As shown in Figure 5.3 a) and c), a clear atomic-resolution pattern is achieved.

Figure 5.3. Atomic-scale topographic image of the a) KBr (001) surface, c) NaCl (001) surface.
b),d) Cross-sectional height proﬁle measured along the line A-B indicated in a) and
c).

The cross-sectional proﬁle derived along the A-B lines (depicted in Figure 5.3
a) and c)), refers that the distance between the brightest and darkest spots
are approximately 0.66 nm for KBr (001) and 0.56 nm for NaCl (001) surface,
which is in agreement with the lattice constants of these surfaces. This led
to assumption that only one atomic position is observed as a bright spot in
these topographic images. Appart from topographic images, 2D frequency shift
mapping is also performed in a plane perpendicular to the (001) surfaces (see
Figure 5.4 a) and c)).
The bright contrast is associated with the area with the positive, while the
dark contrast corresponds to the area with the negative frequency shift. The
lateral spacing between the dark blobs, shown in Figure 5.4 a), is about 0.66
nm. In order to analyse frequency shift behaviour on these dark blobs, the
frequency shift curve along the line C-D (see Figure 5.4 a)) is extracted and
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Figure 5.4. 2D frequency shift map of a plane perpendicular to the a)KBr (001) surface, c) NaCl
surface along the [100] direction.Frequency shift versus distance curves along the
lines C-D and E-F indicated in a) and c).

depicted in Figure 5.4 b), as a red curve, while the frequency shift extraction
along the E-F line (see Figure 5.4 a)) which runs in between the dark blobs, is
presented in Figure 5.4 b) as a green curve. It is noticed that the characteristic
period of the oscillation of the red curve is about 0.3 nm. The same analysis
is performed on the NaCl surface (see Figure 5.4 c) and d)). The similar dark
blobs pattern is observed with a lateral spacing of about 0.56 nm and the same
oscillation period of the frequency shift curve along the dark blobs (red curve in
Figure 5.4 d)). Repeated oscillation period on both surfaces, corresponding to
the size of the water molecule, meaning that observed contrast cannot belong
to the solvation structure of the hydrated ions since the ionic radius of such
species is greater than the size of the water molecule. Therefore, it is assumed
that the contrast obtained from FM-AFM experiments is associated with the
hydration structures and not solvated ions. In order to conﬁrm experimental
results, MD simulations of the same systems have been performed. 2D frequency
shift images are compared with 2D water density proﬁles, obtained from MD.
In Figure 5.5 a) and c) 2D water density distribution is obtained in the [100]
direction. 2D density proﬁles showed that the hydration structure is composed
of two layers. The ﬁrst layer is associated with the water distribution above
cations and second layer is associated with the water that seats above anions
on both surfaces. The same periodic pattern with a spacing of 0.66 nm on KBr
and 0.56 nm on NaCl surfaces is observed. In the same manner, 1D density
proﬁle has been obtained on the K + (red) and Br − (green) ions (see Figure 5.5
b)), showing the minimum of the density proﬁle obtained on K + , at 0.4 nm
from the surface. This appears to be similar with the minimum obtained in the
frequency shift proﬁle on the same cation, in Figure 5.4 b). However, a direct
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Figure 5.5. 2D water density distribution in a plane along the [100] direction on the a) KBr (001)
surface, c) NaCl surface along the [001] direction. b) 1D water density proﬁle on K +
(red) and Br − (green) ion as a function of the distance from the surface. d) 1D water
density proﬁle on Na+ (red) and Cl − (green) ion. The red and green blobs represent
the ionic radii of K + , Br − , Na+ and Cl − , respectively.

comparison between the frequency shift and water density is not possible. In
order to compare results directly, forces from experiments and simulations are
obtained.

Figure 5.6. Simulated force curves on the a) KBr (001) surface, c) NaCl surface calculated by
the STA model. Experimental force curves converted from frequency shift on the b)
KBr and d) NaCl surfaces. Red and green curves represent those obtained on the
cation and anion, respectively.

As shown in Figure 5.6, forces derived from simulations by using STA model
(Figure 5.6 a) and c)), are quite similar with those derived by frequency shift
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conversion (Figure 5.6 b) and d)). The same pattern is observed in the case
of force curves derived on cations, having the maximum at 0.4 nm and the
minimum at 0.3 nm from the surface. In the case of green curves, derived on
ions, the similarities are not that obvious. STA forces, obtained from NaCl
simulations, show the dip at 0.25 nm from the surface, while experimental force
on NaCl shows the dip at 0.5 nm. The corresponding dip at the KBr is not
observed in experiments, because the tip is not moved to such a close distance.
However, the possible reason for mismatching the dip in case of Br − is because
the tip was relaxed in the experiments, which cannot be taken into account for
the STA curves since the tip was not simulated.

Analysis of the step edge
In Figure 5.7 topography images of the step surfaces on both KBr and NaCl are
depicted.

Figure 5.7. Topography images of the a) KBr (001) surface, c) NaCl surface near step edge.
Cross-sectional proﬁles measured along the A-B line shown in a) and c), respectively.

The measured height of each step edge is found to correspond to half of the
lattice constant of each surface (see Figure 5.7 b) and d)). In the case of NaCl,
step edge is not straight due to the atoms that are constantly attaching and
detaching from the edge. This ﬂuctuation of the step edge appears to happen
within the scanning timescale, according to the cross-sectional proﬁle shown in
Figure 5.7 d), where only one step height was measured. 2D frequency shift map
of such edge is obtained.
In Figure 5.8 a), three main regions, enclosed by the dotted rectangles, with a
similar contrast pattern are noticed. The regions I and III correspond to the
lower and upper terrace, respectively. Based on the similar contrast pattern
noticed in these regions, followed by the almost identical average frequency
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Figure 5.8. a) 2D frequency shift map obtained along the scan line parallel to the [100] direction
over a step edge on the NaCl surface. b)Averaged frequency shift curves in in the
regions I, II and III shown in a).

shift curves (Figure 5.8 b)), it is suggested that hydration structures on these
terraces are the same. 2D frequency shift of the region II, shown in Figure 5.8
a), is slightly different. The potential reason for different contrast pattern at
the step edge might come from the fact that the edge is a highly reactive place,
where processes such as dissolution and crystal growth happen. The atoms
within region II are moving with a time scale shorter than the timescale of the
2D frequency shift measurement. Hence, it is suggested that the step edge
hydration structure seen in experiments correspond to the time-average of the
hydration structures at both, lower and upper terraces. In order to conﬁrm this
assumption, hydration structure at the step edge has been investigated by MD
simulations. 2D water density distribution is obtained along the [100] direction
across a NaCl step edge and depicted in Figure 5.9.

Figure 5.9. (a) 2D water density distribution along the [100] direction across a NaCl step edge
terminated by a cation and (b) anion. (c) The time-averaged 2D water density
distribution for a ﬂuctuating step edge.

Two models of step edge are used in MD simulations. One model is constructed in
such way that step edge terminates by a cation, while another model refers to an
anion termination of the step edge. 2D water densities are obtained on each step
model (see Figure 5.9 (a) and (b)), showing that the same hydration structure
appears on both terraces. In order to conﬁrm experimental ﬁndings, timeaveraged density map was constructed by overlaying several water densities
(alternating the cation and anion terminated step densities) and shifting them
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with half the lattice constant along the [100] direction. In this way, we took
into account the fact when cation dissolves from a step edge, the new step edge
is terminated by an anion. The 2D water density at the step edge derived
by using this time-average method (see Figure 5.9 (c)), is very similar to the
experimentally observed 2D frequency shift map (see Figure 5.8 a)). This is
a clear evidence that MD simulations supported the previously established
experimental assumption.
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6. Role of ions in solid-liquid interfaces

6.1 Introduction
Ions are ubiquitous. They thus play a role in biochemistry (enzymology, macromolecular interactions), marine chemistry, atmospheric chemistry (the composition of marine aerosols) and in inorganic chemistry (interfaces of ionic liquids,
interactions between the solution and inorganic surfaces) [161]. As described in
chapter 5, when ionic solids dissolve in water, the solution becomes rich in ions.
These solutions are known as electrolytic solutions and exhibit quite different
properties than regular (pure) solutions that do not contain ions. For example,
electrolytic solutions are good electrical conductors. Also, the osmotic pressure
of a concentrated aqueous salt solution can be of the order of several hundred
bars [162]. However, when various types of charged solid surfaces are immersed
in such solutions, ions are expected to play an important role at the solid-liquid
interfaces. They spontaneously participate in the creation of electric double
layer at the interface [163]. For example, on charged surfaces, counter ions interact with a surface charge via electrostatic interactions. An equal but opposite
charge accumulates in the solution, as the result of Coulomb interactions. Thus,
the second layer is formed (see Figure 6.1 ). This electric double layer has a
signiﬁcant inﬂuence on the behavior of colloids and ﬂuid ﬂow in microchannels
or porous materials [164, 165].

Figure 6.1. Electric double layer on the charged surface.
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Since electrolytic solutions are a natural environment for many important interfacial phenomena in biology and electrochemistry, the distribution of charge
on solid-liquid interfaces also plays a role in a wide range of processes. For
example, ions are responsible for establishing membrane potential due to their
transport through cell membrane [166]. We previously saw (chapter 4) that ions
are also considered as interlayer constituent particles in clays where their role
is to maintain the charge balance in such minerals. On the other hand, ions
also play an important role in crystal growth. In classical nucleation theory,
ions aggregate from supersaturated solution to form clusters that are initially
unstable. The stability of such clusters is then increased as particles increase in
size due to the high enough bulk lattice energy that overcomes the cost of the
surface energy. In the calcite carbonate growth, it has been proposed that the
formation of stable amorphous calcium carbonate is of critical importance [167].
Furthermore while studying solid-liquid interfaces by Atomic Force Microscopy
(AFM), it was noticed that performing AFM measurements in pure water was
accompanied by many difﬁculties. For example, atomic-scale contrasts obtained
on the mica surface in pure water is not necessarily reproduced in another
image [168]. Also, it was observed that the contrast changes during one frame
scan on the mica surface in pure water [168]. On the other hand, the same
AFM experiments performed in an electrolytic aqueous solution resulted in
atomic-scale images with improved stability and resolution [169, 170]. Thus, it
is assumed that ions have an inﬂuential role in high-resolution AFM imaging
in liquids, although the mechanism still remains unclear. Hence, studying the
inﬂuence of ions on structural and dynamic properties of hydration layers at the
atomic level is of great importance.
Although many AFM measurements are performed in the presence of ions,
they mostly refer to the organization of ions in slightly (< 1 M) concentrated
solutions and suggest the formation of stable adsorption structures of cations
on a mica or a calcite surface [55, 145, 171, 172]. However, the inﬂuence of high
molarity (>1 M) on hydration structures has been recently studied by AFM [136].
The obtained 3D AFM images showed the formation of hydration layers that
extended up to several nanometers from the surface. Although based on these
reports, the signiﬁcant inﬂuence of ions has been suggested, a more systematic
and detailed study is still necessary in this direction. Therefore, in order to
investigate the inﬂuence of ions on solid-liquid interfaces, we used theoretical
MD simulations to study muscovite mica and calcite surfaces, since the hydration
structures on these interfaces are well known due to the extensive study by both,
AFM experiments [135, 173–175] and MD simulations [37, 176–178].

6.1.1

Structural and dynamic inﬂuence of ions on hydration
structure at muscovite mica and calcite interfaces

Muscovite mica (KAl2 (OH)2 (AlSi3 )O10 ) belongs to the group of 2:1 layer silicates
(see section (CLAYS)) and has a very similar structure to phlogopite mica. Since
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muscovite mica consists of overall negative aluminosilicate layers due to isomorphous substitution, the charge balance is maintained by an interlayer of K+
ions. Mica is also known as a hydrophilic surface with a perfectly ﬂat cleavage
plane. On the other hand, calcite (CaCO3 ) has quite different, relatively simple
crystal structure in which Ca2+ and CO23− ions are connected by ionic bonds. It
is, however, one of the most abundant and important minerals that form the
major inorganic part of the seashells. Both surface structures in (001) plane is
depicted in Figure 6.2.

Figure 6.2. Snapshot from MD simulations. a) Muscovite mica surface structure in (001) plane.
b) Calcite surface structure in (001) plane. Yellow, blue, red and cyan spheres in a)
represent Si, Al, O, K atoms, respectively. Blue, cyan and red spheres in b) represent
Ca, C and O atoms, respectively.

Methods
MD simulations represent the prime technique to investigate the role of ions
on structural and dynamic properties of hydration layers at the atomic level.
MD allows us to study the interfaces in very high molarity that is not, in
principle, an easy task for AFM due to the complexity of experiments themselves.
Therefore, with MD one can theoretically study possible models of the behavior of
individual ions and consequently draw conclusions about the mechanism of their
inﬂuence on interface structure and dynamics. At the same time, systematic MD
studies on a different type of interfaces in high molar solutions, can in principle
represent a benchmark for various AFM experiments.
Since muscovite mica is much more likely to break along the layers that only
contain the weakly bonded K+ ions, the initial cleaved structure of mica used in
simulations, is composed of four aluminosilicate layers and three interlayers of
K+ . As aluminosilicate layers are the source of negative charge, this structure
results in an overall charged surface that will thus produce adverse effects on
simulation results. In order to remove the overall charge and consequently model
the real cleavage (001) plane, two additional layers, both consisting of half the
number of K+ ions from interlayers, are randomly distributed on top and bottom
exposed surfaces. The ﬁnal structure with lateral dimensions of roughly 4.2 x
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5.5 nm2 and 8604 atoms, was then solvated by adding 11374 water molecules in
the simulation cell. In the case of calcite, the ﬁnal simulation structure contains
2800 atoms with lateral dimensions of roughly 4.0 x 3.9 nm2 . The most stable
and charge neutral cleavage plane of calcite was exposed to water. In order to
study the inﬂuence of ions, four separate simulation runs are carried out for
each surface in pure water, 1 M, 3 M and 5 M NaCl solutions, respectively. Ions
are placed randomly, far away from the surfaces. These simulation interfaces
are depicted in Figure 6.3.

Figure 6.3. Snapshot from MD simulations.a) Mica surface, b) Calcite surface. Sodium ions are
depicted as blue spheres, while chlorine ions are depicted as cyan spheres. Green
spheres represent potassium ions dissolved from mica surface.

All simulations are performed in the LAMMPS code. Short water relaxation
and equilibration for 25 ps in the NPT ensemble, was followed by additional
25 ps equilibration (in the same NPT ensemble) of the entire system. The
pressure and temperature control are maintained by using Nose-Hoover scheme.
Target pressure was applied along the z-direction and thus the simulation box
was allowed to change in z during the simulation run, providing the proper
bulk water density. The central interlayer of potassium ions in muscovite mica
and central carbon atoms in calcite were constrained in order to prevent the
surfaces wandering around in the cell during the simulation run. The longrange interactions are evaluated using PPPM solver scheme. Periodic boundary
conditions are applied in all three dimensions. The production MD runs are
carried out for 5 ns for each interface in pure water and for 20 ns in each
electrolytic NaCl solution at ambient conditions ( 300 K and 1 bar ) in order to
allow ions to get closer to the surfaces. The equation of motion was integrated
with 1 fs time step.

Force ﬁleds
All the interactions between mica, water, and ions are taken from CLAYFF,
that represents a general force ﬁeld for hydrated crystalline compounds and
their interfaces [85] and water in which mica is immersed is described as a
ﬂexible TIP3P model with parameters taken from CHARMM force ﬁeld [144] as
described in chapter 4. CLAYFF force ﬁeld also includes parameters for several
aqueous ions taken from the literature [179, 180]. Nevertheless, nonbonded
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interactions between ions and clays as well as between ions and water are
derived using mixing Lorentz-Berthelot mixing rules. However, since sodium
and chlorine ions are modeled as point particles rather than molecules, the
formation of NaCl clusters in such high molar electrolyte solutions (up to 5M) is
controlled by the force ﬁeld nonbonded parameters. In the study of Joung et al.
determination of ions parameters, the importance of the proper balance between
ion-ion interactions is emphasized [181]. Thus, if parametrization procedure
does not treat these interactions carefully, the unphysical behavior of ions such
as spontaneous crystallization at concentrations higher than 1M would appear.
Bearing this in mind, the formation of NaCl clusters would imply deﬁciency of
the employed force ﬁeld.
As calcite interface in water become the main topic of many experimental
as well as theoretical studies, the need for the atomic interaction potentials
that accurately describe structural and thermodynamic properties of calcite
interfaces rises up. Previously developed force ﬁelds for calcite [40, 182] are
mainly based on reproduction of calcite lattice properties alone. Thus they
fail to describe correctly the properties of calcite-water interfaces. In order to
properly describe properties of calcite in water, we used the force ﬁeld developed
by Raiteri at al. [183]. This force ﬁeld was designed to model calcite growth
and was also successfully used in other MD studies [34, 40, 182, 184, 185]. The
water model used for calcite interface simulations is ﬂexible SPC/Fw [186] that
is shown to reproduce well structural and dynamic water properties at ambient
conditions. The same water model is used in the previous development of calcite
force ﬁeld, proving that this SPC/Fw water accurately describes water structure
and dynamics around the ions [185].

6.1.2

Results and Disscusion

Structural properties of the mica interface in high molar NaCl solutions
In order to investigate the inﬂuence of ions on hydration structures at the muscovite mica interface, MD trajectories are analyzed in terms of water (oxygen)
and ions density proﬁles calculated perpendicular to the muscovite mica surface.
In Figure 6.4 density proﬁles of water (oxygen), sodium and chlorine ions are
depicted for all four simulations. The average position of Si atoms from the
exposed mica surface is used as a reference point for surface distance. The water
(oxygen) density proﬁle, derived in pure water, suggest that the water structure
at the interface, composed of three hydration layers, extends up to 11 Å away
from the surface. The maximum density of ﬁrst hydration layer appears at about
2.38 Å, while the second asymmetric hydration layer is placed at about 3.48 Å
away from the surface. The position of third density maximum is found to be at
approximately 6.56 Å. The broad peak is also noticed between 8.5 and 11 Å. We
compared our results with other MD simulations of mica in pure water [134,187].
Wang at al. noticed ﬁve water oxygen density maxima at 1.7, 2.7, 3.6, 5.4 and
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Figure 6.4. 1D water (oxygen) and ion density proﬁles perpendicular to the surface.

6.3 Å, respectively and a weak symmetric and broad peak between 8 and 11Å.
In comparison to the Wang’s density proﬁle, our simulations clearly showed
the position of the ﬁrst peak slightly shifted from 1.7 Å. This is, however, the
consequence of the different deﬁnition of the reference surface point. In the
work of Wang at al. the reference point for the surface position is deﬁned as
an average position of surface bridging oxygen atoms that appear to be placed
approximately about 0.54 Å above the silica atoms in the z-direction on average
in our simulations. Also, the second and third hydration layers appear to be
more asymmetric and noisier in comparison to our simulations (density data are
smoothed out), resulting in additional density maxima assignment in Wang’s
work. In general, bearing in mind that the slight mismatch in peak positions
is the result of surface reference point deﬁnition alone, our results are in good
agreement with previous MD simulations. This also suggests that different
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water model used in our work in comparison to the previous MD simulations did
not signiﬁcantly affect the interfacial water structure.
As the ion concentration in solution increases, the well deﬁned ﬁrst peak
gradually diminishes, resulting in the complete disappearance in 5 M solution.
Also, the second hydration layer becomes more narrowed and symmetric in
higher ion concentrations. This affect of ions on the interfacial water structuring
was also noticed in previous work of Sakuma [56] where water oxygen electron
density proﬁle obtained from MD simulations of mica in 0.6 M NaCl solution
showed a similar trend. The potential reason for the diminishing of the ﬁrst
peak may be found in the assumption that there’s a competition between the
electrostatic interactions between ions and surface at one hand and H-bond
interactions between water and surface at another. In order to investigate
the organization of ions at the mica interface, we performed the same density
analysis as before and obtained separate density proﬁles for sodium cations and
chlorine anions. Sodium density proﬁles, shown in the ﬁgure 6.4, suggest that
cations also tend to organize even closer to the surface, creating a ﬁrst density
maximum at about 1.07 Å from the surface, followed by two more well-deﬁned
peaks at 2.7 Å and 4.9 Å. The similar trend in sodium organization at the
interface was also noticed in the work of Sakuma at al. [56] where the single
peak in the surface vicinity suggests that sodium ions are strongly adsorbed
at the surface. Since the sodium cations are positively charged, they tend to
neutralize the negatively charged mica layer that appears as such due to the
dissolution of potassium ions from the surface. Thus, electrostatic interactions
between cations and muscovite mica are becoming dominant in high concentrate
solutions, as opposed to hydrogen bonds that direct water oxygen adsorption on
the surface in pure water solution. This is supported by the fact that sodium
ions in 5 M solution go even deeper inside the cavities of mica surface, that
is reﬂected by a broadening of the ﬁrst peak, shown in Figure 6.4.In addition,
Sukama at al. also conﬁrmed indication that sodium ions form stable innersphere complexes at the center of the hexagonal rings of the mica surface. Like
cations, chlorine ions are also organized in the surface vicinity, creating a ﬁrst
peak a little bit further away from the surface (at 4.1 Å), since they both carry
the same charge. This organization of ions at the interface is characteristic of
electric double layer formation, as noticed in previous MD simulations [188, 189].
According to Figure 6.4, a small inﬂuence of ions on hydration layers further
away from the surface is only observed as a gradually more pronounced fourth
hydration layer at about 9.3 Å from the surface. However, no signiﬁcant inﬂuence
of ions at larger distances is noticed in our simulations. This is however in
contrast with the recent experimental AFM study of Daniel Martin-Jimenez
at al. [136]. They obtained 3D AFM images on mica in high molar (>1 M) KCl
and NaCl solutions emphasizing the formation of the extended water layering
up to 12 Å in the bulk that appears in 3 M - 5 M solutions. According to
their interpretation, this phenomenon is the result of cooperation between all
three chemical species. Nevertheless, it is important to emphasize that AFM
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tip structure and composition will also have an impact on water structuring,
causing additional organization of water and ions around the tip itself and thus
additionally affect the water structuring, which however is not included in our
MD simulations.
As noticed in Figure 6.4, the overall water density proﬁle linearly decreases
with increased molarity. In order to check this linear trend in decreased water
bulk density with increased molarity, simple experiments were performed in
Angelika Kunhle’s group and results are presented in Figure 6.5.





















 



 















Figure 6.5. Experimentaly derived water and ions atomic density as a function of concentration.

Experiments consist of measuring the volume of NaCl solutions with different
concentrations. Since the amount of water and NaCl in solutions is known, the
atomic densities of water and ions (Na+ and Cl− ) are calculated as a function of
concentration. As seen in Figure 6.5 the water density indeed linearly decreases
with increased molarity, while an opposite trend is noticed in ionic density.
This simple experiment conﬁrmed the correct model system behavior in our
simulations.
In order to study in more detail, the inﬂuence of ions on water organization in
each hydration layer, 2D water (oxygen) and ions densities are calculated and
depicted in Figure 6.6.
As already experimentally established [173–175] and conﬁrmed by many MD
simulations [56, 135, 187, 190], adsorbed water atoms on the muscovite mica
surface are placed in the center of the hexagonal rings, while water from the
second hydration layer creates a honeycomb-like pattern with hexagonal array
structures, reﬂecting the surface structure. It also represents the inﬂuence
of hydrogen bonds on controlling the near surface water structure. However,
when the number of ions in electrolytic solutions increases, the disturbance
of this pattern is clearly noticed (see image comparison in the 1st hydration
layer in Figure 6.6). Analysing the ion density in the same manner, it can be
seen that positions of both Na+ and Cl− ions at the surface vicinity, affect the
water structuring by slightly diminishing or at some places completely vanishing
water (oxygen) density in comparison with water orientation in the pure solution.
This can be understood as an effect of a newly formed electric double layer at
the surface, where cations create inner and outer sphere complexes with water
molecules [172, 188, 189], disturbing the previous water organization at the
interface, while anions form the same honeycomb-like pattern as water, in the
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Figure 6.6. 2D water (oxygen) and ion densities calculated for each layer. Hexagonal surface
rings are plotted together with water (oxygen) densities for 1st and 2nd hydration
layers in order to better understand water positions at the surface. Yellow circle
represents Si, red circle refers to O and blue circles indicates Al atoms, respectively.

ﬁrst hydration layer. AFM experiments on mica also conﬁrmed the creation of a
dot-like pattern in the second hydration layer [135]. This pattern was weakly
observed in pure water in our MD simulations (see image comparison in the 2nd
hydration layer in Figure 6.6). However, when muscovite mica is immersed in a
high molar electrolytic solution, a dot-like pattern in the second hydration layer
starts to appear more pronouncedly as ion concentration increases, until it gets
disturbed in 5 M solution, representing the signiﬁcant inﬂuence of ions on water
ordering. The effect of ions on the second hydration layer structure can also be
assumed from 1D density plots in Figure 6.4, where the maximum oscillation
density of ions appears right at the position of the water second hydration layer.
However, no signiﬁcant inﬂuence of ions is noticed on the water structuring in
the third hydration layer, since no ordered patterns appear.
Further density analysis refers to the calculated 2D water and ions density in
vertical yz-direction. Plots are depicted in Figure 6.7 and Figure 6.8, respectively.
In these vertical plots, besides the adsorbed water, two additional well-deﬁned
hydration layers are noticed. However, in more concentrated solutions (3 M and
5 M) the formation of the third layer becomes more obvious as well as more
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Figure 6.7. 2D vertical (yz) water(oxygen) density.

deﬁned blobs in the second hydration layers (see Figure 6.7). Besides these, no
signiﬁcant evidence of the extended layering (more than three layers) is observed
in our MD simulations.

Figure 6.8. 2D vertical (yz) Na+ and Cl− densities. Blue colour density represents Cl− ion
density, where highlighted blue refers to the maximum density. Green colour density
represents Na+ ion density with highlighted green means maximum density. Both
ions are plotted on the same plot for better comparison.

In the same manner, ion 2D vertical density is analyzed for each electrolytic
solution. It is shown in Figure 6.8 that Na+ ions tend to adsorb on the surface,
while well deﬁned second layer starts to appear in high molar solutions (3 M and
5 M). On the other hand, most of Cl− ions form a layer at around 4.0 Å showing
no tendency to come closer to the surface.

Structural properties of the calcite interface in high molar NaCl solutions
In order to study the inﬂuence of ions on calcite interface, the same density
analysis is performed. In Figure 6.9 densities of each ion and water oxygen
atoms calculated perpendicular (in the z-direction) to the surface are depicted.
As it is well known, from AFM experiments [34, 156, 174, 175] and numerous MD
studies [178, 191, 192], the calcite interface is remarkably well ordered. That
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Figure 6.9. 1D water(oxygen and ions density proﬁles perpendicular to the surface.

is also shown in Figure 6.9, where water (oxygen) density proﬁle exhibits two
symmetric peaks at approximately 2.1 Å and 3.3 Å respectively, followed by
third broaden peak at 4.8 Å and additional fourth peak at 7.7 Å. As a zero
referent point for distances from the surface, the average position of Ca atoms
is considered. In direct comparison with other theoretical studies of calcitewater interfaces [183, 191, 193] similar density proﬁles are obtained. However,
the slightly different position of the peaks in different simulations reﬂects the
sensitivity of the system to different functional forms and parameters used in the
description of the calcite-water interface. Thus, signiﬁcantly different density
proﬁle is obtained by Kerisit at al. [37] suggesting extended long-range ordering
at the calcite-water interface, even though such effect was also not observed in
the experiments. However, the highly structured the ﬁrst and second hydration
layers are generally in good agreement with various experiments [192].
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Appart from water, ions also tend to organize themselves at the calcite surface
vicinity at approximately about 5 Å away from the surface where the ﬁrst density
maximum for both ions is observed in our simulations (see Figure 6.9). However,
other MD studies of calcite in electrolyte solutions [55, 191] showed that Na+
ions tend to approach even closer to the surface, resulting in the appearance of
the ﬁrst density maximum at about 3 Å. This penetration of Na+ ions between
the ﬁrst and the second hydration layer is, however, the result of simulation
set up, where ions are artiﬁcially placed closer to the surface in order to study
the ion adsorption at certain locations of the calcite. As opposed to the previous
study, ions in our simulations are randomly placed far away from the surface
with the intention to follow how close to the surface they can get during 20
ns of dynamic run and how they will affect the hydration layers. Even at
extremely higher concentrations, ions in our simulations do not penetrate into
second hydration layer, suggesting that the hydration structure at the calcite
interface is energetically more favorable. Thus, strongly ordered ﬁrst and second
hydration layers prevent the hydrated Na+ ions to disrupt the water ordering at
the interface. The same suggestion about the strongly hydrated calcite interface
is also emphasized by Ricci at al. Nevertheless, ion inﬂuence on hydration
layers is the most visible in 5 M NaCl solution, since the water oxygen fourth
peak appears as a more elongated layer at approximately 8.0 Å causing slightly
oscillatory behavior even at about 11 Å from the surface. In order to see in more
details how ions affect hydration layers at the calcite surface, 2D lateral water
(oxygen) density for each solution is plotted in Figure 6.10.
As mentioned earlier, water is highly ordered at the calcite interface, where
water oxygen atoms from the ﬁrst hydration layer are placed above each Ca2+
ion, and water oxygen from the second hydration layer is located above CO23−
ions, creating the famous zig-zag pattern, observed also in AFM [191, 192, 194].
Figure 6.10 shows that the structure of the ﬁrst two hydration layers is not
affected by ions since they are not allowed to interfere with these layers, due to
the high energy barrier. On the other hand, it is noticed that the water structure
in third hydration layer has been disturbed by ions, especially in 3 M and 5
M solutions. However, even though no regular pattern is noticed in the fourth
hydration layer in pure water, some periodic oscillation behavior is noticeable
in 3 M and especially 5 M solution, which is also conﬁrmed in the 1D density
in Figure 6.9. Analyzing vertical density proﬁles, more information about the
water and especially ions structuring at the calcite is obtained. 2D vertical (yz)
densities are depicted in Figure 6.11.
Clearly visible are four hydration layers in the water (oxygen) vertically densities,
for each NaCl solution. As seen before, in Figure 6.10, water oxygens in ﬁrst
hydration layer occupy positions above calcium ions, ones in the second layer are
placed above the carbonate groups. This alternating organization continues even
further in the third and fourth hydration layer, creating a so-called checkerboard
pattern, also noticed in other studies [184, 195]. However, lateral periodic
oscillations weren’t observed in the fourth hydration layer in pure water and 1
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Figure 6.10. 2D lateral water(oxygen) and ions densities calculated for each layer. Hexagonal
surface rings are plotted together with water (oxygen) densities for 1st and 2nd hydration layers in order to see water positions at the surface. Yellow circle represents
Cai, red circle refers to O and black circles indicates C atoms, respectively.

Figure 6.11. 2D vertical water(oxygen) and ions densities for all electrolytic solutions.

M NaCl solution (see Figure 6.10). Organization of sodium ions forms the same
checkerboard pattern, where the ﬁrst row of ions (see shoulder in Figure 6.9)
is noticed at approximately 4.5 Å above the calcium surface atoms, followed by
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the second row, that corresponds to the second density maximum in Figure 6.9,
placed above the carbonate surface groups. This sodium checkerboard pattern
is noticeable up to 6 Å, after which no regular organization of ions is observed
in 1 M solution, suggesting that probably 20ns run was not enough for ions to
reach to the third hydration layer. This checkerboard pattern starts to be more
pronounced in 3 M while in 5 M solutions prominence of this pattern is clearly
observed up to approximately 8 Å in the bulk. Thus the inﬂuence of ions on
the structuring of hydration layers is most visible in the 5 M solution, where
clearly formed a checkerboard-like pattern of ions causes the periodicity in the
fourth hydration layer to be slightly more pronounced. On the other hand, Cl−
ions from the ﬁrst peak (see Figure 6.9) are quite regularly placed above the
calcium ions from the surface, while the second layer starts to appear more
clearly in 3 and 5 M solutions, but no speciﬁc orientation of ions in this layer is
observed. However, it can be noticed from vertical density proﬁles that sodium
ions are arranged closer to the surface, which is in agreement with previous MD
simulations [55].

Dynamic properties of the mica and calcite interfaces in high molar NaCl
solutions
One of the dynamic properties of the interfaces studied in this thesis is the
diffusivity. In general, the term diffusion refers to the spontaneous movement of
particles, caused by the thermokinetic energy they possess. In aqueous solutions,
diffusivity results in a net ﬂow of solute from the region of high to a region of
low concentration. Thus, the diffusion is driven by the concentration gradient.
The quantitative description of diffusion originates from Tomas Graham and
Adolf Fick, which noted that the transport of particles is indeed proportional to
the concentration difference [196]. They established the expression, given in the
equation 6.1, which is known as Fick’s ﬁrst law of diffusion.
j = −D 0

dC
dx

(6.1)

where j is the mass ﬂux per unit area, D0 represents the molecular diffusion
coefﬁcient, C is the chemical concentration and x represents distance. However,
the equation 6.1 refers to the diffusion on all three phases (solid, liquid and gas),
in which diffusion coefﬁcient differs in order of magnitudes. In order to describe
diffusion in each of these phases, different theoretical concepts are developed.
Thus, for a diffusion in the liquid phase, the diffusion coefﬁcient is estimated by
Stokes-Einstein equation [197]:
D0 =

kT
6πμ r 0

(6.2)

where k is the Boltzmann constant, T the temperature, μ the dynamic viscosity
of the liquid and r 0 the radius of the solute. As shown in equation 6.2, the
diffusion coefﬁcient is directly proportional to the temperature and inversely
proportional to the viscosity of the solution and size of the solute.
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In order to study the inﬂuence of ions on the mobility of the hydration layers
at the interfaces, the diffusion coefﬁcient is obtained from the particles positions, since Einstein related the self-diffusion coefﬁcient to the mean square
displacement of a particle as a function of observation time:
2

〈 r (t0 + t) − r (t0 ) 〉
1
lim
2d t→
t

8

D0 =

(6.3)

where d is the dimensionality of the system, r (t0 + t) represents the position of
the particle in the next time step (t 0 + t) and r (t0 ) refers to the initial particles
position at the time step t 0 . In our simulations, we calculated the diffusivity
as average overall water molecules in the system and all reference times. The
reference time refers to the initial time step that we chose to calculate diffusivity.
Thus, we ﬁrst calculated particles displacement by subtracting the positions at
initial reference time from the positions at the next time step. Then, we referred
the next time step as an initial or reference time and repeated the calculations of
mean square displacements for all water molecules. The same procedure is then
repeated for the entire trajectory and the ﬁnal MSD value is the average value
calculated overall reference time steps. Thus, the angled brackets in equation
6.3, refer to the average overall particles and all time steps. In Figure 6.12, the
average diffusion for every distance from the surface was calculated for mica
interface and plotted together with water (oxygen) density in order to follow the
mobility of water with respect to each hydration layer.

Figure 6.12. Water (oxygen) diffusivity for each hydration layer on mica interface. The blue
curve represents the average water oxygen diffusion for each distance. Red curve
refers to the average water oxygen density for each distance.
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It has been conﬁrmed in earlier studies that the presence of ions can signiﬁcantly change the hydrogen bond dynamics and reorientation dynamics of water
molecules in bulk solution [198–200]. In Figure 6.12 the same trend in water
mobility is noticed in each solution, referring the decreased water mobility at
the hydrophilic mica interface in comparison to the bulk water mobility, due to
the highly ordered interface structure. However, as the molarity of the solution
increases, the mobility of the hydration layers, as well as bulk water, is further
reduced, reﬂecting the inﬂuence of ions on the water dynamics. This, however,
might be explained by the disruption of the hydrogen bond network in the bulk
water, caused by the formation of a hydration shell around ions. The reduced
mobility of the bulk water is the result of usually stronger interactions between
the ions and its hydration shell than of water hydrogen bonds.
The same analysis is performed at the calcite interface. In Figure 6.13 the
diffusion coefﬁcient as a measure of water mobility is calculated with respect to
hydration layers in pure water and each NaCl solution.

Figure 6.13. Water (oxygen) diffusivity for each hydration layer on calcite interface. The blue
curve represents the average water oxygen diffusion for each distance. Red curve
refers to the average water oxygen density for each distance.

A similar trend in water mobility is also noticed on the calcite interface. It
is shown (see Figure 6.13) that the mobility of water increases further away
from the surface, resulting in the fastest movement of water in the bulk. The
water structuring at the calcite interface results in more stiff hydration layers.
The same trend in the diffusivity was also observed by Kerisit at al. where
water exhibits a high mobility in the regions of low density and low mobility at
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regions of density maxima [201]. However, it can be noticed that in high molar
solutions the mobility of the hydration layers is slightly reduced even though
ions do not interfere with ﬁrst two hydration layers. This is probably caused by
the disturbances in the third hydration layer that slightly inﬂuence the water
mobility in the second hydration layer. These changes in the water diffusion at
the calcite interface are however an order of magnitude smaller than at the mica
surface, clearly referring to the inﬂuence of ions on mica interface mobility. Also,
here we calculated water diffusivity in three dimensions. Since the water at
the vicinity of the surface is basically laterally constrained, especially adsorbed
water on mica, 2D diffusivity would probably give a better interpretation of the
real water mobility at the ﬁrst hydration layer.
On the other hand, the different bulk diffusivity values obtained in our simulations between mica and calcite interfaces are also a consequence of the
differences in the force ﬁelds used for these water models. In order to check this
assumption, we ran two additional simulations with ﬂexible TIP3P and SPC/Fw
waters alone and used the same method to calculate water diffusion. The results
are presented in Figure 6.14.

Figure 6.14. Water (oxygen) diffusivity for TIP3P and SPC/Fw water models. The blue curve
represents the average water oxygen diffusion. Red curve refers to the average
water oxygen density.

The average bulk diffusivity in TIP3P water box is slightly higher than in
SPC/Fw water model. Despite its simplicity, these models are built to reproduce
well most of the bulk water structural properties. However, it was noticed that
some models fail in the reproduction of bulk water diffusivity, especially rigid
ones since it was found that the diffusion is sensitive to the equilibrium bond
length. However, the recent study on the reproducibility of bulk water diffusion
conﬁrmed that the ﬂexible SPC/Fw model produces well experimental values for
the water self-diffusion coeﬁcient [186].
Based on this theoretical study, the affect of ions on solid-liquid interfaces
is generally observed. For example, ions inﬂuenced the structure of the mica
interface by: changing the water structuring in the ﬁrst hydration layer, reducing
the adsorbed water density; making the second hydration layer pattern more
pronounced and ﬁnally disturbing the second hydration layer pattern in 5 M
solution. On the other hand, the inﬂuence of ions on calcite interface is not
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observed, although the 20 ns simulation run may not be enough for ions to
overcome the energy barrier of the strongly ordered ﬁrst and second hydration
layers. Extended layering was not observed by more than 11 Å from both mica
and calcite surfaces. The mobility of bulk water was clearly inﬂuenced by ions
since the diffusion coefﬁcient decreases in high molar solutions. However, it is
important to mention that in order to properly capture all the effects of ions at
the interfaces, simulations may need to be performed at least for hundreds of
nanoseconds, which makes this study very computationally expensive.
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7. The origin of hydration layers:
Conﬁnement or attraction?

7.1 Introduction
As mention in chapter 5, covalent solids are one of four basic types of crystalline
solids in which atoms are covalently bonded to its nearest neighbors. This
covalent bond occurs between the atoms of the same or similar electronegativity
when the outer most (valence) orbitals of each atom overlap in order to derive
more stable bonded compounds. The stability reached in newly formed compounds arises from the fact that electron pair, placed in the overlapped orbital
(molecular orbital), participates in achieving a stable electronic conﬁguration of
each atom. Therefore, the covalent bond is also known as a bond in which atoms
share the common electron pair. As a consequence of this bonding, covalent
solids are characterized as very stiff materials with high melting points [202].
Another general property of covalent solids is poor electrical conductivity since
there are no delocalized electrons (electrons are shared between the atoms - localized). However, some of them are known as conductors, such as graphite, due
to the delocalized π electrons. Covalent solids are also known as heat insulators
as they have low heat conductivity due to the rigid bonds and strictly deﬁned
angles between the atoms. The example of covalent solids composed of the same
elements is carbon allotropes such as diamond, graphite, and fullerene.

7.1.1

Graphite structure and properties

Graphite is a commonly found mineral in metamorphic rocks. It is produced by
reduction of sedimentary carbon compounds during metamorphism [203]. In
graphite, each carbon atom is covalently bonded to the three nearest neighbors,
creating a planar structure. The covalent bonds are created by overlapping three
sp2 hybrid orbitals of each carbon atom, while the sideways overlapping happens
between two remaining 2p z orbitals of each neighbor as shown in Figure 7.1.
The planar structure of graphite derives from the planar arrangement of sp2
orbitals, that are at 120◦ in between each other, allowing the electrons to be as far
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Figure 7.1. Creation of σ and π molecular orbitals by overlapping atomic sp2 and p orbitals in
graphite. This results in double bonds between carbon atoms where the delocalized
electron is placed in the π orbital.

away as possible. The result of such bonding in graphite is the creation of three σ
molecular orbitals, each containing a bonding pair of electrons. As a consequence
of the sideways overlapping of two 2p z atomic orbitals, a π molecular orbital is
created containing one remain electron. This "spare" electron in each carbon
atom is delocalized over the whole of the sheet of atoms in one layer, making
graphite a good conductor in 2D, as mentioned in section 7.1. In Figure 7.2 the
graphite crystal structure is depicted, where it can be seen that carbon atoms
are arranged in a planar sheet composed of hexagonal rings.

Figure 7.2. Graphite crystal structure.

These planar sheets are held together via weak van der Waals interactions,
allowing the layers to be easily separated. The individual layers in graphite
are known as graphene. Graphene has been isolated from graphite relatively
recently (fourteen years ago by Andre Geim and Konstantin Novoselov [204]),
and numerous experimental studies have followed in order to establish its
properties. It was discovered that graphene represents the strongest material
ever found [205]. Another interesting property of graphene sheets is that they
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are very light and elastic. Due to its unique properties, graphene materials are
applied to various devices, such as solar cells [206], light-emitting diodes (LED),
touch panels and smart windows or phones [207].

7.2 The origin of hydration layers
As mentioned in chapter 1, the solid-liquid interface is the boundary between the
solid and liquid phase, where liquid, such as water, exhibits different structural
and dynamic properties than bulk water. Studying various solid-liquid interfaces,
such as mineral-water [136, 184, 208] graphite-water and metal-water interfaces
[209–211], it has been noticed that water at the interfaces has ordered structure
that is associated with oscillatory solvent densities, known as hydration layers.
It is assumed that the origin of such interfacial ordering, actually derives from
attractive interactions between the surfaces and water that govern the position
of water molecules at the interface. Another assumption claims that the possible
reason for such ordering at the interface lies in the conﬁnement of the liquid due
to the presence of two solid surfaces.
In order to study the origin of hydration layers, theoretical simulations, such
as molecular dynamics (MD) and Monte Carlo (MC) are employed [212–219]. In
general, the molecules and walls used in these simulations are modelled as hard
spheres and hard walls, while the molecule-wall and molecule-molecule interactions are described as both, Lennard Jones potential with different exponentials
and purely repulsive Lennard Jones potential [212]. However, throughout literature, some contradictory ﬁndings regarding the origin of the layering are noticed.
For example, MC calculations performed by using different combinations of
purely repulsive wall interactions with different liquid-liquid interactions, such
as hard spheres and Lennard-Jones interactions, resulted in layering [213, 214].
Recent MD simulations also report that layering is obtained for water between
purely repulsive walls [215–217]. On the other hand, MD simulations of the
graphite-water interface have shown that layering scales with the degree of the
attraction [218], which appears reasonable, while as other studies of the same
system claimed that for vanishing attraction, no layering can be observed at the
graphite-water interface [219].
From the above-mentioned literature, it is unclear to which extent conﬁnement
and attraction are responsible for the formation of solvation layers. In order
to disentangle the ordering inﬂuence of conﬁnement and attraction, 3D AFM
measurements are performed on the graphite-water interface, together with the
theoretical MC and MD simulations of the same system in order to explain why
the conﬁnement of the surface can, in principle, cause the formation of solvation
layers.
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7.2.1

Hydration structure at the graphite-water interface

3D AFM experiments
3D AFM measurements on the graphite-water interface are performed in Angelika Kuhnle’s group. In AFM measurements, vertical (xz) layering is derived,
but no lateral structure is observed in the same xz slice, which is in agreement
with previously recorded 2D AFM data(ref). In Figure 7.3, vertical (xz) slice of
the tip-sample force gradient is depicted.

Figure 7.3. . A vertical (xz) slice of the negative averaged tip-sample force gradient (a). The
vertical proﬁle of lateral average overall data as a function of the z piezo displacement
z p (b).

As shown in Figure 7.3 a, several hydration layers are observed measuring in
vertical xz slice. These layers are shown by oscillations, decaying with increasing
distance from the surface in Figure 7.3 b. In order to check if these layers are
arising due to the conﬁning nature of the surface or due to the attractive interactions between the water and graphite, theoretical MC and MD simulations
are performed.

MC simualtions
MC simulations of a most simple model of solid-liquid interfaces are performed
with three different models in order to study each of the possible reasons for the
appearance of layering structure separately. As mentioned in section 7.2, one
possible origin of hydration layers derives from liquid conﬁnement and therefore
a one-dimensional system of hard spheres (liquid) conﬁned between two hard
walls (solid surfaces) is modelled. This model assumes zero force between the
hard spheres and between the spheres and the walls, i.e., there is no attraction
between the liquid molecules and the surface. The only constraint is that the
spheres and the walls are rigid, meaning they cannot be penetrated by other
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spheres. The hard wall potential is described by an inﬁnite potential energy
when a sphere overlaps the wall or another sphere and, for all other positions,
a potential energy contribution of zero. Sphere radius was denoted as σ and
a wall-wall separation was chosen as L = 40σ. In Figure 7.4, the simulated
probability density p of ﬁnding a sphere at position z between the two walls is
plotted.

Figure 7.4. MD simulations of a one-dimensional system of hard spheres of radius σ between
the two hard-walls. a) The probability density p of ﬁnding a sphere is plotted as
the function of the position z between the two walls. The inset magniﬁes the curves
corresponding to placing one, two and three spheres. b) The space blocked by the
walls is indicated by the shaded area. c) and d) indicate the blocked space by a single
sphere placed far away and close to the walls, respectively.

The different curves show the probability densities corresponding to placing one
sphere between the two walls (black bottom curve, magniﬁed in inset) to placing
15 spheres between the two walls (black top curve). In the case when one sphere
is placed in between the walls, the probability of ﬁnding that sphere in the range
where the sphere can be placed, is constant. The excluded area is denoted as a
red area in Figure 7.4 b), since wall and spheres are impenetrable.
However, when placing two spheres in between the walls, the probability
of placing the second sphere at position z is equal to the probability of the
ﬁrst sphere not blocking position z. Therefore, the probability density slightly
deviates from the uniform distribution, as seen in Figure 7.4 a) in the inset (the
curve indicated with "2" ). If the ﬁrst sphere is placed far away from walls, it
blocks more space for the position of the second sphere (see Figure 7.4 c) ) than if
the ﬁrst sphere is placed closer to the wall (see Figure 7.4 d)). Thus, any sphere
placed close to a wall excludes a smaller space compared to placing it away from
the wall. The same reason, therefore, applies also in case of placing the second
sphere close to the wall. When considering more spheres between the walls, the
accumulation of spheres directly at the interface becomes even more pronounced
(see Figure 7.4a)). This ﬁrst layer can be considered as an additional effective
wall that conﬁnes the liquid further away from the wall, causing the second
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layer to appear. Based on this simpliﬁed system with repulsive walls, hydration
layers are indeed the result of the conﬁnement only.
Since the previous MC simulations are performed without any attractive interactions between the hard spheres and hence the possibility that the hydration
layers arise due to the attraction was completely neglected, the system with
included attractive interactions between the liquid molecules was investigated.
The sphere-sphere attraction was modelled with a potential energy of -ESS /d,
where d > 2σ is the distance between the center of two spheres and ESS > 0
quantiﬁes the strength of the attraction. However, spheres are not allowed to
penetrate each other, meaning that sphere-sphere distances with d < 2σ are
associated with an inﬁnitely large potential energy. The corresponding density proﬁles originating from a simulation with varying degrees of attraction is
shown in Figure 7.5.

Figure 7.5. MD simulations of a one-dimensional system of hard spheres of radius σ between the
two hard-walls. The sphere-wall interaction is modelled as a pure repulsive potential.
The sphere-sphere interaction is modelled as an attractive interaction according to
-ESS /d, where d is the distance between two spheres and ESS varies from zero (no
attraction, black half-transparent line) to 10kB T (red line). Increasing sphere-sphere
attractions cause the layering to diminish.

It is noticed that at larger distances from the wall (z >σ), the overall magnitude
of the oscillating density proﬁle decreases when increasing the sphere-sphere
attraction. As seen in Figure 7.5 positions far away from the wall are favored
because molecules far away from the wall are, on average, surrounded by more
molecules compared to molecules close to the wall. Since the wall-sphere interactions are purely repulsive, a position close to wall becomes increasingly
unfavorable, when the sphere-sphere attraction is increased. This effect results
in increasing probability density for increasing separation from the wall, in
particular when considering a large attractive interaction (red curve).
Finally, in order to investigate the case when wall-liquid attractive interactions
are included, MC simulations are performed on the system where wall-sphere
interactions are modelled as -ESW /d. The results are presented in Figure 7.6.
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Figure 7.6. MD simulations of the one-dimensional system of hard spheres of radius σ between
the two walls. The sphere-sphere and sphere-wall interactions are modelled as an
attractive potential -ESW /d. The factor ESW varies from kB T (black half-transparent
line) to 6kB T (red line).

A pronounced layering is again visible for an increasing wall-sphere attraction. In contrast with previous calculations based on the repulsive nature of
wall-sphere interactions, the more pronounced ﬁrst peak, in this case, is due to
the wall-sphere attractive force that is enough to overcome the energy penalty associated with the smaller number of neighboring spheres. Based on these results,
it is obvious that the interplay between molecule-molecule and molecule-surface
interactions dictates the overall manifestation of the order by conﬁnement. Both
conﬁnement and attractive molecule-surface interactions can cause the formation of layers. An attractive molecule-molecule interaction can cause this order
to diminish. Thus, the observation of solvation layers at interfaces by itself
does not allow one to conclude whether the layers appear due to conﬁnement,
attraction or a combination of both.

MD simulations
In order to test if the occurrence of hydration layers is the result of attraction
only, MD simulations are performed on more realistic 3D system, composed of
the water box with ﬂat wall potential modelled as:
1. Lennard Jones and incorporated in LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) code [220] as:

U(r) = 

2 σ 9
σ 3 
−
, r < rc
15 r
r

(7.1)

2. pure repulsive wall potential, implemented in LAMMPS as:
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U(r) = 4

σ 9

r

), r < r c

(7.2)

where r represents the wall-particle distance. As shown in equation 7.1, both,
repulsive and attractive parts are included in the wall potential. The ﬂat wall
generates a perpendicular force on the atoms, ensuring the interactions between
the wall and water molecules. These two models of potentials are then applied
on the water box used in simulations.
The water box was initially created by using molecular graphics software
VMD [115]. Deﬁned box dimensions were 0.3 nm in each direction and box is
composed of 905 water molecules. Water is represented as a ﬂexible TIP3P model
with parameters taken from CHARMM force ﬁeld [144] which was already used
and described in the previous study of mica interface (see chapter 6). The initial
water box is then minimized and equilibrated in NVT ensemble for 50 ps. Temperature control is maintained by using a Nose-Hoover scheme. In order to study
the effect of conﬁnement on water ordering, ﬂat walls are inserted and located
parallel to the water box in the Z direction, resulting in water being placed in
between. The additional vacuum is added on top of the walls ensuring the walls
are indeed placed within the simulation box. The interactions between the water
molecules are described as regular Lennard-Jones and Coulomb potentials, while
the wall is modelled as pure repulsive one. This system was then equilibrated in
NVT ensemble for 50 ps. Periodic boundary conditions in all three directions are
employed. The interactions between water molecules are treated as Lennard
Jones and Coulomb interactions, while long-range interactions are evaluated
using PPPM solver. The ﬁnal MD run of the initial water box is carried out for
1 ns, with NVT ensemble at 300 K, and a time step of 1 fs was employed. The
entire simulation system is depicted in Figure 7.7.

Figure 7.7. Snapshots from MD simulations. a) Initial water box created in VMD. b) A simulated
system with additional walls in z-box directions. Walls are depicted as xy planes in
the z-direction, while in MD simulations are modelled as a ﬂat wall potential.

In order to study the effect of conﬁnement in more details, several MD simula-
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tions with decreasing separation between the pure repulsive walls are performed.
Starting from the initial wall positions where wall-wall distance was 3.7 nm,
the distance between the walls was decreased gradually for 1nm until the walls
were found to be placed at 2.7 nm distance. Each next simulation with a smaller
distance between the walls requires a longer equilibration since molecules need
more time to adjust to new conditions. The ﬁnal run of 2 ns was recorded at
every 2 ps and trajectory was analyzed using Python library MDAnalysis [221].
In Figure 7.8, water (oxygen) density proﬁles along the z-direction for different
wall separations are presented.

Figure 7.8. Water (oxygen) density proﬁles obtained from MD simulations along the z-direction
for the system with repulsive walls at decreased wall-wall separations.

The calculated water (oxygen) density for each wall-wall distance is shown
in Figure 7.8. When repulsive walls are placed at the largest distances (3.7 nm),
no layering was observed in our water density proﬁle. As the separation between
the walls decreases a small oscillatory behavior starts to appear. The ﬁrst such
oscillations are observed already at 3.3 nm wall-wall distance where a small peak
in the wall vicinity is noticed. This is followed by more pronounced layering at
shorter wall-wall distances until ﬁnally four well-deﬁned peaks are observed at
2.7 nm. This clearly suggests that layering appears as a consequence of stronger
conﬁnement that was followed by higher bulk water density in comparison to
the already established bulk water density. Similar MD simulations by Kumar
at al. performed in a strongly conﬁned system with repulsive walls, also resulted
in water layering [216]. In order to check if the layering appears when attractive
interactions are included, the same MD simulations are performed with the
walls modelled as Lennard Jones potential, shown in equation 7.1, and placed
at the 3.7 nm. The water (oxygen) density proﬁles are compared and plotted
together in Figure 7.9.
The blue curve in Figure 7.9, represents previously derived water (oxygen) density along z-direction with repulsive walls, placed at 3.7 nm away from the water
in order to remove the effects of conﬁnement. On the other hand, the red curve

99

The origin of hydration layers: Conﬁnement or attraction?

Figure 7.9. Water (oxygen) density proﬁles along the z-direction, obtained from MD simulations
with different wall potentials, placed at 3.7 nm distance. The blue curve represents
water (oxygen) density calculated in the system with pure repulsive walls and red
curve represents water (oxygen) density calculated for the system with attractive
wall potential.

is associated with water (oxygen) density obtained in the system with attractive
walls, placed on the same wall-wall separation. As can be seen in Figure 7.9,
water structure appears in the system with attractive walls, creating three
clearly deﬁned hydration layers. It is also important to notice that the bulk
water density is slightly reduced in case of attractive walls, meaning that the
system is under less compressive stress.
All these results lead to the conclusion that layering depends on both, the
wall separations and nature of the interactions between the wall and water.
However, once the conﬁnement under high pressure is removed from the system,
the occurrence of the hydration layers is the result of the attractive interactions
only.

Distinguishing between the order through conﬁnement and attraction at the
graphite-water interface
In order to support the 3D AFM results and also study the origin of the hydration
layers in the case of graphite, MD simulations are performed on the graphite,
modelled as two separate graphene layers composed of uncharged carbon atoms.
The system is built on the same manner as the previous water-wall model. Thus,
127 TIP3P water molecules are placed in between two graphene plates separated
by 3.34 nm in the z-direction. The graphene plates were ﬁxed during the entire
simulation and vacuum was added on top and bottom of the plates to prevent
long-range interactions between the water molecules. The entire system was
ﬁrst pre-equilibrated for 250 ps at NVT ensemble where the target temperature
(298 K) was achieved and kept constant by applying Noose-Hoover thermostat.
The system was equilibrated again for additional 5 ns. Periodic boundary conditions are applied in all three directions. The ﬁnal production run was performed
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for 2 ns and trajectory was recorded for each 2 ps. The time step of 1 fs was
applied ensuring that the equations of motions are integrated correctly for all
the atoms. In order to follow the effect of conﬁnement, several simulations are
performed with walls placed gradually at smaller distances. The simulation box
is depicted in Figure 7.10.

Figure 7.10. Snapshot of the entire simulation box, obtained from MD simulations. The cyan
atoms represent carbon, red is water oxygen and white are water hydrogen atoms.

Force ﬁeld
The interactions between carbon-carbon atoms were described as Lennard-Jones
interactions and parameters for graphene are taken from R.Saito and R. Matsuo
[222] with 9 Å cut-off for the Van der Waals interactions. These parameters
reproduce well the layer distance and elastic constant of graphite [222]. It has
also been shown that the single graphene sheet exhibits the same mechanical
properties of graphite [223, 224] and hence we can consider our simulations
on graphene also relevant for graphite. The parameters between carbon and
water oxygen, and also carbon and water hydrogen atoms were determined using
Lorentz-Berthelot mixing rules, as it has been done in previous MD studies
on graphene [225–227]. The repulsive interactions between the graphene and
water are modelled as a standard Lennard-Jones potential with the addition
taper function that ramps the energy and force smoothly to zero at the cutoff.
This potential was already implemented in LAMMPS code and is given as:
U(r) =

A
B
− 6
12
r
r

(7.3)

where A and B are potential parameters and smooth function is given as:
Usmooth (r) = U(r) ∗ f (r)

(7.4)
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where tapering function is:
f (r) = 1.0

for

r < rm

f (r) = (1 − x3 ) ∗ (1 + 3x + 6x2 ) for

rm < r < rc

f (r) = 0.0

r ≥ rc

for

(7.5)

where r m is the inner cutoff and r c is the outer cutoff and x is given as:
x=

(r − r m )
(r c − r m )

(7.6)

Appart from the graphene -water, interactions between the water molecules are
described as standard Lennard - Jones and Coulomb potentials.

Anlysis and discussion
The analyzed water (oxygen) density conﬁned in between two graphene plates
with gradually decreased separations are shown in the Figure 7.11. The results

Figure 7.11. Water (oxygen) density proﬁles obtained from MD simulations of the graphene water for decreased distances between the graphene plates and repulsive graphene
- water interactions.

obtained from our MD simulations suggest similar behavior of water as seen
in previous simulations with hard walls. The same trend also appears in the
graphene system, resulting in monotonically density increase with increased
distance from the surface when graphene plates are at 3.4 nm away from
each other. Thus, no layering was observed in this case. The same behavior
was also obtained by Mozaffari [219], where no hydration layers appear in
between repulsive graphene plates. Mozaffari claimed that this phenomenon
is a consequence of the repulsive interactions between the graphene and water,
due to which density of liquid near the surface vicinity decreases. The same
results are also obtained in other MD studies that investigated hydrophobicity
at the nanoscale by gradually increasing repulsive interactions between the
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surface and water [218, 228]. In order to check if hydration layers appear with
attractive interactions, we performed the MD simulation for the same graphene
plates distance with graphene-water interactions modelled as standard Lennard
Jones potential with both repulsive and attractive parts included. Water density
proﬁle is then compared to the previous density obtained for the repulsive
graphene alone and plotted together in Figure 7.12. As shown in Figure 7.12,

Figure 7.12. Water (oxygen) density proﬁles obtained from MD simulations of the graphene water system with repulsive only (red curve) and attractive (blue curve) interactions
between graphene and water.

water structuring is clearly obtained referred as two peaks. These results are in
an agreement with the previous study by Choudhury where layering appears
as a result of attractive interactions only [218]. However, according to our
simulations, layering on repulsive graphene also appears when the distance
between the plates decreases (see Figure 7.11), as a result of increased water
bulk density during the stronger conﬁnement.
Based on the results derived from the thorough study of the origin of the
hydration structures, one can conclude that in very simpliﬁed one-dimensional
system, conﬁnement through the presence of the surface (wall) is the source
of liquid structuring, even in the absence of attractive interactions between
wall and molecules. However, in more realistic 3D case, conﬁnement through
repulsive walls only, in principle, is not enough to cause layering, unless the
conﬁned system is not compressed. On the other hand, attractive interactions
between the wall and liquid, are indeed a prerequisite for obtaining the hydration
layers.
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8. Conclusion

In this thesis, theoretical MD techniques are used in order to investigate in
detail the structural and dynamic properties of hydration layers at various
solid-liquid interfaces. At the same time, the supportive role of MD to the newly
developed experimental 3D force mapping technique is also presented in this
study.
In chapter 4, the 3D AFM technique is successfully applied in order to study
the hydration structure at the uneven heterogeneous surface steps without damaging or deforming the surface. Performing MD simulations on the same system,
we conﬁrmed that the liquid 3D-AFM technique is capable in distinguishing the
local hydration structures not only on the ﬂat terraces but also on the heterogeneous reactive boundary regions known as step edges. Investigating the origin
of the hydration structures at the heterogeneous step regions by using MD as
a prime technique, we proposed a mechanism that is based on the depletion of
ions at the neutral edges causing the absence of the clear hydration structure
in the AFM experiments. On the other hand, MD simulations of the highly
soluble alkali halides (in section 5), conﬁrmed the experimental assumption
that the hydration structures at the highly reactive step edges originates as
a time-average of the hydration structures at both lower and upper terraces.
These studies demonstrated that MD simulations are a powerful technique
capable of improving understanding of various phenomena at different surface
steps, and hence allow further development of the AFM.
In chapter 6, we performed a systematic study of the ions inﬂuence on the
structural and dynamic properties of the hydration layers at atomic level, by
primarily using MD. Depending on the type of the interface, we showed that ions
in general affect the hydration layers. Hence, we discovered that ions inﬂuence
the hydration structures at the hydrophilic charged interfaces such as muscovite
mica by changing the water ordering within the ﬁrst hydration layer and by
enhancing the periodic patterns within the second hydration layer. This also
conﬁrms the previously established fact that AFM experiments performed in
electrolytic solutions resulted in improved image resolution. In extremely high
molar solutions (~ 5 M) we noticed that ions have a tendency to disturb the
previously established water organization within the second hydration layer at
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muscovite mica. However, even in the highly concentrate solutions we did not
observe extended layering by more than 11 Å from the surfaces. Although this
is still ongoing project, the results obtained so far can signiﬁcantly inﬂuence on
the understanding of AFM experiments performed in high molar solution.
In the ﬁnal chapter, we studied the origin of the interfacial ordering by MD.
We discovered that conﬁnement as well as attraction interactions between the
surface and water play an important role in the formation of the hydration
layers. However, we’ve also found that conﬁnement alone (in the absence of the
attractive interactions) lead to the water structuring only of the entire system is
exposed to the high pressure. Hence, we came to the conclusion that the layering
at the interfaces is the result of the attractive interactions only.
In general, the work performed in this thesis successfully demonstrated that
the collaboration between the AFM experiments and theoretical MD simulations
is necessary in order to obtain the better understanding of numerous physical
processes at the interfaces. The key role of MD simulations in more detailed
understanding of the mechanism of various phenomena mentioned in this thesis,
such as the origin of the hydration layers and the inﬂuence of ions on the
interface structures, makes this technique also an important tool for guiding the
performance of the future AFM experiments in high molar electrolytic solutions
that are natural environment for many important interfacial processes in biology
and medicine. However, there are still ﬂaws that limit the further MD simulation
studies in this direction, such as the long timescale of ionic motion that need to
be approached in the future.
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