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Abstract

Organically modified clays exhibit adsorption capacities for cations, anions, and
non-polar organic compounds, which make them valuable for their use in vari-
ous environmental technical applications. To improve the understanding of the
adsorption processes, the molecular-scale characterization of the structures of the
aggregates formed by organic cations on the external basal surfaces of clay par-
ticles is essential. In contrast to experimental methods, which face fundamental
difficulties caused by the structural properties of clay particles, classical molecu-
lar simulations have proven to be a powerful tool for the exploration of mineral
structures on a molecular scale. In this work, the structures of alkyltrimethylam-
monium (C,TMA "= (CH;);N(CH,),,_,CHJ, n € {8,12,16}) aggregates assembled on
montmorillonite-water and muscovite-water interfaces were investigated by means
of Monte Carlo simulations.

C,TMA™ ions form inner-sphere or outer-sphere complexes on the basal surfaces
of montmorillonite and muscovite or aggregate through hydrophobic interactions
of their alkyl chains. Compared to montmorillonite, muscovite exhibits an approxi-
mately threefold higher charge density of its mineral layers. As a result, the binding
of water molecules to the muscovite surface is considerably stronger, which impedes
the formation of C,TMA™ inner-sphere surface complexes on muscovite. Thus, less
than 50 % of the adsorbed C,TMA™ ions form inner-sphere complexes, whereas
their fraction on montmorillonite amounts to approximately 90 %. The amount
of adsorbed C,TMA™ is independent of the alkyl chain length n. However, with
decreasing chain length, increasing amounts of C,TMA™ are detached from the
aggregates and reside in solution. These simulation results successfully explain
the experimentally observed increase of the amounts of C,TMA™ aggregating at
mineral-water interfaces with increasing alkyl chain length.

Atlow coverages, the C,TMA™ ions adsorb on the mineral surfaces as monomers
or dimers. With increasing coverages, aggregates form, which partially cover the
mineral surfaces and are laterally separated from water regions. Due to the weaker
hydrophobic interactions between short-chained C,TMA™ ions, the conformational
order of the alkyl chains of the aggregated C,TMA™ ions substantially decreases
with decreasing chain length. The simulations further indicate that considerable
amounts of inorganic ions are located in the vicinity of the mineral-aggregate and
aggregate-water interfaces. These observations finally allow to draw conclusions
about the mechanisms of anion and cation adsorption by organically modified clays.
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Kurzzusammenfassung

Organisch modifizierte Tone sind aufgrund ihrer Eigenschaften, sowohl Kationen
und Anionen als auch ungeladene organische Verbindungen zu sorbieren, fiir eine
Vielzahl umwelttechnischer Anwendungen von herausragender Bedeutung. Fiir ein
besseres Verstandnis der Sorptionsprozesse ist die Charakterisierung der auf den
dufleren basalen Oberflachen von Tonteilchen gebildeten Aggregate organischer
Kationen essentiell. Im Gegensatz zu experimentellen Methoden, die aufgrund der
Struktureigenschaften von Tonteilchen auf grundlegende Schwierigkeiten stofien,
haben sich klassische molekulare Simulationen fiir die Untersuchung von Mine-
ralstrukturen auf molekularem Mafistab in vorangegangenen Arbeiten erfolgreich
bewihrt. In dieser Arbeit wurden die Strukturen von Alkyltrimethylammonium-Ag-
gregaten (C,TMA*= (CH,),;N(CH,),_,CHJ, n € {8,12,16}), die in wissriger Losung
an den basalen Oberflachen von Montmorillonit und Muskovit gebildet werden,
unter Anwendung von Monte-Carlo-Simulationen erforscht.

C,TMA™*-Ionen adsorbieren als inner-sphere- oder outer-sphere-Komplexe an
den basalen Oberflichen von Montmorillonit und Muskovit oder aggregieren {iber
hydrophobe Wechselwirkung ihrer Alkylketten. Die gegeniiber Montmorillonit etwa
dreifach erhohte Oberflachenladung von Muskovit fithrt zu einer deutlich stiarkeren
Bindung von Wassermolekiilen durch doppelte Wasserstoftbriickenbindung an die
Mineraloberfldche. Infolgedessen bilden an Muskovit weniger als 50 % der adsorbier-
ten C,TMA ™ -Ionen inner-sphere-Komplexe. An Montmorillonit hingegen betragt ihr
Anteil etwa 90 %. Die Menge der gebildeten Sorptionskomplexe ist unabhingig von
der Lange n der Alkylketten. Mit abnehmender Kettenldnge steigt jedoch der Anteil
der nicht aggregierten, sich in wéssriger Losung befindender organischer Kationen.
Die experimentell beobachtete Zunahme der Menge von in wiéssriger Losung an
Mineraloberflichen aggregierten C,TMA"-Ionen mit zunehmender Kettenlidnge n
lasst sich durch diese Simulationsergebnisse erfolgreich erklaren.

Bei geringen Belegungsgraden adsorbieren die C,TMA*-Ionen als Monomere
oder Dimere an der Mineraloberflichen. Mit zunehmender Belegung bilden sich
Aggregate, die lateral von den Bereichen wissriger Losung getrennt sind. Durch
die schwéchere hydrophobe Wechselwirkung kiirzerer Alkylketten untereinander
sinkt die Ordnung der Alkylketten innerhalb der gebildeten C,TMAT-Aggregate mit
abnehmender Kettenldnge. Die beobachteten hohen Konzentrationen anorganischer
Ionen an den Mineral-Aggregat- und Aggregat-Wasser-Grenzflachen ermoglichen
schliefSlich Riickschliisse auf die Mechanismen der Anionen- und Kationensorption
durch organisch modifizierte Tone.

Schlagworte: Monte-Carlo-Simulation, Schichtsilikate, Alkyltrimethylammonium
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CHAPTER 1

Introduction

1.1 Background and Motivation

This work was carried out from May 2008 until December 2011 at the Institute
of Radioecology and Radiation Protection (IRS, until April 2010 Center for Radiation
Protection and Radioecology (ZSR)) of the Gottfried Wilhelm Leibniz Universitat
Hannover. In the last two decades, the IRS has actively contributed to scientific
research in the context of radioactive waste disposal with the study of organically
modified clays (organoclays). Significant parts of the experimental studies were
carried out in close collaboration with the Institute of Soil Science (IfB).

On the international stage, clays are considered as materials suitable for the
application in engineered barrier systems of final radioactive waste repositories [1].
Their properties of swelling in the presence of water, their plasticity and ability to
adsorb cationic pollutants are of great interest in the context of the safe disposal of
radioactive waste [2]. However, clay minerals exhibit almost no retention capacity

for anions. This is of concern because several dose-relevant radionuclides like 12°1

7Se, and 3¢Cl predominantly exist in anionic form in aqueous solution [3].

During the production of organoclays, the inorganic cations in the interlayer
spaces and on the external surfaces of clay particles are exchanged by certain organic
cations, for example quaternary alkylammonium ions. Compared to naturally

occurring clays, the adsorption capacity of organoclays for anionic radionuclides is
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substantially higher [4-8]. Their possible application as part of engineered barriers
has been in the focus of research at the IRS. Different organoclays were examined
with respect to their anion and cation adsorption capacities and their selectivity for
different anions [4, 6, 7, 9-14]. Furthermore, the impact of organic modification on
the microstructure and the mechanical properties of clays was investigated [5, 8, 15,
16]. Regarding their long-term stability under repository-relevant conditions, the
influence of external parameters as increased temperatures or ionizing radiation on
the properties of organoclays has been investigated [8, 17-21].

In the last years, the experimental research at the institute was complemented
by theoretical computer simulation studies [22-37]. Revealing the structure of the
organoclays on a molecular scale, the simulation studies carried out by means of
classical Monte Carlo (MC) simulations have successfully contributed to the expla-
nation of experimental observations as, e. g., the increase of basal plane spacings
or the changes of surface wetting properties and surface charges. Among others,
in the simulation studies that preceded this work, the adsorption of hexadecylpyri-
dinium cations (HDPy " = C,,H;sN™) on the basal surfaces of montmorillonite and
muscovite and the structure of the surface aggregates formed in aqueous solution
were investigated [28, 29]. In this work, the theoretical study of the aggregation of
alkylammonium cations on the basal surfaces of montmorillonite and muscovite is

continued.

1.2 Aspects of Radioactive Waste Disposal

1.2.1 Disposal in Deep Geological Formations

The vast bulk of the radioactive waste produced in Germany results from the opera-
tion or decommissioning of nuclear power plants and research reactors, from the
reprocessing of spent nuclear fuel, and from the application of radioactive material
in medicine, industry, research, and development [3]. In Germany, this waste is
divided into two categories, namely heat-generating radioactive waste and radioactive

waste with negligible heat generation [38]. This classification is based on the fact that
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radioactive decay is accompanied by the release of heat, the magnitude of which is
mainly determined by the level of activity concentration. The predicted volume of
radioactive waste with negligible heat generation produced in Germany amounts
to approximately 300 000 m3, whereas the predicted volume of heat-generating ra-
dioactive waste amounts to only approximately 22000 m3. However, this small
volume of heat-generating radioactive waste corresponds approximately 99.9 % of
the activity of all radioactive waste in Germany [3]. Heat-generating radioactive
waste mainly consists of spent fuel elements and vitrified waste block containers
from the reprocessing of spent fuel elements, which was permitted in Germany until
2005. Furthermore, it contains compacted fuel cladding and structural parts from
the reprocessing of fuel elements [3, 38].

On the international stage, slightly different waste classification systems are used.
For instance, according to the guideline of the International Atomic Energy Agency
(IAEA) for the classification of radioactive waste, the waste is divided into three
categories based on activity as a measure. The guideline distinguishes between high-
level waste (HLW), low- and intermediate-level waste (LILW) and exempt waste, which
is waste that exhibits negligible activity and can thus be treated as conventional
waste [39].

According to § 9a of the German Atomic Energy Act (Atomgesetz), it is the duty
of the Federal Republic of Germany to “establish installations for the safekeeping
and disposal of radioactive waste” [40, 41]. In September 2010, the German Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) published
the Safety Requirements Governing the Final Disposal of Heat-Generating Radioactive
Waste [38, 42]. These safety requirements shall serve as a standard for the evaluation
of potential final repository sites and designs. In agreement with international
concepts of radioactive waste disposal [1], Germany decided that after a period of
interim storage to reduce the decay heat to a manageable level, heat-generating
radioactive waste shall be disposed in deep geological formations several hundreds
of meters underground within the borders of the country [38]. The concept of

the disposal of radioactive waste in deep geological formations builds up on the
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combined safety functions of different natural and technical components of the
repository system and is therefore termed a multi barrier concept.

In German concepts, three types of barriers, namely technical, geotechnical and
geological barriers are distinguished [38, 43]. The waste matrix and the surrounding
waste containers represent the technical barrier, which is supposed to retain the
radionuclides and to delay their release. The geotechnical barrier consists of buffer
material between the waste containers and the host rock and of the material used
for the backfilling of hollow spaces and the sealing of the connecting galleries. It is
supposed to retard the migration of radionuclides in the direction of the biosphere
after corrosion induced leakage of the waste containers. Moreover, it protects
the waste containers from external mechanical stress caused, e. g., by shifts in the
host rock formation and from the inflow of water. On the international stage, the
technical and the geotechnical barrier are commonly subsumed under the term
engineered barrier system [1]. The geological barrier consists of the host rock formation
and its geological surroundings. It is intended to limit the influx of water and to
delay the transport of radionuclides to the biosphere. Among others, rock clay (for
example in Belgium, France, Switzerland, and Hungary), rock salt (for example in
Germany) and granite (for example in Sweden, Finland, and Japan) are considered
as candidates for host rock formations [2].

A final radioactive waste repository shall concentrate the waste and isolate it
from the biosphere for as long as possible to protect people and the environment
from ionizing radiation and other harmful effects caused by the waste [38]. To
ensure the isolation of the waste, the final repository has to be protected against
both external natural influences as, e. g., floodings or earthquakes and unintentional
or unauthorized human access to guarantee, for example, non-proliferation [3].
Furthermore, from an ethical point of view, the final repository shall be designed
in such a way that future generations are not confronted with disproportional
burdens or obligations resulting from the waste disposal site [38]. Therefore, in the
post-closure phase of a waste disposal, interventions as surveillance, maintenance

or repair and administrative measures as usage restrictions must not be required.
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However, during the operation phase of the final repository, both passive and active
safety precautions are envisaged, and the retrieval of the waste containers must be
rendered possible [3, 38]. In the first 500 years of the post-closure phase, the recovery
of the waste containers from the sealed final repository shall be feasible [38]. To
ensure the long-term safety of a final repository for heat-generating radioactive
waste in Germany, a site-specific safety analysis covering a period of one million
years is to be carried out [38]. Among others, it is to be proven that “any release
of radioactive substances from the final repository only negligibly increases the
risks associated with natural radiation exposure.” [38, 42]. However, at the time
of writing this thesis, effective dose limits for individuals resulting from this claim

were still under discussion [38, 43, 44].

1.2.2 Potential Application of Organically Modified Clays as Part of

Geotechnical Barriers

In various international concepts of radioactive waste disposal, bentonite is con-
sidered as a material suitable for backfilling and for the construction of engineered
barriers [1, 18]. Montmorillonite clay is the main component of bentonite (75 wt% of
Wyoming bentonite). Other components of Wyoming bentonite are quartz (15 wt%)
and feldspars (5 wt% to 8 wt%) [45]. Montmorillonite swells in the presence of wa-
ter, exhibits high plasticity, and shows an excellent adsorption capacity for cations
[45]. These properties are advantageous with respect to its possible application
in geotechnical barriers: Due to their self-sealing property, bentonite barriers can
compensate geophysical disturbances and reduce the inflow of water. Furthermore,
they avert the advective transport of solute radionuclides and the corrosion of waste
canisters. The diameters of clay particles are in the dimension of 1 um [46]. Each
clay particle consists of some tens of negatively charged silicate layers, which are
held together by charge balancing inorganic cations [46] (see subsection 3.2.1). This
layered structure explains the swelling behavior of clays: The variable layer spacing

is caused by the affinity of the clay cations for water leading to the intercalation of
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water molecules in the interlayer spaces [47]. Cationic radionuclides are adsorbed
by clay particles through their exchange with interlayer or surface clay cations.

Unfortunately, naturally occurring clay minerals exhibit almost no retention
capacities for anions. This is of concern because several radionuclides that are of
relevance for the long-term safety of final repositories for heat-generating radioactive
waste mainly exist in anionic forms in aqueous solution. These are, for example,
1291 79G¢,1 and 3°Cl with long half-lifes of 1.6 x 107a, ~ 3 x 10°a, and 3.0 x 10°a,
respectively [3, 37, 48, 49]. Furthermore, they show high solubility and mobility in
aqueous solutions [3]. Model studies of the long-term safety of radioactive waste
repositories in the post-closure phase for an Opalinus clay host rock scenario and
a salt host rock scenario have shown that, in these cases, the radiation doses are
dominated by the anionic radionuclides 1291 150] and 7?Se [3], respectively.

Clay cations can be exchanged not only with inorganic, but also with organic
cations that intercalate in the interlayer spaces and form organic aggregates on the
external surfaces of the clay particles. This exchange property is exploited in the
production of organoclays, whose adsorption capacity for anionic radionuclides
is increased substantially as compared to naturally occurring clays [4-8]. In the
context of their possible application in engineered barriers, different bentonite addi-
tives have been investigated with respect to their potential of artificially increasing
the anion adsorption capacities of clays, and organoclays have turned out to be
promising candidates [51].

Clays adsorb organic cations not only through cation exchange but also through
hydrophobic bonding of the organic cations and the uptake of the organic cations as
ion pairs together with their inorganic counterions. The retention of anionic radionu-
clides by organoclays can thus be supposed to occur by the exchange with previously
adsorbed counterions [17, 52, 53]. Even though slightly decreased, organoclays pos-
sess adsorption capacities for cations. This is because during the production of

organoclays, not all inorganic clay cations are exchanged by organic ones [12, 17].

1The exact determination of the half-life of 7?Se has been an ongoing subject of research. Newest
estimates are in the range of 3.0 x 10%a [37, 48, 49].



1.3 ASPECTS OF RADIOACTIVE WASTE DISPOSAL 7

Due to the adsorption of organic cations on the external surfaces of clay parti-
cles, the hydrophobicity of the organoclays is increased, and they are capable of
adsorbing nonpolar organic substances [54-56]. These adsorption properties render
organoclays valuable for their application in industrial and environmental engineer-
ing processes. They are used as adsorbents to remove ionic and organic pollutants
—e. g. herbicides, fats, or solvents — from soil, groundwater or waste water [54-56] or
serve as additives in the production of paints or cosmetics [54].

To be applicable as part of engineered barriers, organoclays are required to keep
their adsorption capacities over long time scales under repository-relevant condi-
tions. The adsorption behavior of different organoclays modified with HDPy™, hex-
adecyltrimethylammonium (C16TMA* = C,,H,,N "), benzethonium (BE" = C,,H,,NOJ),
and tetraphenylphosphonium (TPP* = C,,H, P") has been investigated under varying
conditions at the IRS in close collaboration with the IfB. The different organoclays
were examined with respect to their anion and cation adsorption capacities and their
selectivity for different anions [4, 6, 7, 9-14]. The impact of organic modification
on the micro structure and the mechanical properties of clays as, e. g., the increase
of basal spacings and the changes of particle shape, surface charge, wettability
and diffusion properties have been studied [5, 8, 15, 16]. Moreover, the impact of
external factors like increased temperatures [17-20] or ionizing radiation [21] on the
stability of the organoclays and the retention of their adsorption capacities, have
been studied.

In general, the adsorption capacity of organoclays for anions turned out to be
dependent on the type and the amounts of cations used for the modification. Clays
modified with HDPy*, C;sTMA™, and BE* exhibit considerably higher exchange
capacities for anions than clays modified with TPP*. On the other hand, TPP*
modified clays show a much higher thermal stability of their anion adsorption
capacities [8, 20]. Of all candidates that were investigated, C1,TMA™ modified
bentonite proved to be the most promising one for the application in engineered
barriers because of its comparatively high anion exchange capacity and thermal

stability [8].
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1.3 Application of Classical Molecular Simulations in Clay

Research

The idea of using naturally occurring and organically modified clays as part of
engineered barriers of radioactive waste repositories has not only motivated exper-
imental work but also various theoretical studies. Classical molecular simulation
methods provide insight into the structures of (organically modified) clay minerals
on a molecular scale, which are currently not yet accessible to experimental methods.

However, the molecular simulation of mineral-water(-organics) systems is com-
putationally very expensive. Therefore, the size of model systems is generally
limited to the size range of several nanometers, which is significantly smaller than
the spatial extension of a single clay particle of approximately 1 um. In most cases,
simulation studies are thus limited to the investigation of the properties of either
interlayer spaces, basal or lateral surfaces of clay particles. With the aid of super com-
puters that can execute massively parallel codes under the acceptance of extremely
long computation times of several ten thousands of CPU hours, the simulation of
systems with extensions in the micrometer range was shown to be manageable [57].

Despite these limitations, molecular simulations have substantially contributed
to the understanding of the swelling behavior of clays [47, 58, 59], the diffusion of
water and inorganic ions in the interlayer spaces [60, 61], the expansion of interlayer
spaces due to the intercalation of organic cations, and the arrangement and confor-
mational order of intercalated organic molecules [62-65]. The structures of ultrathin
water films adsorbed on the external surfaces of the mineral particles have been deci-
phered [66—69] and the adsorption positions of various inorganic and organic cations
in dehydrated and hydrated states have been identified [67, 69-72]. The approach
of complementing the experimental studies of mineral-water-organics systems with
numerical analyses featuring classical MC simulations has been established during

the past years at the IRS in collaboration with the IfB [8, 16, 22-37].
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1.4 Aim and Structure of the Thesis

The aim of this thesis is a molecular-scale characterization of the structures of al-
kyltrimethylammonium (C, TMAT= (CH3)3N(CH2)H_1CH+, n € {8,12,16}) surfactant
aggregates formed on the external basal surfaces of montmorillonite and muscovite
in aqueous solution. Such a characterization is a prerequisite for understanding the
high adsorption capacities of organoclays for inorganic anions, cations, and organic
compounds, which make them valuable for their use in various environmental
technical applications.

In the case of montmorillonite, however, an experimental characterization cur-
rently appears to be nearly impossible because of the prohibitively small size of its
particles (typically below 1 um), their low crystallinity and their property of swelling
in the presence of water. On the contrary, classical molecular simulations represent a
powerful tool for the exploration of mineral structures on a molecular scale. In this
work, the Monte Carlo method, which has proved to be particularly appropriate for
studying organoclays, will be applied to conduct an extensive computational study
of the montmorillonite-alkyltrimethylammonium-water system.

Owing to the scarcity of available experimental data for montmorillonite, which
is required to test the simulation output against, an accompanying computational
study of the muscovite-alkyltrimethylammonium-water system will be conducted.
Both muscovite and montmorillonite belong to the group of dioctahedral phyllosili-
cates, and their basal surfaces exhibit substantial structural similarities. Differently
from montmorillonite, however, muscovite particles can have comparatively large
extensions with diameters of several cm?. They show a high crystallinity, do not
swell in the presence of water, and can be cleaved along their planes of interlayer
cations to produce atomically smooth surfaces. These properties of muscovite have
allowed the determination of structural parameters in previous experiments as,
e. g., the thicknesses of surfactant aggregates assembled on the cleaved surface. By
comparing these measured values to the simulated ones, the computational model

can be tested for the validity of its results.
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In this thesis, the impact of the C,TMA™ surface coverage and the alkyl chain
length 7 on the structures of the interfacial surfactant aggregates will be examined.
Additionally, the comparison of the simulation results for montmorillonite with
those for muscovite, which exhibits an approximately 2.7-fold higher layer charge
density of its mineral layers, allows to evaluate the influence of the surface charge
density on the structures of the assembled C,TMA™ aggregates and the interfacial
water films.

This thesis consists of six chapters. In chapter 2, which follows this introduction,
a brief overview of the theoretical methods that are important within the scope
of this work is given. The key concepts of the applied Monte Carlo algorithms
are presented. Furthermore, the OPLS-AA Force Field, which was employed to
model the interactions between atoms and molecules and the application of periodic
boundary conditions are discussed. In chapter 3, the model systems, which the
Monte Carlo simulations of this work are based upon, are described in detail. In this
context, the process of system equilibration and the sampling of structural properties
for the calculation of system averages are explained. Finally, an optimization of the
sampling process is proposed, which allows a significant reduction of the statistical
uncertainties of the calculated structural properties.

In the chapters 42 and 5, the results of the performed Monte Carlo studies of
the adsorption and aggregation of alkyltrimethylammonium surfactant ions on the
basal surfaces of muscovite and montmorillonite are presented. A discussion of
the adsorption positions of the C,TMAT™ ions, the vertical and lateral structures of
the assembled surfactant aggregates, and the changes of the interfacial water films
induced by the organic modification of the mineral surfaces is given. The thesis

concludes with chapter 6, in which the main results of this work are summarized.

2Reproduced in part with permission from B. Klebow and A. Meleshyn. Aggregation of Alkyl-
trimethylammonium Ions at the Cleaved Muscovite Mica—Water Interface: A Monte Carlo Study.
Langmuir, 27: 12968-12976, 2011. Copyright 2011 American Chemical Society.



CHAPTER 2

Theoretical Methods

2.1 Overview

In this chapter, a brief overview of the theoretical methods employed in the context
of this thesis is given. All MC simulations of this work were carried out with the code
mclay, which was developed by Meleshyn at the IRS [22] and has been successfully
applied in various computational studies of clay-water(-organics) systems [22-35].
The Fortran 95 code renders it possible to model the molecular arrangement of water
and (in)organic ions in the interlayer spaces and on the external basal surfaces of clay
minerals in NpT and NV T ensembles. It implements the Metropolis MC algorithm
[73], which enables the translation of movable particles and the rotation of water
molecules, as well as the configurational-bias MC algorithm [74], which enables
conformational changes of flexible molecules.

In the sections 2.2 and 2.3, the essential ideas of the implemented MC algorithms
are presented. In section 2.4, the Optimized Potentials for Liquid Simulations - All
Atom (OPLS-AA) force field, which was used for the calculation of the potential
interaction energies between atoms and molecules, and the application of periodic

boundary conditions are described.

11
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2.2 C(Classical Molecular Simulations

The clay-water-organics systems studied in this work consist of approximately 1700
to 2800 atoms. Simulating systems of this size by means of ab initio methods still
clearly exceeds computational feasibility [75]. On the contrary, classical molecular
simulations are much less computationally demanding and allow the calculation of
equilibrium properties of classical many-body systems consisting of several thou-
sands of atoms [76]. To represent the interactions between atoms and molecules,
classical molecular simulations take advantage of empirical force fields incorporat-
ing classical potential energy functions for intra- and intermolecular interactions.
This classical approach implies that, in contrast to ab initio methods, any effects
depending on the electronic structure of the system, which cannot be covered by
suitable parametrization procedures, are excluded from the calculations [37]. In gen-
eral, two alternatives are available, namely the Monte Carlo (MC) and the molecular
dynamics (MD) methods.

In a MD simulation, the time evolution of a model system is calculated by solving
the classical equations of motion [75-77]. As an analytic solution is computationally
not feasible, the equations are integrated numerically. After each time step At, the
new coordinates of the particles and the forces on all particles are calculated. The
simulation is continued until the equilibrium state is reached. Time-dependent
system properties of interest are derived from the trajectories of the particles. Ther-
modynamic averages are calculated by averaging the instantaneous values recorded
at each time step. Unfortunately, MD simulations are computationally very expen-
sive. The simulation of clay systems having sizes comparable to those studied in
this work is limited to time spans that are several magnitudes of order smaller than
one second [75, 76].

On the contrary, MC algorithms follow a different approach: During a MC
simulation, a phase space trajectory of a model system based on a chosen statistical
ensemble is generated [75, 77] Of course, the sampling of all states in configuration

space is computationally not feasible. The Metropolis MC algorithm follows the idea
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of importance sampling: Starting from an initial state, a random walk is performed
in such a way that the number of times each state is visited is proportional to the
probability that the system occupies that state in thermal equilibrium. Accordingly,
after a sufficiently long equilibration run starting from an arbitrary initial state of
the system,! only those states that exhibit a non-negligible probability density are
considered for the sampling. When the system has attained the equilibrium state,
thermodynamic properties and structural parameters as, e. g., particle distribution
functions can be calculated.

The Metropolis MC scheme allows nonphysical moves of atoms and molecules
during the equilibration. This leads to a significant speed up of the equilibration as
compared to MD simulations. However, as MC algorithms do not reproduce the
natural dynamics of model systems, the calculation of time-dependent properties
such as diffusion coefficients is inhibited. In experiments of surfactant aggregation
on mineral surfaces, the equilibration of aggregate structures was observed to
take time spans reaching from seconds to up to several months depending on the
conditions of the studied systems [53, 78, 79]. These time spans clearly exceed those
that can be covered by MD simulations. For this reason, all simulations of this study

were carried out by means of the MC method.

2.3 Monte Carlo Algorithms

2.3.1 Metropolis Monte Carlo

The MC method was given its name because of the extensive use of random numbers
for the calculations. The Metropolis MC algorithm was originally developed by
Metropolis and Ulam for the study of the diffusion of neutrons in fissionable material

[73, 80-82].

n an ideal MC simulation, which does not erroneously converge to a local energy minimum, the
sampled equilibrium properties are independent of the chosen start coordinates.
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To initialize a thermodynamic system, start coordinates are given to all particles.
The state of the system is changed performing translational and rotational trial

moves of the system particles according to the following scheme [22, 73, 75]:
1. Calculate the total potential energy E, of the system.
2. Randomly chose one particle.

3. Change the coordinates of that particle by an arbitrary translation Jr or

rotation 6@.2
4. Calculate the new potential energy E, of the system.

5. Accept or reject the trial move obeying the Metropolis importance sampling

rule.?

6. Repeat the steps 1 to 5 until the system has satisfactorily reached the equilib-

rium.

7. Calculate the averages of the desired properties as, e. g., the average potential

energy of the system, interaction energies or distributions of particles.

The acceptance rule to decide whether a trial move is accepted or rejected has to
be designed in such a way that the equilibrium distribution of the particles is not
destroyed by the MC moves. Accordingly, for a system in equilibrium, for each state
0, the averaged number of accepted trial moves leading away from the state o to
another state n must equal the averaged number of accepted trial moves leading
from other states 7 to the state o:

P(0) ) [a(o — n) acc(o — n)] = Y _[P(n)a(n — o) acc(n — 0)], (2.1)

n n

2The trial of translation or rotation of the chosen particle is limited by fixed values rmax and @max,
respectively. The actual trial displacement Jr or trial rotation 6® is chosen from a Gaussian distribution
with a variance of ¥max or @max, respectively. The choice of #max and Omax affects the equilibration
speed of the simulations, which is decreased by both too big and too small values: Too small values
imply that a great deal of MC moves is needed for the equilibration of the system, whereas too big
values imply the rejection of most trial moves. As a rule of thumb, max and @max should be chosen in
such a way, that an acceptance ratio of 0.5 is yielded [75].

3 A valid rule for the NVT ensemble is presented in the next paragraphs.
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with P(i) denoting the probability that the system is in state i, a(i — j) denoting the
probability of attempting a trial move from state i to state j and acc(i — j) denoting
the probability of accepting the trial move from state i to state j. This condition of
balance is necessary and sufficient for the validity of an importance sampling MC
scheme [83].

The Metropolis importance sampling rule satisfies the much stronger condition
of detailed balance, which is sufficient but not necessary for a valid algorithm. For
each pair of states o, 11, the averaged number of accepted trial moves leading from o

to n must equal the averaged number of accepted trial moves leading from # to o:
P(0) a(o — n) acc(o — n) = P(n) a(n — o) acc(n — o). (2.2)
Accordingly,

acc(o - n)  P(n)a(n— o)
acc(n —-0) P(o)a(o—n)’

(2.3)
In an NVT ensemble, the probability P(i) is proportional to the Boltzmann weight
exp(—PB E;) of the state with = k,%T:

P(i) = C exp(—BEi). (24)
As described above, « is symmetric in the Metropolis MC sampling scheme:

a(o = n)=wa(n— o), (2.5)

and equation (2.3) leads to following condition:

acc(o — n)
— = —B(En — Eb)). 2.

acc(n — o) exp(~p(En — Eo)) (2.6)
Among various other valid choices of acc(o — 1), which mostly result in a less
efficient sampling of configuration space [77], the Metropolis acceptance rule satisfies

the condition equation (2.6) with
acc(o — n) = min[1,exp(—B(En — Eo))]- (2.7)

Accordingly, trial moves reducing the system energy are always accepted, whereas

trial moves increasing the system energy are only accepted with the probability

exp(—pB(En — Eo))-
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2.3.2 Configurational Bias Monte Carlo

The configurational bias Monte Carlo (CBMC) algorithm renders it possible to simu-
late conformational changes of flexible molecules.* It is based on the Rosenbluth
sampling scheme [84], after which flexible molecules are separated into N segments
and regrown segment by segment. In the case of randomly directed insertion of
long chain molecules, it is very likely that at least one of the segments overlaps with
other molecules, which would lead to the rejection of the whole trial move. For
instance, the probability that a trial insertion of a molecule of length N is free of
hard-core overlaps scales as P ~ (1 — Poveﬂap)”. To increase the acceptance rate of
conformational changes and avoid regions with high potential energies, the bonded
segments are not added randomly but instead one after another in directions that
preferably have large Boltzmann weights. In contrast to the Rosenbluth sampling
scheme, the CBMC scheme obeys detailed balance [75]. As implemented in mclay,
in one CBMC step, parts of a randomly chosen chain molecule are regrown segment

by segment according to the following scheme [22, 74, 75]:
1. Randomly chose one molecule, which is to be regrown.
2. Randomly chose one segmenti € 1,..., N.

3. Randomly decide on forward or backward regrowth. In the case of forward
regrowth, all segments < i remain at their positions and only segments with
numbers > i are regrown. In the case of backward regrowth, only segments

with numbers < i are regrown.5

4. Split the potential energy into a bonded part EP°"ded comprising bond-ben-

ding and torsion energies and a non-bonded one E"°nbonded comprising

Lennard-Jones and Coulomb interactions.®

4In this work, C,TMA™ ions were the only flexible species (see section 3.2). The C,TMAT ions
were separated into n + 3 segments: n — 1 CH, groups, three CH; groups and one NCH; group.

5To enhance readability, in the following lines, the CBMC algorithm is only explained for forward
regrowth. The analogous procedure for backward regrowth is omitted.

6For further information on bonded and non-bonded interactions see section 2.4.
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5. To regrow segment i, the following procedure is applied:

a) Generate k; trial positions b; to regrow segment i:

i. Calculate a trial change 66; of the bond angle 6; between the
segments i —2,i—1and i.8

ii. Chose a trial position b; randomly upon a cone having its apex
at the position of segment i — 1, the apex angle being 66;, and
the symmetry axis being described by the former bond between
the segments i — 1 and i.

iii. Calculate the torsional energy E;‘-Ors(gbj), with ¢; denoting the
torsional angle defined by the positions of the segments i — 3,
i—2,i—1,andb;.

iv. Accept the trial position b; with the probability exp(—p E]t.OrS (#))-

v. If b; is rejected, repeat the steps ii to iv until one position b; is

accepted.

b) Calculate the Boltzmann weight exp(—p EnonPonded (b)) for each trial
position b;. Enon-bonded (bj) comprises all those interactions, which have
not been taken into consideration for the calculation of the trial position
b;, namely the sum of all non-bonded intramolecular interactions of b
with all segments < i and the intermolecular interactions of b; with all

other particles of the system.

c) Chose the new position b,, among the k; trial positions with probabili-
ties P(b;) according to their Boltzmann weights:

B exp ( _ ‘B Enon—bonded (b]) )
Z;(':1 eXp(—ﬁ [Enon-bonded (bl )) )

P(b)) (2.8)

"Both too small and too big values for k; decrease the equilibration speed: If k; is chosen too small,
many regrow attempts will be refused. If k; is chosen too big, the cost of each simulation cycle will be
increased [75]. In this study, k; was set to 10 for all the segments of C,TMAT.

8The change of 6; is limited by Omax. d0; is chosen from a Gaussian distribution with a variance of
Omax- As well as for rmax and Omax in the case of the Metropolis MC scheme (see subsection 2.3.1), the
choice of Omax affects the equilibration speed of the simulations.
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6. Repeat the steps 2 to 5 for the remaining segments i +1, ..., N until the

complete chain is regrown.

. To obey detailed balance, correct for the bias introduced by the above-
described non-random sampling:
Calculate the Rosenbluth weight W () [84] of the molecule in the new con-

formation:
N
= Jwi(n), (2.9)
i=1

with w;(n) denoting the contribution of each segment i

1 k;
z ? Z{ Enon -bonded (b]) ) (2.10)
. Calculate the Rosenbluth weight [84] of the molecule in the old conformation.
For this calculation perform the steps 5 to 7 with the difference that around

each segment j, only k; — 1 trial positions are calculated and that the original

position of segment j is taken as the trial position by..

9. Accept the trial move with the probability

acc(o — n) = min(1, W(n)/W(o)),

(2.11)

the ratio of the Rosenbluth weights of the new and the old conformations.

2.4 Description of the Interactions Between Atoms and

Molecules

2.4.1 The OPLS-AA Force Field

In this study, the interactions between mineral surfaces, organic cations, inorganic

ions, and water molecules are described using the OPLS-AA force field [85]. The

total potential energy of a model system is composed of pairwise non-bonded
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n-bonded

inter- and intramolecular interaction energies E™° and bonded intramolecular

interaction energies EP°"d¢d between all atom pairs i, j:

E— Z Z Enon—bonded + Z Z Ebonded (212)

i j>i i j>i
The non-bonded interaction energy between an atom pair 7, j consists of Lennard-

Jones and Coulomb interactions and is described by the following equation:

<‘Z>12 - (‘:;])6]) (2.13)

with g; and g; denoting the (partial) charges of the atoms i and j. 0;; and ¢;; are

E[r}on—bonded ( rij) = ajj (Zﬁ% 14 €ij
1

empirical parameters that are derived by following combining rules from the OPLS-

AA parameters 0; and €;:

(71] =\ /UiU]', 61']' = /61'6]'. (214)

The scaling factor a;; is introduced to ensure that intramolecular non-bonded in-
teractions are counted only for atoms that are three or more bonds apart, and that
interactions between atoms being exactly three bonds apart are scaled down by a

factor of 0.5:
0  for neighboring and next neighboring atoms

aij = 4 0.5 for atoms being three bonds apart . (2.15)

1 else
Intramolecular bonded energies are only calculated for flexible molecules and are
composed of bond bending EP*"! and torsion E'™ energies.” The total bonded

potential energy of the system is calculated by summing E*"d over all bond angles

6; and E™' over all dihedral angles ¢;:

Ebonded 2 Ebend Z Etors (21 6)

9The OPLS-AA force field additionally includes equations for bond stretching energies. For
computational reasons (see section 3.1), all bond lengths were fixed during the simulations of this
study. Bond stretching energies were therefore not calculated.
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with
EPd(;) = ko, (6; — 00,)* (2.17)
and X
E(gy) = Y Vi (1+ (=1") cos(igy) ) (2.18)
=1

6p; describes the bond angles of the flexible molecules in their energetically opti-
mized conformations. The OPLS-AA parameters kg ; and V;; depend on the types
of the atoms constituting the accordant angles. Values for g, q;, 0;, €;, 00,i, ko i,
and V;; are available in the literature for various atom types in diverse molecular

compositions [25, 85-91].

2.4.2 Periodic Boundary Conditions, Minimum Image Convention, and

Ewald Summation

In small systems, boundary effects have a large effect on the simulation results.
For instance, in a simple cubic crystal consisting of 1000 atoms, nearly 50 % are
boundary atoms. In a crystal consisting of 1000 000 atoms, still 6 % are boundary
atoms. Accordingly, to model bulk behavior, which is negligibly influenced by
boundary effects, the number of particles that has to be considered rapidly exceeds
the limits of computational feasibility.

The application of periodic boundary conditions offers a solution for this prob-
lem: The simulation cell is replicated infinitely in all three dimensions such that the
simulated system behaves like an infinite periodic system without any boundary
atoms. If a particle leaves the simulation cell, an identical particle enters the cell on
the opposite side [75, 77]. It has been shown that for clay—water systems, simulation
cells with lateral dimensions of a few clay unit cells are sufficiently large to predict
macroscopic properties as, e. g., structural parameters and density distributions
without being affected by the artificial long-range periodicity [92]. Furthermore,
in case of doubt, the impact of periodicity can be systematically investigated by

changing the system size [76].
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The application of periodic boundary conditions gives rise to an infinite number
of atoms and molecules that have to be considered for the calculation of interaction
energies: Each atom in the original simulation cell receives an infinite number of
interaction partners. In practice, it is impossible to calculate this infinite series of
pairwise interactions. Fortunately, the short-ranged Lennard-Jones interactions
between particles that are apart farther than a certain cut-off radius r. are negligibly
weak. A value typical for molecular simulations is 7. = 9 A, which was also chosen
in this study.

In all simulations of this work, the extension of the simulation cell in all three
dimensions exceeded twice the cut-off radius. In cases like this, the minimum image
convention can be applied: The short-ranged interaction energy of each particle i with
all other particles j that satisfy the condition r;; < r. can be calculated considering
only the nearest images of every other particle j [76]. Interactions with far-away
atoms do not have to be considered in detail because the summed interaction energy
with these atoms converges to a constant value. The resulting small background
potential is corrected as an integral for 7 > r. assuming an isotropic distribution of
all particles in that separation range [75, 77].

On the contrary, the sum of the long-ranged coulomb interactions does not
converge and interactions between particles with distances r > r. cannot be simply
truncated. The Ewald summation method, which was originally developed in the
study of ionic crystals [93] and takes advantage of the system periodicity, is used to
solve that problem: Every point charge in the system is screened by a surrounding
Gaussian charge distribution holding the same absolute charge as the point charge
but the opposite sign. The resulting screened interactions are short-ranged and
can be treated as described above. To maintain the system charge, a canceling
charge distribution that is identical to the first Gaussian charge distribution but
has the opposite sign is added and summed by means of Fourier transformation
in reciprocal space [77, 93]. In this simulation study, a modification of the Ewald
summation technique, which was optimized for systems with slab geometry by the

addition of an according correction term, was applied [94].






CHAPTER 3

Setup, Equilibration, and Final Sampling
of the Systems

3.1 Overview

In section 3.2 of this chapter, an overview of the model systems, which the MC
simulations of this work are based upon, is given. The models describing the
montmorillonite and the muscovite layers, the organic C,TMA™ cations, and the
water molecules are lined out in the subsections 3.2.1 to 3.2.4. The described mineral-
water models in combination with various organic cations have been successfully
applied in preceding MC studies at the IRS, and the simulation results have shown
excellent agreement with experimental data [22, 25, 28, 29, 34, 35].

In subsection 3.2.5, the initial arrangements of atoms and molecules in the simu-
lation cells are described in detail. The process of system equilibration is lined out in
section 3.3, and criteria to estimate the number of MC cycles required for the equili-
bration of each system are derived. In section 3.4, the sampling of potential energies
and structural properties for the calculation of system averages is explained. Finally,
an optimization of the sampling process is proposed, which allows a significant

reduction of the statistical uncertainties of the calculated structural properties.

23
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3.2 The Model Systems

3.2.1 The Montmorillonite Model

Montmorillonite is a member of the phyllosilicate group. Each clay particle consists
of some tens of negatively charged silicate layers, which are held together by charge
balancing inorganic cations [46] (see figure 3.1(a)). Each of these silicate layers is
composed of a sheet of octahedrally coordinated trivalent cations, mainly AI’*,
which is sandwiched by two sheets of tetrahedrally coordinated tetravalent cations,
mainly Si**. One of the four oxygen atoms of each SiO, tetrahedron bonds the
tetrahedral sheets to the octahedral ones (see figure 3.1(a)). The remaining three
basal oxygen atoms bridge the structural Si** ions (see figure 3.1(b)). Montmorillonite
is a dioctahedral phyllosilicate. This means that only two of the three symmetri-
cally independent octahedrally coordinated positions of the octahedral sheets are

occupied by cations [95].

surface

interlayer © (%] o o (%) o W

(a) Side view (b) Top view on the basal surface

Figure 3.1 - [llustrations of a Wyoming-type montmorillonite with the formula
unit Nag 575(Sis g75A1 125)(Aly 625 Fe) 55Mg 55)019(OH),. Ball and stick
colors: beige (Si), light blue (Al), brown (Fe), green (Mg), red (O), white
(H), yellow (Na).
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Naturally occurring montmorillonites exhibit excess negative charges in both
the octahedral and the tetrahedral sheets. These charges result from the exchange
of structural AI** and Si** with ions of lower valence. In the octahedral sheets,
some AI** are substituted by bivalent cations as, e.g., Mg?*. In the tetrahedral
sheets, some Si** are substituted by trivalent cations as, e.g., AI**. The result-
ing negative charge of the montmorillonite layers is compensated by interlayer
and surface cations. The compositions of naturally occurring montmorillonites
and the charge distributions within their layers vary in a broad range. Sodium
and calcium are the most common interlayer cations of smectite clays [96]. The
experimentally determined formula unit of Wyoming montmorillonite equals
Nay 3(Siz 96Al.04) (Aly 55Fe 50 Fed 01Mgg 24)O10(OH), [45].

The model of the Wyoming-type montmorillonite was adopted from Meleshyn
[22, 28]. The lateral extension of the simulation cells used in this work was lim-
ited to the area of eight unit cells (cf. subsection 3.2.5). Accordingly, the formula
unit was adjusted to Na0_375(Si3.875A10_125)(A11.625Fe8f125Mg0_25)010(OH)Z. This ad-
justment ensures that both octahedral and tetrahedral charges are accounted for
in the montmorillonite model. The negative charge of the montmorillonite layers
is compensated by sodium cations with coverages of 0.75 and 0.375 Na* per unit
cell area' (Ayc= 46.36 A?) in the interlayer spaces and on the external surfaces, re-
spectively. Furthermore, to avoid the formation of dipoles, both tetrahedral sheets
of the montmorillonite layer were given the same charge density of one charge
substitution per simulation cell. The octahedral charge substitutions are distributed
uniformly among the cis-octahedral positions.? The charges resulting from the sub-
stitutions were delocalized between the oxygen atoms surrounding the tetrahedral
and octahedral charge substitutions by means of the method developed by Skipper
et al. [92] for rigid clay minerals (see table 3.1).

1 Ayc represents the area of the muscovite surface that corresponds to the area of one unit cell in
the crystallographic a-b plane.

2In Wyoming montmorillonite, the octahedral charge substitutions are located only at cis-octahedral
positions that possess two neighboring hydroxyl groups in contrast to trans-octahedral positions that
possess two opposed hydroxyl groups.
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Table 3.1 - Partial atomic charges g(e) for the montmorillonite and the muscovite
layers as used in the simulations according to Skipper et al. [92].

Atom type  g(e) Description

Si 1.2 Silicon in the tetrahedral layer

Al t 0.2  Aluminum in the tetrahedral layer
O_bas —0.8  Surface oxygen in the tetrahedral layer
O_api —1.0  Apical oxygen in the tetrahedral layer
Al_o 3.0  Aluminum in the octahedral layer
Fe_o 3.0 Iron (Fe*") in the octahedral layer
Mg_o 2.0  Magnesium in the octahedral layer
O_OH —1.52 Hydroxyl oxygen

H_OH 0.52 Hydroxyl hydrogen

According to experimental measurements by Miiller-Vonmoos and Kahr [97],
the dimensions of a unit cell of Wyoming montmorillonite equal a9 = 5.1624 A,
bo = 89796 A, « = /(b,c) =90°, B = Z(a,c) = 99.5°, and v = Z(a,b) = 90°. The
coordinates of the atoms within the mineral layer were determined following the al-
gorithm to compute the atomic coordinates of phyllosilicates developed by Smoliar-
Zviagina [98]. During the MC simulations, the montmorillonite layer was considered
rigid, and consequently, only non-bonded Coulomb and Lennard-Jones interactions
between montmorillonite, water, and cations had to be taken into account (see
subsection 2.4.1). The OPLS-AA Lennard-Jones interaction parameters (see equa-
tion (2.13)) being crucial to carry out the MC simulations were taken from Jorgensen

et al. [85, 86], Chandrasekhar et al. [87], and Aaqvist [89].

3.2.2 The Muscovite Model

Up to now, it remains extremely difficult, or even impossible, to access the surface
structure of montmorillonite particles on a molecular scale by means of experimental
methods [99]. These difficulties result from the small size of the clay particles, their

low crystallinity and their characteristic property of swelling in the presence of water.
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The applied classical MC simulations provide insight into the system structures on
a molecular scale, which are currently not yet accessible to experimental methods.
Because of this low accessibility, however, only very few data is available to test the
simulated C,TMA™ aggregate structures and the underlying models on the basis of
experimental measurements.

Unlike the external surface of montmorillonite, the cleaved surface of muscovite
mica can easily be characterized by experimental methods. Muscovite particles can
have comparatively large extensions with diameters of several cm?. They show a
high crystallinity, do not swell in the presence of water, and can be cleaved along
their planes of interlayer cations to produce atomically smooth surfaces. In the
past decades, many experimental studies have been carried out to determine the
structures of surfactant aggregates assembled on the basal surface of muscovite (see
section 4.1). Within this framework, structural parameters that are valuable for the
testing of molecular model systems have been determined. These are for instance
the thicknesses of the assembled C,TMA™ aggregates, the conformational order of
the alkyl chains within the aggregates, or the dependency of the observed aggregate
structures on the surfactant concentration in the solution (see section 4.1).

Both montmorillonite and muscovite belong to the group of dioctahedral phyl-
losilicates, and the structures of their basal surfaces exhibit substantial similarities
(cf. figures 3.1(b) and 3.2(b)). Hence, in this work, muscovite mica is considered as a
reference system. This allows testing the model systems and the simulated aggregate
structures on the basis of available experimental measurements (see sections 4.5
and 4.6, in which a detailed analyses of the simulated structures and a comparison
with experimentally measured structural properties are given).

The formula unit of muscovite mica is KAl,(OH),(AlSi;O,,). On average, every
fourth silicon atom in the tetrahedral sheets is replaced by aluminum (see figure 3.2).
In contrast to montmorillonite, muscovite holds no charge substitutions in the
octahedral sheets. The total layer charge of muscovite is approximately 2.7 times

higher than that of the studied Wyoming-type montmorillonite. The negative charge
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(a) Side view (b) Top view on the basal surface

Figure 3.2 — Illustrations of muscovite mica. Ball and stick colors: beige (Si), light
blue (Al), red (O), white (H), yellow (K).

of the muscovite layers is compensated by potassium cations with coverages of one
and two cations per unit cell area (Ay.= 46.72 A2) on the external surfaces and in
the interlayer spaces, respectively.

The muscovite model was adopted from Meleshyn [27]. The aluminum sub-
stitutions of the tetrahedral sheets were arranged according to Loewenstein’s rule
of Al-O-Al avoidance [100]. The charges resulting from the tetrahedral substitu-
tions were delocalized between the oxygen atoms of the mineral surface by means
of the method developed by Skipper et al. [92] for rigid clay minerals (see ta-
ble 3.1). According to an experimental study by Schlegel et al. [101], the dimen-
sions of a unit cell of muscovite are ag = 5.1872 A, by = 9.007 A, a = Z(b,c) =90°,
B = Z(a,c)=95804°, and v = Z(a,b) = 90°. The coordinates of the atoms of the
mineral layer were taken from the same study. The OPLS-AA Lennard-Jones in-
teraction parameters, which were required to carry out the MC simulations (see
equation (2.13)), were taken from Jorgensen et al. [85, 86], Chandrasekhar et al. [87],
and Aaqvist [89].
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3.2.3 The C,TMA™ Model

The cationic alkyltrimethylammonium surfactants C,TMA™ have a hydrophilic cat-
ionic headgroup N(CHj;); and a hydrophobic alkyl chain (CH,),_;CH; of length
n (see figure 3.3). The expression surfactant stands for surface active agent. This
notion emphasizes the fact that, owing to their molecular structure, surfactants
assemble at and adsorb to interfaces and in this way change the characteristics of
those. This behavior renders surfactants valuable for the application in many fields
as, e. g., detergency, medicine or micellar catalysis.

The geometry of C1TMA™ was taken from an X-ray diffractometry study of
C1TMABEr in crystalline state by Campanelli and Scaramuzza [102]. As the ge-
ometry of C14TMABr in crystalline state does not necessarily coincide with that of
an isolated C;sTMA™ ion, this initial geometry was further optimized by means
of quantum chemical energy optimizations [103]. These calculations were con-
ducted with the GAMESS-US quantum chemistry software package [104, 105]. The
B3LYP density functional [106-108] was employed as implemented in GAMESS-US,
incorporating the correlation functional VWN I [109] and the SVP basis set [110].

The optimized bond angles were taken as parameters 60 ; for the calculation of the
OPLS-AA bond bending potentials (see equation (2.17)). The partial charges within
the C1sTMA™ ion (see table 3.2) required for the calculation of the Coulomb inter-
actions during the MC simulations (see equation (2.13)) were computed by means

of the Mulliken population analysis [103, 111-114]. For C;;,TMA™ and CsTMA™,

Figure 3.3 — [llustration of a C;TMA™ cation. Ball and stick colors: blue (N), brown
(C), white (H).
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Table 3.2 — Partial atomic charges for C,TMA*, n € {8,12,16}, computed by means
of the Mulliken population analysis.

CisTMAT  CpTMA'T  CGTMAT

N —0.36 —0.36 —0.36 Total partial charge of the
Clhead 0.10 0.10 0.10 headgroup:
H1.1pead 0.08 0.08 0.08 0.65
H1.2pead 0.08 0.08 0.08

H1.3head 0.08 0.08 0.08

C2head 0.09 0.09 0.09

H2.1pead 0.09 0.09 0.09

H2.2pe0d 0.08 0.08 0.08

H2.3head 0.08 0.08 0.08

C3head 0.09 0.09 0.09

H3.1head 0.08 0.08 0.08

H3.2head 0.08 0.08 0.08

H3.3head 0.09 0.09 0.09

C1 0.08 0.08 0.08 Total partial charge of the
H1.1 0.05 0.05 0.05 «-methylene group:
H12 0.05 0.05 0.05 0.19
2 0.00 0.00 0.00 Total partial charge of the
H21 0.03 0.03 0.03 remaining alkyl chain:
H2.2 0.03 0.03 0.03 0.16
C3 —0.02 —0.02 —0.02

H3.1 0.01 0.01 0.02

H3.2 0.01 0.01 0.02

C4 0.02 0.02 0.02

H4.1 0.00 0.00 0.00

H4.2 0.00 0.00 0.00

C5 0.02 0.02 0.01

H5.1 0.00 0.00 0.00

H5.2 0.00 0.00 0.00

Coé 0.02 0.02 0.00

Hé6.1 —0.01 —-0.01 0.00

H6.2 —0.01 —-0.01 0.00

c7 0.02 0.02 —-0.01

H7.1 —-0.01 —-0.01 0.00

H7.2 —0.01 —-0.01 0.00

C8 0.02 0.02 0.02

H8.1 —0.01 —0.01 0.01

H8.2 —0.01 —0.01 0.01

C9 /H83 0.02 0.02 0.02

H9.1 —0.01 —0.01

H9.2 —0.01 —0.01

C10 0.02 0.00

H10.1 —0.01 —0.01

H10.2 —0.01 —0.01

C11 0.02 —0.01

Hi11.1 —0.01 0.00

H112 —0.01 0.00

C12 0.02 0.02

Hi21 —0.01 0.01

Hi122 —0.01 0.01

C13 /H12.3  0.02 0.01

H13.1 —0.01

H13.2 —0.01

Cl4 0.00

Hi14.1 —-0.01

Hi14.2 —0.01

C15 —0.01

H15.1 0.00

H15.2 0.00

C16 0.02

Hi6.1 0.01

H16.2 0.01

H16.3 0.01
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the calculations were performed analogously using the energetically optimized
C1sTMA™ geometry with a shortened alkyl chain as input. The resulting partial
charges, bond lengths, and angles of C,TMA™ are virtually independent of the alkyl
chain length. In agreement with previous studies by Huibers and Minisini et al.
[115, 116], in which different quantum chemical methods of charge determination
were compared, the bulk of the positive charge of C,TMA™ (84%) was identified
to be located on the headgroup and the a-methylene group, while the remaining
positive charge (16%) is delocalized over the alkyl chain (see table 3.2).

To keep the computational effort within reasonable boundaries®, all bond lengths
within the C,TMA™ ion were fixed, and only bond bending and torsional angles
were given the freedom to change in the MC simulations. For the same reason, bond
angles within CH, and CHj; groups were kept constant, assuming that changes of
intramolecular energy within these groups have negligible impact on the equilib-
rium structures of the simulated aggregates. The remaining OPLS-AA interaction
parameters o, €;, kg ;, and V;; that were required to carry out the MC simulations
(see subsection 2.4.1) were taken from Jorgensen et al. [85, 88, 90], Price et al. [91],

and Meleshyn and Bunnenberg [25].

3.2.4 The Water Model

The water molecules were modeled on the basis of the Transferable Intermolecular
Potential Four Point (TIP4P) water model, parameters for which are included in the
OPLS-AA force field [85, 86]. The TIP4P water molecule exhibits four interaction
sites, namely one oxygen atom, two hydrogen atoms, and one massless charge R,
which is located between the two hydrogen atoms on the symmetry axis of the
molecule. The TIP4P geometry is defined by the angle Z/(HOH) = 104.52° and the
bond lengths r(H — O) = 0.9572 A and r(R — O) = 0.15 A. The partial charges of
the molecule are located on the hydrogen atoms and the charge interaction site

R with gqg = 0.52¢ and gr = —1.04e. The only interaction site that is subjected to

3Even with these constraints, the simulation of a single system took up to several months of CPU
time (see section 3.3).
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Lennard-Jones interactions with other atoms or molecules is the oxygen atom. Thus,
the parameters €; and o; (see equation (2.13)) are set to zero for the hydrogen atoms

and the charge interaction site.

3.2.5 The Simulation Cells

The simulation cells of the montmorillonite and the muscovite systems (see fig-
ure 3.4) had extensions of eight unit cells in the lateral direction, corresponding
to mineral surface areas of ~ 371 A2 and ~ 374 A2, respectively. Employing three-
dimensional periodic boundary conditions, simulation cells with such lateral dimen-
sions have been proven to be sufficiently large to reproduce macroscopic properties
of clay-water systems without being influenced by the artificial long-range system
periodicity [92] (see subsection 2.4.2).

For montmorillonite, the cell contained one mineral layer with a thickness of
approximately 7 A. For muscovite, two layers with a total thickness of approximately
20 A were modeled. The mineral layers were fixed at the bottom of the simulation
cells. To model external mineral surfaces, the simulation cells were expanded in
the z-direction by vacuum slabs pulling the mineral layers 100 A away from their
neighboring periodic images. As a result of the cleaving, the mineral surfaces that
are exposed to the vacuum interface exhibit cation coverages of 0.375 Na*/ A, for
montmorillonite and 1 K*/ Ay for muscovite, corresponding to half of the respective
interlayer coverages.

For the initial configurations, the inorganic sodium and potassium cations were
uniformly distributed in the lateral direction and positioned 7.5 A above the min-
eral surfaces (z = 7.5A). Both monolayer and bilayer aggregate structures (see
figure 3.5) of C,TMA™ were studied. For the monolayer arrangements and the
inner layers of the bilayer arrangements, the C,TMA™ ions were oriented with
their headgroups facing the muscovite surface. For the outer layers of the bi-
layer arrangements, they were oriented with their headgroups facing the water—

vacuum interface. The C,TMA" ions were uniformly distributed in the lateral
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head groups

interdigitated alkyl chains

head groups

b

Figure 3.4 — Snapshot of the simulated equilibrium configuration for the bilayer
arrangement at a coverage of 1.25 C1oTMA™ / Ay, viewed parallel to
the muscovite-water interface. Ball and stick colors: yellow (K*), light
blue (Al), light green (Si), reddish gray (O), white (H), turquoise (N),
dark blue (C), red (CI").
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(a) Monolayer aggregates (b) Bilayer aggregates

Figure 3.5 — Schematic representations of (a) monolayer and (b) bilayer aggregates
of organic cations assembled on mineral surfaces.

direction and the distances z between the nitrogen atoms of the headgroups and
the mineral surfaces were set to 4.95 A for the inner layers and to 32.5 A, 27.5 A,
and 22.45 A for the outer layers of C1,TMA™, C;oTMA™, and CsTMA™ ions, re-
spectively. For montmorillonite, the monolayer and bilayer aggregates were stud-
ied at coverages ranging from 0.125 C,TMA™ /Ay to 1 C,TMA™ /A,c and from
0.5C,TMA" /Ay to 1.5 C,TMA™"/ Ay, respectively. For muscovite, the coverages
ranged from 0.25 C,TMA™" /Ay to 1.25 C,TMA™ / Ay and from 0.5 C,TMA™ / Ayc
to 1.5 C,TMA™ / Ay for the monolayer and bilayer aggregates, respectively. To
maintain charge balance, a corresponding amount of chloride was positioned at
z=15A.

Finally, 463 water molecules per simulation cell (~ 58 TIP4P/A,.) were dis-
tributed randomly above the mineral surfaces in slabs, the thicknesses of which
were obtained for each simulated C,TMA™ coverage from extensive preliminary
test runs. For the unmodified mineral surfaces, the used amount of water results in
water film thicknesses of approximately 38 A, which is less than twice the end-to-end
distance of approximately 23.5 A of a fully extended C;sTMA™ ion. However, an
addition of C,TMA™ ions leads to the displacement of water molecules and thus to
an increase of the water film thickness. In this way, it is ensured that the examined

monolayer and bilayer aggregates are fully immersed in water.
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A total of 24 and 33 systems containing organic cations were modeled for mus-
covite and montmorillonite, respectively (see table 3.3). In addition to this, two
reference systems consisting of the unmodified montmorillonite and muscovite

surfaces and water only, were studied.

Table 3.3 — Overview of the simulated mineral-water-organic systems.

Coverage Total number
(C,TMA™/Ay)  of systems

Muscovite Ci;TMA™ monolayer 0.25 —1.25 5
bilayer 05-15 5
C1,TMA™ monolayer 0.25 -1 3
bilayer 05-15 4
CsTMA™ monolayer 0.25—-1 3
bilayer 05—-15 4
Montmorillonite C;TMA" monolayer  0.125 —1 6
bilayer 05—-15 5
C12,TMA™ monolayer 0.125-1 6
bilayer 05-15 5
CsTMA™ monolayer 0.125-1 6
bilayer 05—-15 5

3.3 Equilibration of the Systems

All systems were equilibrated in the NVT ensemble at a temperature of 298 K em-
ploying the mclay-code (see section 2.1). To ensure that the ions and the mineral
surface were hydrated prior to the start of the equilibration, only water molecules
were moved in the first 2000 Monte Carlo cycles.* After this pre-equilibration phase,

trial moves were allowed for all particles. Each simulation run started with an initial

“Each MC cycle comprises m trial moves with m denoting the number of movable particles in the
studied system.



36 SYSTEM SETUP, EQUILIBRATION, AND FINAL SAMPLING 3.3

distribution of the particles as described in subsection 3.2.5. These arbitrary arrange-
ments of atoms and molecules in the simulation cells were far from representing the
equilibrium states of the systems. Actually, these initial states possessed very high
total potential energies and thus very low Boltzmann weights, mainly originating
from overlaps of the Van der Waals radii of the randomly inserted water molecules
with those of other atoms or molecules (see equation (2.13)).

Accordingly, at the beginning of each simulation run, only very few trial moves
were rejected (see section 2.3) and the total system energy decreased rapidly. For
instance, for the bilayer arrangement at the muscovite surface at a coverage of
0.75 C1TMA™ / Ay, the initial state of the system had a total potential energy of
2 x 102 k] /mol. After 100 MC cycles and 1000 MC cycles, in which only water mole-
cules were moved, the energy had decreased to 2 x 10° k] /mol and —3 x 10*kJ/mol,
respectively. The convergence profile for the total potential energy in figure 3.6
indicates the appearance of an energy step after 2000 MC cycles, which is due to the

permission of trial moves for all particles.
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Figure 3.6 — Convergence profile of the total potential energy for the bilayer
arrangement at the cleaved muscovite surface at a coverage of
0.75 C16TMA ™ / Aye.
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A system can be assumed to have attained the equilibrium state upon the conver-
gence of its average total potential energy to a constant value. This was in general
achieved after several 100000 MC cycles (see figure 3.6). However, it cannot be
ruled out that the convergence of the MC algorithm to a local energy minimum is
erroneously judged as the achievement of the global energy minimum, and, that
consequently, the sampled system properties do not represent the equilibrium state
but some local minimum of Helmholtz free energy [76, 92].

In several of the simulated systems, even though the average total potential
energy seemed to have converged, drifts of ions towards or away from the mineral
surface still occurred in excess of the random displacements around their equilib-
rium positions expected otherwise. In the first simulation series of the muscovite-
water-organics systems, the structural changes were monitored for each system
based on short test samplings every 100000 MC cycles over 100 MC cycles, each
(see figure 3.7).

For example, for the bilayer arrangement at a coverage of 0.75 C1sTMA™ / Aye,
the vertical atomic density profiles indicate that directed vertical movement of
potassium occurred up to the adsorption of all potassium ions on the muscovite
surface after approximately 1.3 x 10° MC cycles (see figure 3.7(a)). The extension of
the aggregates in the vertical direction (see figure 3.7(b)) converged to the value of
approximately 33 A after ~ 1.7 x 10° MC cycles.® In general, the simulated bilayer
systems showed slower equilibration than the monolayer ones. The analysis of the
vertical atomic density profiles sampled for each muscovite system (see figures 3.7
and A.2) indicated that equilibration phases of two and three million MC cycles
were sufficient for the monolayer and bilayer arrangements, respectively.

Up to several months of CPU time were needed to complete the equilibra-
tion of one system on an Intel Xeon E5472, 3.0 GHz processor of the Central Ser-

vices Information Technology® (RRZN) compute-server Paris.” In October 2010, the

5Vertical atomic density profiles for the other movable species of the system are presented in
figure A.2 of the extended figures section.

Previously Regionales RechenZentrum fiir Niedersachsen (RRZN).

"Paris stands for Parallel computer for institutes.
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Figure 3.7 — Vertical atomic density profiles for (a) potassium and (b) headgroup
carbon atoms of C;sTMA™ as functions of the distance z from the
muscovite surface for the bilayer arrangement at a coverage of
0.75 C1TMA™ / Ayc. The graphs show the evolution of the atomic
densities of the system with simulation time. The density profiles were
sampled every 100 000 MC cycles over 100 MC cycles, each. The exten-
sion of the water film between the muscovite—water interface (z = 0 A)
and the water-vacuum interface is indicated by black bars.
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new RRZN compute-server Tane® was available. It consists of 96 nodes having
12 Intel Xeon CPU X5670, 2.93GHz processors, each. This enormous upgrade of
available computing resources allowed the extension of the equilibration phase for
the second simulation series of montmorillonite-water(-organics) systems to four

million MC cycles.

3.4 Final Sampling

The final sampling of the potential energies and structural properties of the mus-
covite-water-organics systems was carried out by collecting data for averages once
each MC cycle over 20 000 MC cycles. This number of sampling cycles had turned
out as a practicable choice in the preceding simulation studies at the institute [28, 29].
The CPU time needed for the sampling of one system increased with the system size
and ranged between four and nine days.

After the new RRZN compute server Tane was available in October 2010, the
effect of an increased length of the sampling interval on the random noise in the
simulations results could be studied in detail. The extension of the sampling interval
to 100 000 MC cycles led to five-fold increased computing times needed for the sam-
pling of the system properties. To keep the computational effort within reasonable
boundaries, but nevertheless sample over a broader range of MC cycles, additional
sampling was carried out for one million MC cycles, collecting data only once each
50" MC cycle. This approach led to a 50-fold increased sampling interval at the
expense of increased computing times by factors between only four and six.

The vertical atomic density profiles for the inorganic muscovite-water reference
system give insight into the density distribution of the water film adsorbed on the
mineral surface. Within a distance of z € [10 A, 30 A] from the muscovite surface,
the water film exhibits a density of approximately 0.033 A~3, which is comparable to

the bulk density of TIP4P (see figures 3.8(c) and 3.9(c) and table 3.4). The increase of

8Tane stands for Teraflop analytisch-numerische Einheit.
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after sampling over different numbers of MC cycles. The red line in (c)
marks the bulk density of TIP4P at 298 K [86].
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Figure 3.9 — Vertical atomic density profiles for water hydrogen as functions of

the distance z from the unmodified muscovite surface. The data was

obtained after sampling over different numbers of MC cycles. The red
line in (c) marks the bulk density of TIP4P at 298 K [86].
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Table 3.4 — Average water oxygen density in the vertical region of 10A < z < 35A
of the muscovite-water reference system. The data was obtained after
sampling over different numbers of MC cycles. For comparison: the bulk
density of TIP4P is 0.033 A~ at 298 K [86].

Sampling interval Water oxygen density
(MC cycles) for 10A <z <35A (A9

20000 0.0329 £ 0.0034
100000 0.0335 4+ 0.0017
1000000 0.0334 £ 0.0005

the sampling interval length results in a significant decrease of the random noise in
the water density profiles. For sampling over 20 000 MC cycles, the calculated values
of the water oxygen density exhibit a standard deviation of 10.3 %. The increase of
the sampling interval to 100 000 and one million MC cycles leads to a significant
decrease of the standard deviations by factors of approximately two and seven to
only 5.2 % and 1.4 %, respectively (see table 3.4).

In agreement with previous experiments and simulation studies of water films
adsorbed on unmodified muscovite [27, 33, 66, 117], a layered structure of the ad-
sorbed water film induced by the mineral-water interface was observed in the
region of z < 8A (see tigures 3.8(b) and 3.9(b)). As expected, the length of the
sampling interval negligibly affects the locations of the minima and the maxima
of the density distributions. In the range of z > 3.3 A, the density curves obtained
after sampling over greater intervals of MC cycles are significantly smoother. For
z > 35A, a decrease of the water density at the water—-vacuum interface was ob-
served. For z > 30 A, the density profiles that were obtained after sampling over
one million MC cycles reveal a periodic structure that originates from the impact of
the water—vacuum interface (see figures 3.8(a) and 3.9(a)). For the shorter sampling
intervals, this structure is covered by noise.

The lateral atomic density profiles for water oxygen and hydrogen at the musco-

vite—water interface (see figure 3.10) were sampled within the first peaks (z < 2.2 A)
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Figure 3.10 — Lateral atomic density profiles for water and potassium at the un-
modified muscovite-water interface. The data was obtained after
sampling over (a) 20 000 and (b) one million MC cycles. The oxygen
and hydrogen densities were sampled within the first peaks of the
corresponding vertical atomic density profiles (z < 2.2 A). The K*
density was sampled within 5.5 A from the muscovite surface. The
circles, crossed circles, and triangles represent silicon, aluminum, and
basal oxygen atoms of the tetrahedral sheet at the muscovite-water
interface, respectively (cf. figure 3.2(b)).

of the corresponding vertical atomic density profiles. They indicate the adsorption
of strongly bound water molecules above the centers of the ditrigonal cavities of
the muscovite surface, e.g., at (x,y) ~ (10 A, 10 A) These water molecules are
doubly hydrogen-bonded to the muscovite surface and determine the first peaks
of the vertical oxygen and hydrogen density distributions with zoxygen < 2.2 A and
Zhydrogen < 145A (cf. figures 3.8 and 3.9). The density profiles further indicate
that no water molecules are adsorbed above the tetrahedral substitutions of the

muscovite surface (see figure 3.10, e. g., at (x,y) ~ (13 A,2 A), for further details see

section 4.3). Obviously, the calculated lateral density profiles strongly depend on the
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number of MC cycles used for sampling (cf. figures 3.10(a) and 3.10(b)). This effect
is particularly pronounced for the distribution of water hydrogen. This is due to
water molecules of the second water sublayer characterized by 2.2 < Zoxygen < 3.3 A
(see figure 3.8(b)). These water molecules are only singly hydrogen-bonded to the
muscovite surface and show a significantly higher mobility in the lateral direction
than the doubly hydrogen-bonded molecules. As a result, their lateral density
distribution obtained after sampling over one million MC cycles is broadened as
compared to that obtained after sampling over 20 000 MC cycles.

In summary, the increase of the length of the sampling interval remarkably
increases the quality of the sampled structural properties. For this reason, the
montmorillonite-water(-organics) systems of the second part of this study were
sampled over one million MC cycles collecting data each 50" MC cycle.

For the C;4TMA™ bilayer arrangement at the montmorillonite surface at a cover-
age of 0.75 C1TMA ™ / Ay, the vertical adsorption positions for the headgroup nitro-
gen atoms that face the mineral surface are located in the region of z € [3.5A,7.5A]
for both compared sampling intervals of 20000 and one million MC cycles (see
figure 3.11). In contrast to these ions that are adsorbed on the montmorillonite—
water interface, the ions whose headgroups face the aggregate-water interface
show a higher mobility. Their density distribution is broadened from an interval of
25.8 A < z < 32.8 A calculated after sampling over 20 000 MC cycles to an interval
of 243 A <z < 34.2 A calculated after sampling over one million MC cycles. For
the inorganic sodium and chloride ions, a similar behavior was observed. The shape
of the peak for the sodium ions adsorbed at z = 2.15 A does not change noticeably
with the increase of the length of the sampling interval, whereas the distribution
functions for the ions that are detached from the muscovite surface are significantly

broadened.
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Figure 3.11 — Vertical atomic density profiles for carbon and nitrogen atoms of
C1sTMA™, sodium, and chloride as functions of the distance z from
the montmorillonite surface for the bilayer arrangement at a coverage
of 0.75 C14TMA™ / Aye. The data was obtained after sampling over
(a) 20000 and (b) one million MC cycles. The density profiles for Na*
and CI are scaled by a factor of 20.






CHAPTER 4

Aggregation of C,TMA™ lons at the
Cleaved Muscovite—Water Interface

4.1 Overview of Experimental Findings

In the past decades, many experimental studies have been performed to determine
the structures of surfactant aggregates assembled on cleaved muscovite-water in-
terfaces. Alkyltrimethylammonium ions aggregate at mineral-water interfaces and
adsorb with their positively charged hydrophilic headgroups facing the surface
[53, 118, 119]. At solution concentrations far below the critical micelle concentration®
(CMQ), island-like aggregate structures are formed [78, 79]. With increasing con-
centration, monolayer aggregates covering the surface are observed [53, 119, 120].
The hydrophobic alkyl chains of the aggregated surfactant ions face the solution,
so that the organically modified muscovite surface becomes hydrophobic. At con-
centrations around the CMC, a second layer with headgroups facing the solution
builds up, and the surface is rendered hydrophilic again. Atomic force microscope
(AFM) images of C,TMABr, n € {12,14,16}, aggregates self-assembled on mica
at concentrations of approximately twice the critical micelle concentration show
striped aggregate structures that are commonly interpreted as cylindrical micelles

[121-126].

LThe critical micelle concentration is defined as that concentration of surfactants in solution above
which micelles form.
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In infrared (IR) and near edge X-ray absorption fine structure spectroscopy (NEXAFS)
experiments, the conformational order within the aggregates was observed to in-
crease with both increasing alkyl chain length n [127, 128] and surface coverage of
surfactant ions [78, 79]. Surface force apparatus (SFA) and neutron reflectometry (NR)
studies indicate that a certain amount of water remains within the aggregate regions
[53, 129, 130].

Depending on the conditions of the studied systems, the equilibration of the
aggregate structures assembled on the cleaved muscovite surface can proceed very
slowly. For C;sTMA™, the striped aggregates evolve into flat bilayer structures
within approximately one day, whereas the striped structures of the aggregates
formed by shorter-chained C,TMA™ ions remain stable [122-124]. In some cases,
structural changes are observed to occur for time spans of days up to several months
[53, 78, 79]. Prevalently, rapidly occurring initial surfactant adsorption phases
are followed by very slowly occurring equilibration phases. These equilibration
phases are characterized by low surfactant adsorption rates, exchange competition
between the surfactant ions and inorganic muscovite cations, rearrangement of the
surfactant aggregates, and the gradual release of the inorganic surface cations paired
with initially co-adsorbed surfactant counterions out of the aggregate regions (see

section 4.6).

4.2 Adsorption Positions of the C, TMA™" Ions

Figure 4.1 gives an overview of the vertical arrangement of the C, TMAT™ ions at
the muscovite-water interface. The vertical atomic density profiles indicate that
headgroup carbon atoms of C,TMA™ can approach as close as approximately 2 A to
the muscovite surface with no other ions or molecules interposed between. Some of
the basal oxygen atoms of the muscovite surface replace water molecules of the first
hydration shells of the adsorbed C,TMA™ ions, which are thus called inner-sphere

surface complexes [131] (see figure 4.2).
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Figure 4.1 - (a) Vertical atomic density profiles for carbon atoms of CiTMA™
headgroups and alkyl chains as functions of the distance z from the
muscovite surface. Coverages ranging from 0.25 C;sTMA™ /A, to
1.25 C16TMA™ / Ay and from 0.5 C1aTMA ™/ Ayc to 1.5 C14TMA ™ / Ay
are shown for monolayer and bilayer arrangements, respectively. For
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Figure 4.1 — continued. Vertical atomic density profiles for carbon atoms of
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Figure 4.2 - (a) Top view and (b) side view of an inner-sphere (left ion) and an
outer-sphere (right ion) surface complex of C;¢TMA™ on the muscovite
surface. (a) and (b) are snapshots of the simulated equilibrium configu-
ration for the monolayer arrangement at a coverage of 1 C;sTMA™ / Ayc.
Ball and stick colors: dark yellow (Si), gray-blue (Al), dark rose (basal
O), dark blue (C), turquoise (N), white (H), red (water O).
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To estimate the maximum separation of inner-sphere adsorbed C,TMA™ ions
from the muscovite surface, the radius of their hydration shells can be used as a
rough measure. It is commonly defined as the first minimum of the radial distribu-
tion function® ¢(r) of water oxygen around the considered ion. C,TMA™ ions with
headgroup atoms that are farther away from the surface than the respective radii of
their hydration shells are separated from muscovite by at least one interposed atom
and accordingly not adsorbed as inner-sphere complexes. Representative radial dis-
tribution functions around C;cTMA™ headgroup atoms are shown in figure 4.3. The
calculated hydration shell radii are very similar for all three studied chain lengths
(ru0 = 3.6 A, rco=44A, rno =62 A) and agree well with those calculated by
Wang and Larson in a molecular dynamics study of C;sTMACI micelles in water
utilizing the GROMOS96 force field [132].

The headgroup methyls of inner-sphere adsorbed C,TMA™ ions penetrate the

tirst water layer adsorbed on the muscovite surface as indicated by matching z-val-

2 According to the definition by Allen and Tildesley [77], the radial distribution function g(r)
represents the probability of finding a pair of atoms a distance r apart in the considered system relative
to the probability expected for a completely random distribution of all particles at the same density.

O : l A PRI IS S S S R SR S R S S S I S S S S S S S PR
6 7 8 9 10
r(A)

Figure 4.3 - Radial distribution functions of water oxygen around CjsTMA™
headgroup atoms for the bilayer arrangement at a coverage of
0.5 C14TMA™ / Aye.
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ues of approximately 1.2 A for the first maxima of the density distributions for water
and C,TMA™ hydrogen atoms (see figure 4.4). The z-values of the first maxima
of the atomic density profiles for inner-sphere adsorbed C,TMA™ ions show no
dependence on the alkyl chain length and vary in the ranges of 1.2 A to 1.7 A for
hydrogen, 2.1 A to 2.6 A for carbon, and 3.3 A to 3.8 A for hydrogen atoms.

The lateral adsorption positions of inner-sphere adsorbed C,TMA™ ions are
located above the ditrigonal cavities of the muscovite surface. Those methyl groups
of the adsorbed surfactant ions that are closest to the surface are positioned di-
rectly above the cavity centers (see figure 4.2(a)). For the monolayer arrange-
ment at a coverage of 1 C1sTMA™ /Ay, inner-sphere complexes are adsorbed at
(x,y) ~ (6A,0A), (19A,4A), and (194,13 A) (see figure 4.5). The inner-sphere
adsorption of C,TMA™ ions above ditrigonal cavities leads to the desorption of
strongly bound water molecules, which occupy these positions in the case of un-

modified muscovite [27, 66] (see sections 3.4 and 5.1).
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Figure 4.4 — Vertical atomic density profiles for water, CisTMAT, potassium, and
chloride as functions of the distance z from the muscovite surface for
the monolayer arrangement at a coverage of 1 C1eTMA™ / Ayc.
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Figure 4.5 - Lateral atomic density profiles for water, C;sTMA™ headgroup carbon
and potassium at the muscovite-water interface for the monolayer
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arrangement at a coverage of 1 Cj{TMA™ / Ay. The oxygen and hydro-

gen densities were sampled within the first peaks of the corresponding
atomic density profiles (zwater < 2.2 A). The headgroup carbon and
potassium densities were sampled within 8.4 A and 5.5A from the

muscovite surface to ensure that all inner-sphere and outer-sphere ad-
sorbed cations were taken into account. The circles, crossed circles,
and triangles represent silicon, aluminum, and basal oxygen atoms of
the tetrahedral sheet at the muscovite-water interface, respectively (cf.
tigure 3.2(b)).

The determined lateral adsorption position of C,TMA™ agrees with that of

C1sTMA™ on dehydrated muscovite as calculated in a molecular dynamics study by

Heinz et al. [72]. However, the therein stated preference of cavities with more than

one Al-defect could not be confirmed by this simulation study. At 20 °C, Heinz et al.

report an adsorption height for the nitrogen atoms of C;sTMA™ of 3.8 A +0.1A

above the plane of the tetrahedrally coordinated Si and Al atoms, corresponding to a

height of 3.15 A + 0.1 A above the basal plane of the muscovite surface. These values
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are significantly lower than those calculated in this study. The height difference can
be explained by the absence of water in the cited simulation study. Additionally
performed simulation runs of systems devoid of water molecules with C;sTMA™
coverages ranging from 0.25 C;sTMA™' /Ay to 1.25 Ci1sTMA™ / Ay confirm this
suggestion: On the dehydrated muscovite surface, the Ci1sTMA™ ions adsorb with
their nitrogen atoms located at heights of z € [3.05 A, 3.3 A] above the plane of basal
oxygen atoms. These heights are in very good agreement with the values calculated
by Heinz et al.

C,TMA™ ions whose nitrogen atoms are located at heights of z € [5.5A,8.4 A]
are adsorbed as outer-sphere surface complexes on muscovite. Their first hydration
shells contain water molecules of the first water layer that is hydrogen-bonded to the
muscovite surface, but no basal oxygen atoms of the muscovite surface. Accordingly,
single water molecules that are interposed between them and the muscovite surface
are not desorbed (see figure 4.2). The lateral atomic density profiles for C;jgTMA™
headgroup carbon atoms indicate that for the monolayer arrangement at a coverage
of 1 C1¢TMA™ / Ay, outer-sphere complexes are adsorbed at (x,y) ~ (7 A,55 A),
(16 A,85A), and (19A,0A) (see figure 4.5). Other than inner-sphere adsorbed
C,TMA™ ions, the outer-sphere adsorbed ones do not show specific lateral adsorp-
tion positions.

C,TMA™ ions that are characterized by larger z-values of the maxima of their
nitrogen density distributions are separated from the mineral surface by at least
two interposed water molecules and are thus not adsorbed as surface complexes
on muscovite. In several systems, single C;cTMA™ ions are located as far as ap-
proximately 16 A away from the surface (see figure 4.1(a)). The observed maximum
headgroup-surface separations increase further for C;,TMA™' and CsTMA™ ions to
approximately 19 Aand 214, respectively (see figures 4.1(b) and 4.1(c)).

The amount of C,TMA™ that is adsorbed on the muscovite surface can readily
be estimated from cumulative density profiles for nitrogen (see figure 4.6). For the

simulated monolayer arrangements of C,TMA™ ions, the number of adsorption
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Figure 4.6 — Cumulative contents of nitrogen atoms as functions of the distance z
from the muscovite surface for monolayer and bilayer arrangements
at different C14TMA™ coverages. The vertical gray lines highlight the
maximum z-values indicating the formation of inner-sphere and outer-
sphere adsorption complexes.

complexes increases with increasing surface coverage. For instance, a total of 0.125,
0.55, and 0.75 adsorption complexes per Ay, approximately half of them being inner-
sphere ones, were observed at coverages of 0.25 C1TMA ™ / Ay, 0.75 C16 TMA ™ / Aye,
and 1 C;TMA™ /Ay (see figure 4.6). For the bilayer arrangements, the amount
of adsorbed C, TMA™ is significantly smaller, and no distinct dependance on the
surface coverage could be observed. For instance, for CisTMAT, approximately
0.25 adsorption complexes per Ay were observed at all simulated coverages of
0.5C1sTMA™'/ Ayc to 1.5 C1TMA ™ / Aye. Maximum values of 0.75 and 0.5 C,TMA™
adsorption complexes per A, were observed for the simulated monolayer and
bilayer arrangements, respectively. These amounts of adsorbed C,TMA™ are smaller
than required to compensate the negative charge of the muscovite surface. In all
simulated systems, a fraction of the C,TMA™ ions was detached from the muscovite
surface. This observation agrees with the results of a preceding simulation study by

Meleshyn on the adsorption of HDPy* on muscovite mica [29].
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4.3 Positions of the Inorganic Ions

Even at simulated surfactant coverages exceeding 1 C,TMA™ / Ay, which equals
the amount of C,TMA™ that is required to compensate the negative charge of
the muscovite surface, a fraction of the potassium ions remains adsorbed on the
muscovite surface (see figure 4.7). For the monolayer arrangement at a coverage
of 1 C,TMA™ / Ay, only half of the potassium ions are desorbed from muscovite.
For bilayer arrangements, the fractions of desorbed potassium are even smaller and
decrease with increasing alkyl chain length. The amounts of desorbed potassium
do not exceed 0.125 K"/ Ay, 0.25 K"/ Ay, and 0.375 K*/ Ay for systems with
C1sTMA™, C1o,TMAT, and CsTMAT bilayer aggregates, respectively (see figure 4.7).

The potassium ions that remain adsorbed on the surface form inner-sphere com-
plexes above either Al-substitutions, which are the preferred adsorption position in
the case of unmodified muscovite [33], or above ditrigonal cavity centers. For the
monolayer arrangement at a coverage of 1 C16TMA™ / Ay, an amount of 0.5 K*/ Ayc
is adsorbed above both tetrahedral substitutions at (x,y) ~ (3A,11.5A) and
(13A,2.5A) and ditrigonal cavity centers at (x,y) ~ (0A,1A) and (10.54,10A)
(see figure 4.5).

The vast majority of the chloride ions are located in the vicinity of C,TMA™
headgroups (cf. the z-values of headgroup carbon atoms and chloride in figures 4.1
and 4.8). For the bilayer arrangements, approximately half of the chloride ions are
located around the headgroups of the outer layers of the aggregates. They form
contact and solvent-separated ion pairs with C,TMA™ headgroups as well as with
potassium ions that are adsorbed on or desorbed from the muscovite surface. Partic-
ularly for the simulated bilayer arrangements, the vertical regions that are occupied

by hydrophobic alkyl chains are characterized by small densities of inorganic ions.
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Figure 4.7 - Vertical atomic density profiles for potassium in (a) C;gTMAT,
(b) C;x,TMA™, and (c) CsTMA™ systems as functions of the dis-

tance z from the muscovite surface.

Coverages ranging from

0.25 C,TMA™/ Ay to 1.25 C,TMA™ / Ay and from 0.5 C,TMA™ / A
to 1.5 C,TMA™ /Ay are shown for monolayer and bilayer arrange-
ments, respectively. For each simulated system, the extension of the
water film between the muscovite-water interface (z = 0 A) and the
water—vacuum interface is indicated by a black bar.
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Figure 4.8 - Vertical atomic density profiles for chloride in (a) CjgTMAT,
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tance z from the muscovite surface. Coverages ranging from
0.25 C,TMA™/ Ay to 1.25 C,TMA™ / Ay and from 0.5 C,TMA™ / A
to 1.5 C,TMA™ / Ay are shown for monolayer and bilayer arrange-
ments, respectively. For each simulated system, the extension of the
water film between the muscovite-water interface (z = 0 A) and the
water—vacuum interface is indicated by a black bar.
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4.4 Structure of the Water Film

The presence of C, TMACI changes the structure of the water film that is adsorbed
on the muscovite surface. At a coverage of 1 C;sTMA™/ Ay, the water density
decreases by up to approximately 45 % for the bilayer arrangement and by approx-
imately 60 % for the monolayer arrangement in the interfacial regions limited to
z€[7A,35A] and z € [7A,30 A], respectively (see figure 4.9). The larger percent-
aged decrease of the water density for the monolayer arrangement is consistent with
the smaller vertical extension of the depleted region. In the simulated C;;,TMA™ and
CsTMA™ systems, similar decreases were observed, which, however, are limited to

smaller interfacial regions due to the shorter alkyl chains of the surfactant ions.
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Figure 4.9 — Vertical atomic density profiles for water oxygen as functions of the
distance z from the muscovite surface for monolayer and bilayer ar-
rangements at coverages of 0 and 1 C16TMA ™/ Aye. Regard that the first
two maxima of the water oxygen density profiles are due to sublayers
of water molecules that are doubly and singly hydrogen-bonded to the
muscovite surface.
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Although the ratio between the numbers of water molecules that are doubly
(Zoxygen < 2.2 A) and singly (2.2 < zZoxygen < 3.3 A) hydrogen bonded to the mus-
covite surface changes with increasing C,TMA™ surface coverage, the average
number of approximately 3.4 water molecules per A, that are either doubly or
singly hydrogen-bonded to the muscovite surface is maintained (see inset in fig-
ure 4.9). This observation is in accordance with a preceding simulation study by
Meleshyn of the adsorption of HDPy™ ions on muscovite [29]. At all simulated
coverages, water molecules remain between the hydrophilic headgroups and in the
regions of the hydrophobic alkyl chains. This is consistent with the findings of SFA
studies by Chen et al. of the self-assembly of C;sTMA™ on mica [53, 129].

The displacement of water from the regions occupied by C,TMA™ ions leads
to an increase of the thickness of the water film with increasing C,TMA™ coverage
(see figure 4.10). For example, the thickness of the water film increases from approx-

imately 38 A for the unmodified muscovite to approximately 51 A and 57 A for the

60 .~ - - r -1 T T T
L unmodified muscovit -]
— - m C,.TMA" ]
°\<_z 55 C 16 + .,"’ o ]
o [ Ci.TMA e I >
3 * CgTMA e e ]
£50F e *-]
Q [ m_-" g B 2de
= [ T v -
= PP »>--
East ) y
Y= r ’,a‘ ,,,,,,,,
o i ) ',’:—::2'—’—"*'
© [ —z‘—i':—"
= 40 | “agiﬁ"Q ]
35 [ 1 " " " 1 " " " 1 " " " " 1 " " " " 1 " " " " 1 i
0 0.25 0.5 0.75 1 1.25 1.5

C,TMA" coverage (C,TMA"/A,.)

Figure 4.10 — Water film thicknesses as functions of the C,TMA" coverage for
n € {8,12,16}. The slopes of the regression lines represent the in-
creases of the water film thickness occurring upon the addition of
1C,TMA™/ Ayc.
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modified muscovite at coverages of 1 and 1.5 C1sTMA ™/ Aye, respectively. The in-
crease of the water film thickness does not depend on the aggregate type (monolayer
or bilayer) and is directly proportional to surface coverage with C,TMA™ ions (see
figures 4.9 and 4.10). This observation allows a calculation of the solvent volumes
displaced by C,TMACI, n € {8,12,16}, at the muscovite—water interface:

For each system, the value zj, after which the water oxygen density at the
water—vacuum interface falls below the average density on unmodified muscovite
(opuk = 0.033 A73, see section 3.4), was determined. To correct for vapor-phase
water molecules with z > zy corresponding to approximately 2 % — 8 % of all water
molecules, the thickness z.qrr Of a water film containing the respective number of

water molecules at the density pp,x was added:
Zyater = 20 + Zcorr- (41)

Because the increase of the water film thickness is directly proportional to the sur-
face coverage with C,TMAT ions, the zyater-values were fitted by linear regression
for each considered chain length 7 (see figure 4.10). The z-axis intercepts correspond-
ing to coverages of 0 C,TMACI/ A, were fixed to 38.3 A, the thickness of the water
film on the unmodified muscovite. The slopes of the regression lines (see table 4.1,
second column) represent the increase of the water film thickness occurring upon

the addition of 1 C,TMA™ / A,.. Multiplying these values with the area of a unit cell

Table 4.1 — Calculated volumes displaced per C, TMACI, methyl(ene) or headgroup.

Slope of the regression
line (A/(C,TMACI/A,.) Displaced volume (A?)

CisTMA™T 12.610 + 0.156 589.2 +7.3
Ci,TMA* 10.236 + 0.164 4783 +7.7
CsTMA™ 8.172 +0.131 381.8 +6.1
CH,/CH, 259+ 1.0

N(CH;);Cl 172 +13
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(Ayc= 46.72 A) yields the solvent volumes displaced per C, TMACI (see table 4.1,
third column).

In the next step, the water volumes displaced per methyl(ene) or headgroup of
C, TMACI were calculated. The volume displaced per C,TMACI can be expressed
by the following equation:

V = Ven, (n—1) + Ven, + VegaeNen (4.2)

with Ve,p,ne denoting the volume displaced by the headgroup of the C,TMA™
ion and the CI” counterion, Vcy, denoting the volume displaced per methylene,
and Vcp, denoting the volume displaced per methyl group. Under the assumption
that the volume displaced by methyl is comparable to that displaced by methylene,

equation (4.2) merges to the following linear function for V in dependance on n:
V = Vcn, 1 + Ve,HoNel- (4.3)
The three pairs (1, V(n)), n € {8,12,16}, were fitted by linear regression (see

tigure 4.11). The estimators for the slope and the V-axis intercept of the regression
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Figure 4.11 — Relation between the alkyl chain length 1 and the volume V displaced
per C,TMA™ ion. The slope of the regression line represents the vol-
ume displaced per methyl(ene) group, the V-axis intercept represents
the volume displaced per headgroup (C3HoNCI).
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line are Vey, = 25.9A° £ 1.0A% and Ve,gona = 172A° £13 A3, The differences
between the volumes calculated based on equation (4.3) using the estimators for
Ven, and Ve g ner and the ones determined initially (see table 4.1, third column) are
less than one percent and are within the ranges of the standard deviations of the

latter.

4.5 Structure and Thickness of the Adsorbed Aggregates

Further analysis of the aggregate structures shows that up to simulated coverages of
0.5 C,TMA™ /Ay, the surfactant ions reside on the muscovite surface as monomers
or dimers (see figure 4.12(a)). At higher coverages, patches of C,TMA™ aggregates

form, which cover only parts of the muscovite surface and are laterally separated

(@ 0.5 C1sTMA ™/ Aye (b) 1.5 CisTMA ™/ Aye

Figure 4.12 — Snapshots of the simulated interfacial equilibrium structures in the
regions 15 A < z < 26 A for the C;TMA " bilayer arrangements at the
coverages of (a) 0.5 Ci6TMA™ /Ay and (b) 1.5 C14TMA ™ / Ay, viewed
normal to the muscovite surface. Ball and stick colors: yellow (C),
white (H), red (O). The fawn rectangles indicate the lateral extensions
of the simulation cells.
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from water at all simulated C,TMA™ coverages (see figure 4.12(b)). Albeit on a
different scale,’ these patchy aggregate structures compare well to the experimental
AFM observations of island-like C;sTMA™ aggregate growth on mica below the
critical micelle concentration [78, 79].

The simulation results indicate that the area occupied per headgroup of the
aggregated C,TMA™ ions is smaller than the area of a unit cell of muscovite. At
a monolayer coverage of 1 C,TMA™ /Ay, approximately half of the inorganic
muscovite cations (0.5 K/ Ay for the C;eTMA™ systems, 0.625 K"/ A, for the
C;,TMA™ systems, and 0.5 K"/ A, for the CsTMA™ systems) remain adsorbed on
the muscovite surface in the regions devoid of organic aggregates. This observation
is in agreement with the results of an AFM study by Fujii et al. estimating the surface
area occupied by a C,TMA™ ion to equal approximately half of the area of a unit
cell (23 A% — 24 A2) [133].

For the bilayer aggregates of C;sTMA™ and C;;TMA™ ions, which remain as
well incomplete at all simulated coverages, a pronounced interdigitation of the
two layers composing them was observed (see figures 3.4 and 4.13(a)). On the
contrary, for the short-chained CsTMA™, approximately half of the surfactant ions
are characterized by large separations from the surface and do not participate in the
aggregation at all simulated coverages. This is an indication of the comparatively
weak interactions between the short hydrophobic alkyl chains of the CsTMA™ ions.
As aresult, incomplete CsTMA™ monolayer type aggregates with single headgroups
facing the aggregate—solution interface are formed instead of bilayer aggregates (see
tigure 4.13(b)).

The apparent aggregate thicknesses, which describe the extensions of the sur-
factant aggregates in the z-direction, were estimated on the basis of the vertical
atomic density profiles for the carbon atoms of alkyl chains (monolayer aggregates)

and headgroups (bilayer aggregates) of the C,TMA™ ions (see figure 4.1). The

3The island-like structures observed in the experiments exhibited diameters of some hundreds of
nanometers, which cannot be represented by the simulation cells of this study having lateral extensions
of only approximately 2 nm (cf. subsection 3.2.5).
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Figure 4.13 — Snapshots of the simulated equilibrium configurations for the
(@) C1¢TMA™ and (b) CsTMA™ bilayer arrangements at coverages
of 1.25 C,TMA™ / Ay, viewed parallel to the muscovite-water inter-
face. Ball and stick colors: yellow (K¥), light blue (Al), light green (Si),
reddish gray (O), white (H), turquoise (N), dark blue (C), red (CI").
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estimated thicknesses of the bilayer aggregates equal 30 A — 35 A for C;,TMA™
and 35 A — 39 A for C;TMA™. The thicknesses of the monolayer aggregates are
in the ranges of approximately 18 A for CsTMA™, 22 A — 27 A for C;,TMA™, and
31A —35A for C(¢TMA™.

Noteworthy, the thicknesses of the simulated C;sTMA™ monolayer aggregates
are significantly larger than those of 15 A to 18 A determined by SFA by Israelachvili
et al. and Kékicheff et al. [118, 119], being even smaller than the length of a fully
extended C14TMA™ ion (~ 23.5 A). This difference can be understood considering
that in the SFA, two distant mica surfaces with C;sTMA™' monolayer aggregates
adsorbed on each of them are brought into contact. Afterwards, the thickness of the
adsorbed aggregates is derived by halving the measured separation of 30 A to 36 A
of the two surfaces.

However, this approach does not take into account that the hydrophobic alkyl
chains of the surfactant ions adsorbed on the opposing surfaces interact during
the measurement. After a complete exchange of the interfacial potassium ions by
C, TMA™ ions, the available surface area per C,TMA™ headgroup is approximately
47 A%, which is more than twice the cross-sectional area of approximately 20 A2
of hydrocarbon chains [134]. Thus, upon the approach of the two opposing mica
surfaces, a close packing of the interacting hydrophobic alkyl chains can be assumed
to occur and lead to the formation of interdigitated bilayer aggregates confined be-
tween the two mica surfaces. Indeed, the measured separations of the mica surfaces
of 30 A to 36 A are comparable to the simulated thicknesses of the interdigitated
C16TMA™ bilayer aggregates formed on the cleaved muscovite surface ranging from
35 A to 39 A. For similar reasons, the thicknesses of C,TMA™ aggregates intercalated
between delaminated mica sheets [135] or into the interlayer spaces of vermiculites,
which exhibit surface charge densities that are comparable to that of muscovite
mica [136, 137], are significantly smaller than those of the unconstrained aggregates
formed on the external surfaces of muscovite.

In contrast to SFA experiments, measuring aggregate thickness by AFM in soft-

contact mode is a method that is comparable to the consideration of the cleaved
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muscovite-water interface in this study. Indeed, with this method, thickness ranges
between 30 A and 45 A, which agree well with the simulated ones, were measured
for C;sTMA™ bilayer aggregates [122-124]. Unfortunately, no similar comparison
can be made for monolayer aggregates, as aggregate headgroups facing the solution
are required to exert a repulsive force on the AFM tip.

The degree of conformational order within the surfactant aggregates was an-
alyzed with the help of the calculated gauche conformation fractions of the alkyl
chains (see figure 4.14). With a maximum of 0.46, the short-chained CsTMA™ ions
show by far the highest values. The maximum observed fractions of gauche con-
formations within the simulated C;;TMA™ and C;,TMA™ aggregates amount to

0.19 and 0.12, respectively. This increasing degree of conformational order with
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Figure 4.14 — Fractions of gauche conformations of the alkyl chains for mono-
layer and bilayer arrangements as functions of the C,TMA™ cover-
age, n € {8,12,16}. Torsion angles of 60° £ 60° and 300° £ 60° were
counted as gauche conformations. Lines were added as guides to the
eye.
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increasing alkyl chain length can be attributed to the increased hydrophobic interac-
tions between the longer surfactant alkyl chains. The observations agree with fourier
transform infrared spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (NMR)
and NEXAFS experiments of the self-assembly of dialkylammonium surfactants on
mica [127, 128]. Furthermore, in agreement with IR measurements performed dur-
ing the growth of CisTMA™ aggregates [78, 79], a slight decrease of the calculated
gauche conformation fractions with increasing surface coverage was observed for all
studied chain lengths. This decrease might reflect a closer packing of the alkyl chains
due to spatial limitations. No significant distinction could be observed between
the conformational order of the alkyl chains within the simulated monolayer and
bilayer aggregates. The calculated gauche conformation fractions exhibit compar-
atively high standard deviations of up to approximately 0.18, which manifest the
coexistence of nearly fully extended chains and chains with high numbers of gauche
conformations in the same systems. In comparison with the respective distances
of surfactant ions with completely extended alkyl chains, the averaged end-to-end
distances decrease by 5 % to 13 % for the aggregated C1sTMA™ ions and by 4 % to
21 % and 14 % to 23 % for the aggregated C;;TMA™ and CsTMA™ ions, respectively.

The simulation results suggest a model of C1,TMA™ and C;,TMA™ bilayer
aggregates consisting of two opposed monolayers with highly interdigitated alkyl
chains, which exhibit a low fraction of gauche conformations. This model agrees
well with those developed from X-ray photoelectron spectroscopy (XPS) and NR studies
[53, 130] and explains the small differences of only a few angstroms between the

thicknesses of the monolayer and bilayer aggregates.

4.6 Discussion on the Transferability of the Simulation
Results to Real Systems
A thorough consideration should be given to the significantly lower fraction of

adsorption complexes formed by the C,TMA™ ions in the simulated bilayer sys-

tems as compared to the monolayer ones (see section 4.2). Simultaneously, the
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potassium ions remain largely adsorbed on the muscovite surface in the bilayer
systems (> 0.875 K*/ Ayc), and up to half of the chloride ions are located close to
the surfactant headgroups facing the muscovite surface (see section 4.3).

A similar accumulation of inorganic ions at the mineral-aggregate interface was
observed in experiments by Chen et al. [53]. The authors concluded that during the
self-assembly of CisTMA™ aggregates, a rapidly occurring initial adsorption phase
is followed by an equilibration phase, which proceeds unexpectedly slowly at those
surfactant concentrations leading to the formation of bilayer aggregates. During
the initial phase, the C;sTMA™ ions adsorb on the muscovite surface accompanied
by their counterions. During the second phase, organic cations can only displace
potassium ions trapped between the bilayer aggregates and the mica surface in a

slowly proceeding two-step process:

(i) formation of inorganic ion pairs of potassium with counterions (as a rule,

CI” or Br") introduced into the system with the C1sTMA™ ions, and

(if) diffusion of these ion pairs through the hydrophobic regions of the bilayer
aggregates.

This release of interfacial cations from the surface region eventually results in an
increasingly stronger binding of the C;sTMA™ ions to the muscovite surface. Up to
several weeks were reported to be necessary to accomplish this slowly proceeding
second step of the adsorption process for experimental setups leading to the forma-
tion of C;cTMA™ bilayer aggregates. On the contrary, only one hour was needed for
the equilibration of those setups leading to the formation of monolayer aggregates
[53]. In terms of the simulated systems, to leave the muscovite surface, trapped

potassium ions have to

(i) overcome the Coulomb repulsion barrier of the C,TMA™ headgroups that

face the muscovite surface,

(ii) diffuse through the hydrophobic regions of the bilayer aggregates, which

become thicker with increasing alkyl chain length, and
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(iii) overcome a second Coulomb repulsion barrier of the C,TMA™ head-

groups that face the aggregate—solution interface.

Correspondingly, the fraction of desorbed potassium in the simulated bilayer
systems decreases with increasing chain length. The determined values do not
exceed 0.375 K*/ Ay for the simulated CsTMA™ bilayer systems and 0.25 K"/ Ay
and 0.125 K*/ Ay for the simulated C;;TMA™ and C14TMA™ systems, respectively.
Particularly at high simulated C;TMA™ surface coverages, the energy barriers
appear too high to be overcome in reasonable computation times with the applied
simulation method. The desorption of potassium ions from the muscovite surface
and accordingly the achievement of the equilibrium state observed in experiments
after times of hours up to several weeks [53, 122, 123] are impeded.

Therefore, the simulated structures rather correspond to the aggregate structures
observed in experiments after the first step of the above-discussed process when
inorganic ions (chloride and potassium) are still present at the mineral-aggregate
interface. An increased speed of equilibration of the simulated systems can possi-
bly be obtained by further optimization of the applied simulation algorithms, for
example, by the implementation of cluster moves or the allowance of tunneling
of inorganic ion pairs and water through the hydrophobic bilayer aggregate re-
gions. An increased diffusion of K-Cl ion pairs out of the bilayer aggregates will
presumably lead to greater numbers of C,TMA™ inner-sphere and outer-sphere
surface complexes and consequently to slight decreases of the apparent aggregate

thicknesses with time.

4.7 Summary of the Simulation Results

The simulation results indicate that the structure of the water film adsorbed on
the muscovite surface is considerably affected by the presence of C,TMA™ ions
at the muscovite-water interface. While the water density in the alkyl chain re-
gions of the C,TMA™ aggregates is decreased with increasing surfactant surface

coverage, the average number of approximately 3.4 water molecules per A that
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are hydrogen-bonded to the mineral surface with Zoxygen < 3.3 A is retained. The
volumes of water displaced per C,TMA*—CI™ ion pair were estimated to ~ 590 A3
for C1sTMA™, ~ 480 A3 for C;,TMA™, and ~ 380 A% for CsTMA ™. At all simulated
C,TMA™ coverages, the assembled aggregates remain laterally incomplete, and wa-
ter molecules are located between the headgroups and in the hydrophobic regions
of the alkyl chains for both the monolayer and the bilayer arrangements of C,TMA™"
ions. This is consistent with the findings of SFA studies of the self-assembly of
Ci6sTMA™ on muscovite mica (cf. [53, 129]).

C,TMA™ ions form inner-sphere and outer-sphere adsorption complexes on
the muscovite surface. Inner-sphere adsorbed C,TMA™ ions are arranged directly
above the ditrigonal cavities of the muscovite surface, the adsorption sites occupied
by water molecules on unmodified muscovite. The distances between their nitrogen
atoms and the muscovite surface are in the range of 3.3 A to 3.8 A. These are 0.4 A
more than in the case of dehydrated C,,TMAT-muscovite. The vertical and lateral
positions of outer-sphere adsorbed C,TMA™ ions are less specified with distances
between the nitrogen atoms and the muscovite surface of 5.5 A to 8.4 A. C,TMA™"
ions with larger z-values are separated from the basal surface by at least two water
layers and thus desorbed from muscovite. A maximum value of 0.75 C,TMA™
adsorption complexes per A, was observed.

The thicknesses of the simulated monolayer aggregates are in the ranges of
31A to35A for CisTMAT, 22 A to 27 A for C;,TMA™, and approximately 18 A for
CsTMA™. The C14TMA™ and C;,TMA™ bilayer aggregates exhibit thicknesses of
35A to 39 A and 30 A to 35 A, respectively and show a strong interdigitation of the
two opposing surfactant layers composing the aggregates. On the contrary, for the
short-chained CgsTMA™, approximately half of the surfactant ions are characterized
by large separations from the surface and do not participate in the aggregation
at all simulated coverages. In none of the simulated CsTMA™ systems, bilayer
aggregates could be observed. The thicknesses of the simulated CisTMA™ bilayer
aggregates are in excellent agreement with those of 30 A — 45 A measured by AFM

in soft-contact mode at twice the critical micelle concentration (cf. [122-124]).
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In agreement with previous experimental studies (cf. [127, 128]), the alkyl chains
of the aggregated C,TMA ™ ions show a high conformational order that considerably
decreases with decreasing alkyl chain length. The maximum observed fractions
of gauche conformation within the simulated C;{sTMA™ and C;;TMA™ aggregates
amount to 0.12 and 0.19, respectively, whereas, for the short chained CsTMAT,
values of up to 46 % were observed.

In the simulated bilayer systems, the majority of the potassium ions remain
adsorbed on the muscovite surface, and up to half of the chloride ions are located in
the regions occupied by the hydrophilic headgroups facing the muscovite surface.
This high concentration of inorganic ions at the muscovite surface is accompanied
by significantly smaller fractions of C,TMA™ inner-sphere and outer-sphere surface
complexes in the simulated bilayer systems as compared to the monolayer ones.
Accordingly, this work suggests that the simulated bilayer structures represent those
C,TMA™ aggregate structures that are observed in experiments during the initial
equilibration phases characterized by the presence of inorganic ions within the

aggregates (cf. [53, 122, 123]).



CHAPTER 5

Aggregation of C,TMA™ lons at the
External Surface of Montmorillonite

5.1 Structure of the Water Film

The negatively charged montmorillonite surface induces a layering of the adsorbed
water film, which is extended over several molecular layers. Of these layers, the first
one, which has its maximum oxygen density atz = 2.7 A, is particularly pronounced.
The majority of the water molecules constituting this layer are oriented in such a way
that one of their two hydrogen atoms points towards the montmorillonite surface
and donates a hydrogen bond to one of the basal oxygen atoms (see figure 5.2(a)).
Correspondingly, the hydrogen density profile exhibits two maxima at 1.8 A and at
3.05 A (see figure 5.1(c)). The first peak of the oxygen density profile and the second
peak of the hydrogen density profile are notably broadened towards higher z-values.
This broadening is a consequence of the location of some of the water molecules of
the first water layer slightly farther away from the montmorillonite surface. These
molecules are not hydrogen-bonded to the mineral surface, but donate at least one
hydrogen bond to those water molecules that are singly hydrogen-bonded to the

montmorillonite surface.

73
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Figure 5.1 — Vertical atomic density profiles for (a) and (b) water oxygen and (c) wa-
ter hydrogen atoms as functions of the distance z from the montmoril-

lonite surface for monolayer and bilayer arrangements at coverages of
0 C16TMA+/AuC, 0.375 C16TMA+/AuC, and 1 CléTMA+/AuC.
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(a) Side view (b) Top view

Figure 5.2 — (a) Side view of C;{sTMA™ ions adsorbed as inner-sphere (left ion) and
outer-sphere (right ion) complexes on the montmorillonite surface for
the bilayer arrangement at a coverage of 0.75 C;sTMA™ / A,c. (b) Top
view of a C;sTMA™ ion adsorbed as inner-sphere complex on the mont-
morillonite surface for the monolayer arrangement at a coverage of
0.375 C1¢TMA™ / Aye. (a) and (b) show snapshots of the simulated equi-
librium configurations. Ball and stick colors: beige (Si), gray-blue (Al),
red (O), white (H), blue (N), brown (C), yellow (Na*), red (CI").

In contrast to the water film adsorbed on muscovite (see section 3.4), the wa-
ter film adsorbed on montmorillonite exhibits almost no water molecules that are
doubly hydrogen-bonded to the mineral surface. The cumulative content of these
water molecules with Zoxygen < 2.2 A amounts to only 0.1 molecules per A, for the
unmodified montmorillonite, whereas for muscovite, 1.3 water molecules per Ay
were observed. The absence of water molecules that are doubly hydrogen-bonded to
the montmorillonite surface is also reflected by the lateral density profiles for water
oxygen and hydrogen (see figure 5.3). For muscovite, the profiles show that the
doubly hydrogen-bonded water molecules are adsorbed above the centers of ditrig-
onal cavities of the mineral surface (see, e.g., figure 5.3(b) at (x,y) ~ (5 A,9A)),
whereas, for montmorillonite, no such strongly adsorbed water molecules exist (see
figure 5.3(a)).

The analysis of the lateral atomic density profiles further shows that the location

of the charge substitutions within the clay layer (tetrahedral or octahedral sheet)
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Figure 5.3 — Lateral atomic density profiles for water and surface cations at the
unmodified (a) montmorillonite-water and (b) muscovite-water inter-
faces. The oxygen and hydrogen densities were sampled within the
first peaks of the corresponding atomic density profiles (Zoxygen < 3.6 A
and Zhydrogen < 2.3 A for montmorillonite, z < 2.2 A for muscovite for
both oxygen and hydrogen atoms). The Na" and K" densities were
sampled within 5.5 A from the mineral surfaces. The circles, crossed cir-
cles, and triangles represent silicon, aluminum, and basal oxygen atoms
of the tetrahedral sheet at the mineral-water interfaces, respectively
(cf. figures 3.1(b) and 3.2(b)).
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strongly affects the structure of the interfacial water films. The water density at
the montmorillonite surface is considerably increased in the regions around the
tetrahedral charge substitution at (x,y) ~ (18 A,3 A), and pronounced adsorption
positions for three water oxygen atoms are located at (x,y) ~ (17A,4A), (18 A,1A),
and (20.5 A3 A) (see figure 5.3(a)). These water molecules belong to the hydration
shell of sodium adsorbed directly above the tetrahedral charge substitution. For
muscovite, the adsorption of water molecules above those ditrigonal cavities of
the surface featuring more than one aluminum substitution is notably stronger
(cf. figure 5.3(b) at (x,y) ~ (5A,9A) and at (x,y) ~ (7.5A,5A)). Other than the
charge substitutions of the tetrahedral sheets, charge substitutions of the octahedral
sheets are located farther away from the mineral-water interface and are additionally
shielded by a tetrahedral sheet. As a result, the effect of octahedral charge substitu-
tions on the arrangement of water dipoles at the mineral surfaces and thus on the
structure of adsorbed water films is significantly smaller than that of tetrahedral
substitutions.

The first maximum of the density distribution of water oxygen on the mont-
morillonite surface is located at z-values comparable to those of the second sub-
layer of water molecules adsorbed on the muscovite surface, which has its max-
imum oxygen density at z = 2.6 A and its minimum at z = 3.3 A (cf. figures 4.9
and 5.1(b)). The water layers adsorbed on both montmorillonite and muscovite
contain water molecules that are singly hydrogen-bonded to the mineral surfaces
with22 A < Zoxygen < 3.3 A. The amounts of water in these vertical regions amount
to 3.0 and 2.1 molecules per A, for montmorillonite and muscovite, respectively.

Accordingly, both the type (tetrahedral or octahedral) and the density of the
charge substitutions in the clay layers are parameters that determine the structure
of the interfacial water films. These effects lead to a significantly stronger binding of
water molecules to the muscovite surface, which exclusively exhibits tetrahedral
charge substitutions and a 2.7 times greater layer charge than the modeled montmo-

rillonite surface. The observed water layering on montmorillonite is in agreement
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with previous molecular dynamics studies by Greathouse and Cygan, Marry et al.,
and Rotenberg et al. [68, 69, 138].

The presence of C,TMACI at the montmorillonite-water interface changes the
structure of the adsorbed water film. The relative decrease of the water density in the
aggregate regions is comparable to that observed for the water film adsorbed on mus-
covite (see section 4.4), and at all simulated surfactant coverages, water molecules
remain between the hydrophilic headgroups and in the regions of the hydrophobic
alkyl chains. For the monolayer arrangement at a coverage of 0.375 C;sTMA™ / Ay,
the average water density in the interfacial region that is limited to z € [8 A, 23 A]
decreases by 21 %. At a coverage of 1 C1sTMA™ / Ay, the average water density in
the same region decreases by 54 % for the monolayer arrangement and by 50 % for
the bilayer arrangement (cf. figure 5.1(a)). For systems containing C;;TMA™ and
CsTMA™ ions, similar decreases were observed. However, due to the shorter alkyl
chains, the decreases of the water densities are limited to smaller interfacial regions.
The volumes displaced by the C;sTMA™-CI™ (597.8 A’+33 A3), C,,TMAT-CI™
(478.0 A° £ 3.9 A%, and CsTMA - CI™ (372.9 A® + 3.6 A3) ion pairs equal those cal-
culated for the muscovite-water-organics systems within their standard deviations
(cf. table 4.1). In contrast to the adsorption of C,TMA™ ions on muscovite, their ad-
sorption on montmorillonite leads to a significant decrease of the density of the first
water layers in the interfacial regions limited to Zoxygen < 7.45 A (see figure 5.1(b)

and section 5.3).

5.2 Adsorption Positions of the C,TMA™ Ions

The atomic density profiles for C,TMA™ head group carbon atoms (see figure 5.4)
indicate that C,TMA™ ions approach the montmorillonite surface to distances of
approximately 2 A. The headgroup methyls of these inner-sphere adsorbed C, TMA ™
ions penetrate the first water layer adsorbed on the montmorillonite surface (see

tigure 5.2). The first maxima of the respective atomic density profiles correspond to
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groups and alkyl chains as functions of the distance z from the mont-
morillonite surface. Coverages ranging from 0.125 C16TMA™ /Ay to
1 C16TMA+/AuC and from 0.5 C16TMA+/AuC to 1.5 C16TMA+/AuC
are shown for monolayer and bilayer arrangements, respectively. For
each simulated system, the extension of the water film between the

montmorillonite—water interface (z = 0 A) and the water—vacuum in-

terface is indicated by a black bar.
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Figure 5.4 — continued. Vertical atomic density profiles for carbon atoms of
(b) C12,TMA™ and (c) CsTMA™ headgroups and alkyl chains as func-
tions of the distance z from the montmorillonite surface.

the most frequently occurring vertical distances between the atoms of inner-sphere
adsorbed C,TMA™ ions and the montmorillonite surface. The calculated values are
in the ranges of z € [1.5A,2.95 A] for hydrogen, z € [2.35 A, 3.45 A] for carbon, and
z € [3.65 A,4.25 A] for nitrogen atoms of C,TMA™ headgroups. The comparison of
the atomic density profiles for the hydrogen atoms of C,TMA™ ions and water (see
figure 5.5) further indicates that their distributions start at very similar z-values.
The most frequently occurring distances between inner-sphere adsorbed C,TMA™

ions and the basal oxygen atoms of the montmorillonite surface are represented by

the first maxima of the radial distribution functions g() of basal oxygen around the
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Figure 5.5 — Vertical atomic density profiles for water, C1sTMA™, sodium, and chlo-
ride as functions of the distance z from the montmorillonite surface
for the bilayer arrangement at a coverage of 0.75 C1sTMA ™/ Ayc. The
density profiles for Na™ and Cl” are scaled by a factor of 4.

surfactant headgroups. Representative radial distribution functions are shown in
figure 5.6 for the monolayer arrangement at a coverage of 0.375 C;jsTMA™ / Ayc. The
calculated separations are in the ranges of 2.7 A to 3.2 A for headgroup hydrogen,
3.5 A to 3.8 A for headgroup carbon, and 4.1 A to 4.8 A for headgroup nitrogen atoms.
These values agree well with the calculated distances between headgroup atoms of
C,TMA™ ions and the oxygen atoms of hydrating water molecules, which amount
to 2.9 A for hydrogen, 3.5 A for carbon, and 4.6 A for nitrogen (see figure 4.3). This
observation confirms that some of the water molecules of the first hydration shells
of inner-sphere adsorbed C,TMA™ ions are replaced by basal oxygen atoms of the
montmorillonite surface (cf. figure 5.2).

In the lateral direction, the vast majority of the C,TMA™ ions adsorb with their
headgroups positioned above the centers of ditrigonal cavities of the montmoril-
lonite surface (see figure 5.2). In contrast to their adsorption on muscovite (see
section 4.2), in single systems, C,,TMA™ ions were found to be adsorbed above struc-
tural Si atoms of the montmorillonite surface as well. For instance, for the monolayer

arrangement at a coverage of 0.5 C12TMA™ / Ay, surfactant ions are adsorbed above
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Figure 5.6 — Radial distribution functions of basal oxygen atoms of the montmoril-
lonite surface around C;sTMA™ headgroup atoms for the monolayer
arrangement at a coverage of 0.375 C1sTMA™ / Aye.

both centers of ditrigonal cavities (at (x,y) ~ (2.5A,17.5A), figure 5.7) and struc-
tural Si atoms of the montmorillonite surface (at (x,y) ~ (5A,10.5A), figure 5.7).
However, in none of the simulated systems, surfactant ions were observed to be
adsorbed above aluminum substitutions of the tetrahedral sheet.

C,TMA™ ions whose nitrogen density distributions exhibit maxima in the ranges
of z € [6.4A,8 A] are adsorbed as outer-sphere complexes on the montmorillonite
surface. They retain their complete first hydration shells (see figure 5.2(a) and fig-
ure 5.7 at (x,y) ~ (18 A, 10 A)). In contrast to inner-sphere adsorbed C,TMA™ ions,
the outer-sphere adsorbed ones do not show specific lateral adsorption positions. A
characteristic property of the majority of the simulated systems is that some of the
C,TMA™ ions possess z-values of their nitrogen atoms that are higher than 8 A. Even
though most of these ions are still part of the aggregates, they are detached from the
montmorillonite surface. In some of the systems, single C,,TMA™ ions are desorbed
from the aggregates and reside in the solution or are located at the water-vacuum

interface (see figure 5.4, e. g., at coverages of 0.75 and 1 CsTMA™ / Auo).
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Figure 5.7 — Lateral atomic density profiles for (a) water hydrogen and

(b) C1,TMA™ headgroup carbon, nitrogen, and potassium atoms at
the montmorillonite-water interface for the monolayer arrangement
at a coverage of 0.5 C;;TMA ™/ Ayc. The hydrogen density was sam-
pled within the first peak of the corresponding atomic density pro-
file (znydrogen < 2.3 A). The headgroup carbon, nitrogen, and sodium
densities were sampled within 8.5 A,85A, and 5.5 A from the mont-
morillonite surface to ensure that all inner-sphere and outer-sphere
adsorbed cations were taken into account. The circles, crossed circles,
and triangles represent silicon, aluminum, and basal oxygen atoms
of the tetrahedral sheet at the mineral-water interface, respectively
(cf. figure 3.1(b)).

5.3 Amount of C,TMA" Adsorbed on the External Surface

of Montmorillonite

The amounts of C,TMA™ that are adsorbed on the montmorillonite surface were es-

timated from the cumulative density profiles for their nitrogen atoms (see figure 5.8).

In all simulated systems, at least 0.125 C,TMA™ ions per Ay, corresponding to the

lowest simulated C,TMA™ coverage, are adsorbed as inner-sphere surface com-

plexes on the montmorillonite surface. In several systems with coverages of at
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Figure 5.8 — Cumulative contents of nitrogen atoms as functions of the distance z
from the montmorillonite surface for monolayer and bilayer arrange-
ments at different C;( TMA™ coverages. The vertical gray lines high-
light the maximum z-values indicating the formation of inner-sphere
and outer-sphere adsorption complexes. The gray shade marks those
amounts of C,TMA™ that are smaller than required to compensate the
charge of the clay surface of —0.375¢e/ Ayc.

least 0.75 C,TMA ™" / Aye, C, TMA™ inner-sphere complexes were observed in excess
of the amount required to compensate the charge of the montmorillonite surface
of —0.375e/ Ay (see, e.g., the cumulative nitrogen density profile for the bilayer
arrangement at a coverage of 1 C1sTMA™ /Ay in tigure 5.8).

Contrary to the formation of inner-sphere surface complexes, the formation
of outer-sphere complexes was found to occur only in one fifth of the simulated
systems. In general, significantly more inner-sphere than outer-sphere complexes
are formed on the montmorillonite surface: On average, only 10 % of all adsorption
complexes in the simulated systems are outer-sphere ones. This is in contrast to
the simulation results for the adsorption of C,TMA™ ions on the cleaved muscovite
surface (see section 4.2), in which case more than 50 % of all adsorption complexes

were found to be outer-sphere ones. The significantly higher fraction of outer-sphere
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complexes on the muscovite surface can be attributed to the stronger binding of wa-
ter molecules to muscovite as compared to montmorillonite (see section 5.1). Other
than on montmorillonite, adsorbing C,TMA™ ions have to overcome comparatively
high energy barriers to desorb the doubly hydrogen-bonded water molecules from
the muscovite surface. As a consequence of this, on muscovite, the formation of
C,TMA™ inner-sphere surface complexes is impeded.

An overview of the total amounts of C,TMA™ adsorbed on the montmorillonite
surface with respect to the C,TMA™ coverage is given in figure 5.9. The number of
C,TMA™ surface complexes generally increases with increasing surface coverage.
At the lowest simulated coverages corresponding to 0.125 C,TMA ™ / A, for the
monolayer arrangements and 0.25 C,TMA™ /A, for the bilayer arrangements, all
available C,TMA™ ions are adsorbed on the montmorillonite surface (see figure 5.9).
With increasing C,TMA™ coverage, the surfactant ions are only partially adsorbed.
With regard to the amount of C,TMA™ facing the surface, which is half of the
surfactant surface coverage in the simulated bilayer systems, the fraction of the
C,TMA™ ions forming surface complexes is notably bigger in the bilayer systems
than in the corresponding monolayer ones (see figure 5.9). This effect is particularly
pronounced for the long chained C;sTMA™ ions.

Figure 5.9 further indicates that, at a given C,TMA™ coverage, the fraction
of the C,TMA™ ions that forms surface complexes is independent of the alkyl
chain length. The highest value of 0.66 C;,TMA™ adsorption complexes per Ay,
corresponding to approximately 1.8 times the negative charge of the montmorillonite
surface, was observed at the monolayer coverage of 1 C1,TMA™ / Ayc. For the bilayer
arrangements, the highest value of 0.5 C,TMA™ adsorption complexes per Ayc was
observed at the coverages of 1 C1gTMA™ / A,c and 1.5 CsTMA ™/ Aye.

The simulation results indicate that montmorillonite can adsorb significantly
more C,TMA™ cations on its external surfaces than are required to compensate
its negative surface charge. Albeit previous experiments lacked the feature to

distinguish between the amounts of organic cations adsorbed in the interlayer spaces
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Figure 5.9 — Amounts of C,TMA™ adsorbed on the montmorillonite surface for
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arrangements as functions of the C,TMA™ coverage of the surfactant
layers facing the montmorillonite surface. The dotted gray lines mark
those amounts of C,TMA™ that correspond to the adsorption of all sur-
factant ions at a given C,TMA™ coverage. The gray shades mark those
amounts of C,TMA™ that are smaller than required to compensate the
charge of the clay surface of —0.375¢e/ Ayc.
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and on the external surfaces of clay particles, their results showed corresponding
trends [8, 15, 99, 139]. Lee and Kim [139] and Zhu et al. [99] observed that an
increased concentration of C,TMA™ ions in the solution leads to an increased
amount of C,TMA™ adsorbed by the montmorillonite. The maximum uptake of
C, TMA™ ions by montmorillonite was determined to equal approximately 2.5 times
its CEC. Schampera and Dultz [15] observed that the organic cations BE*, TPP™,
and HDPy" are completely adsorbed by Wyoming montmorillonite up to offered
amounts corresponding to approximately 80 % of the CEC of the clay. At greater
offers, the organic cations are only partially adsorbed [8, 15].

In contrast to their adsorption on muscovite, the adsorption of C,TMA™ ions on
the external surface of montmorillonite leads to a significant decrease of the density
of the first water layers (see figure 5.1(b)). For each simulated system, the number of
C,TMA™ inner-sphere surface complexes was plotted against the number of water
molecules in the first water layer with zoxygen < 47 A (see figure 5.10). The plot
illustrates the approximately linear relationship between the two parameters. The
data points were fitted by a linear least squares fit.! The intercept of the axis, which
describes the number of molecules in the first water layer per A, was not fixed.

The regression line indicates that with each adsorbed C,TMA™ inner-sphere
complex per Ay, the density of the first water layer is decreased by approximately
4.2 water molecules per A, corresponding to approximately 70 %. The plotted
data points exhibit a standard deviation of 0.18 molecules per A, from the values
estimated by the regression line. For the inorganic reference system, the regression
line predicts a number of 6.15 molecules per A, that are adsorbed in the first water
layer. This value deviates by only 2% from the result of the MC simulation of
6.27 molecules per Ay.. Accordingly, the amounts of water in the first water layers

predicted by the regression line show an excellent agreement with the results of

1 An outlier, which was not taken into account for the regression, was observed for the monolayer
arrangement at a coverage of 0.57 CsTMA™ / Ay. In this system, only 2.9 water molecules per Ayc
are adsorbed in the first water layer. This is due to 0.125 CsTMA™ / Ayc that are adsorbed with their
alkyl chains arranged parallel to the montmorillonite surface (see figure A.1). The increased density of
methyl(ene) groups at the montmorillonite-water interface leads to an increased desorption of water
molecules and thus to a strong decrease of the density of the first water layer.
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Figure 5.10 - Number of molecules in the first water layer adsorbed on the mont-
morillonite surface with zoxygen < 4.7 A as a function of the number
of C,TMA™ inner-sphere surface complexes. The data point for the
monolayer arrangement at a coverage of 0.75 CsTMA™ / Ay (marked
in red) was not taken into account for the regression. In this sys-
tem, 0.125 CsTMA ™ / A, are adsorbed parallel to the montmorillonite
surface and the alkyl chains displace water in excess of the amount
expected to be displaced otherwise (cf. figure A.1).

the MC simulations, even though, e. g., outer-sphere adsorbed C,TMA™ ions and
inorganic ions present at the montmorillonite-aggregate interfaces are not included

into this simple linear model.

5.4 Positions of the Inorganic Ions

On unmodified montmorillonite, 0.125 Na*/Ay. are adsorbed as inner-sphere
complexes above the tetrahedral charge substitutions of the basal surface (see fig-
ure 5.3(a)). This amount of adsorbed sodium equals the density of the tetrahedral
substitutions of the basal surface. The remaining sodium ions are adsorbed as
outer-sphere complexes (0.125 Na*/ Ayc) or are located in a diffuse layer above the
mineral surface with z < 12 A (0.125 Na*/ Ayc). The sodium ions that are adsorbed

as outer-sphere complexes do not exhibit specific lateral adsorption positions and
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show a considerably higher lateral mobility than the inner-sphere adsorbed ions
(see figure 5.3(a)).

In the mineral-water-organics systems with surfactant coverages smaller than
0.75 C,TMA™ /Ay, the inner-sphere adsorbed sodium ions remain adsorbed on the
montmorillonite surface (see figure 5.11). In single systems with higher C,TMA™
coverages, the desorption of sodium ions from their positions above the tetrahedral
substitutions was observed (see, e. g., the systems with monolayer coverages of
1 C14TMA™/ Ay, 0.75 C;sTMA™T /Ay, and 1 CsTMA™ /Ay in figure 5.11). The
vertical and lateral adsorption positions of inner-sphere adsorbed sodium ions
are the same as on the unmodified montmorillonite surface. The maxima of their
vertical density distributions are in the ranges of z € [1.6 A, 1.65 A] (see figures 5.5
and 5.11). This shows that the inner-sphere adsorbed sodium ions are located even
closer to the montmorillonite surface than the water molecules of the first water
layer hydrating the clay surface (see figure 5.5). Sodium ions residing at distances
of z € [4.1A,4.7 A] away from the montmorillonite surface are adsorbed as outer-
sphere complexes. Their vertical position coincides with the first minimum of the
water oxygen density distribution (cf. figures 5.1(b) and 5.11).

A maximum of 0.71 cation surface complexes per Ay, comprising all inner-
sphere and outer-sphere surface complexes of sodium and C,TMA™ ions, was
observed for the bilayer arrangement at a coverage of 1.5 C;sTMA™'/Ay.. This
amount corresponds to approximately twice the charge required to compensate the
negative charge of the clay surface. The excess positive charge is counterbalanced
by chloride anions residing close to the montmorillonite surface. A comparison
of the vertical atomic density profiles for headgroup carbon atoms and chloride
(cf. figures 5.4 and 5.12) indicates that the vast majority of the chloride ions assemble
in the vicinity of C,TMA™ headgroups at the montmorillonite—aggregate interface
and, for bilayer aggregates, likewise at the aggregate-water interface. For example,
for the bilayer arrangement at a coverage of 1.5 C;aTMA™ / A, half of the chloride

ions are located in the vertical regions that are occupied by the headgroup atoms
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film between the montmorillonite-water interface (z = 0 A) and the

water—vacuum interface is indicated by a black bar.
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Figure 5.12 — Vertical atomic density profiles for chloride in (a) C;sTMAT,
(b) C;,TMA™, and (c) CsTMA™ systems as functions of the dis-

tance z from the montmorillonite surface. Coverages ranging from
0.125C,TMA™ /Ay to 1 C,TMA™ / Ay and from 0.5 C,TMA™' /Ay to

1.5 C,TMA™ / A, are shown for monolayer and bilayer arrangements,

respectively. For each simulated system, the extension of the water
film between the montmorillonite-water interface (z = 0 A) and the

water—vacuum interface is indicated by a black bar.
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of the inner C;sTMA™ layer at the mineral-aggregate interface (see figures 5.12
and 5.13(b)).

The analysis of the radial distribution functions of chloride around sodium
ions and C,TMA™ headgroups confirms that both contact and solvent-separated
ion pairs of chloride are formed with sodium and C,TMA™ ions adsorbed on
or desorbed from the montmorillonite surface. The observed co-adsorption of
chloride on the montmorillonite surface strongly supports the theory derived from
experimental observations that the adsorption capacities of organoclays for anions
originate from the uptake of counterions together with the organic cations [17, 52, 53].
In most of the simulated systems, fractions of the sodium ions remain adsorbed on
the montmorillonite surface. This explains the experimental observation that even
those organoclays possess adsorption capacities for cations, which exhibit uptakes

of organic cations exceeding their cation exchange capacities [12, 17].

5.5 Structure and Thickness of the Adsorbed Aggregates

The analysis of the aggregate structures of the simulated systems shows that up to
coverages of 0.375 C,,TMA™ / Ay, the surfactant ions are adsorbed on the montmo-
rillonite surface as monomers or dimers. At higher coverages, the C,TMA™ ions
form aggregates, which partially cover the montmorillonite surface and are laterally
separated from water. This aggregation behavior is in close analogy to the assembly
of C,TMA™ ions on muscovite (see section 4.5).

The two layers composing the C,TMA™ bilayer aggregates at the montmoril-
lonite surface are interdigitated for all three studied chain lengths (see figures 5.13(b)
and 5.14(b)). This interdigitation is less pronounced for the aggregates formed by the
short-chained CsTMA™ ions. Furthermore, with decreasing chain length, increasing
amounts of C,TMA™ are desorbed from the aggregates. These desorbed surfactant
ions reside as monomers in the solution or are located at the water-vacuum interface

(see figure 5.14). Thus, even though the total number of adsorbed C,TMA™ ions
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Figure 5.13 — Snapshots of the simulated equilibrium configurations for (a) the
monolayer arrangement at a coverage of 1 CisTMA™ /Ay and (b) the
bilayer arrangement at a coverage of 1.5 C;{TMA™ / A,,, viewed par-
allel to the montmorillonite-water interface. Ball and stick colors:
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(a) 1CsTMA ™'/ Ay, monolayer (b) 1.5CsTMA ™/ Ay, bilayer

Figure 5.14 — Snapshots of the simulated equilibrium configurations for (a) the
monolayer arrangement at a coverage of 1 CsTMA™ /Ay and (b) the
bilayer arrangement at a coverage of 1.5 CsTMA™ / Ay, viewed par-
allel to the montmorillonite-water interface. Ball and stick colors:
yellow (Na*), red (CI"), brown (C), blue (N), white (H), light gray (O),
beige (5i), light blue (Al), green (Mg).
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is independent of the alkyl chain length (see section 5.3), the amount of C,TMA™
aggregated at the montmorillonite surface increases with increasing surfactant alkyl
chain length (cf. figures 5.13 and 5.14). This observation can be attributed to in-
creased hydrophobic interactions between the longer surfactant alkyl chains. The
increase of the amount of aggregated C,TMA™ with increasing alkyl chain length is
in good agreement with the experimental results by Atkin et al., which indicate that
the surface excess of C,TMA™ ions on silica at a given concentration increases with
the surfactant alkyl chain length [140].

The degree of conformational order within the surfactant aggregates was an-
alyzed with the help of the calculated gauche conformation fractions of the alkyl
chains (see figure 5.15). A trend of decreasing conformational order with decreas-
ing alkyl chain length was observed. Furthermore, for all three considered chain
lengths, at a given surfactant surface coverage, the bilayer aggregates exhibit higher
conformational order than the monolayer ones. This effect can be attributed to
increased hydrophobic interactions between the alkyl chains of the opposed layers
composing the interdigitated bilayer aggregates. The calculated gauche conforma-
tion fractions of the alkyl chains vary in the ranges of 10% — 33 % for C;sTMA™,
8% — 26 % for C1oTMA™, and 25 % — 38 % for CsTMA ™ monolayer aggregates. For
bilayer aggregates, the calculated gauche conformation fractions are in the ranges of
6 % — 15% for C1TMA™, 9% — 16 % for C;;TMA™, and 23 % — 34 % for CsTMA™.
With increasing surface coverage, a slight increase of conformational order was ob-
served to occur within the monolayer aggregates of the long-chained C;,TMA™ ions.
This trend could not be observed for the aggregates formed by the shorter-chained
CioTMA™ and CgTMA™ ions.

In analogy to the simulation results for muscovite (see section 4.5), the calculated
gauche conformation fractions exhibit comparatively high standard deviations of up
to 19 %. This manifests the coexistence of nearly fully extended chains and chains
with high numbers of gauche conformations in the same systems. Furthermore,

the C;1¢,TMA™ and C;,TMA™ aggregates assembled on the external surface of mont-
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morillonite exhibit greater fractions of gauche conformations than the aggregates
assembled on cleaved muscovite at the same coverages (cf. figures 4.14 and 5.15).

The apparent aggregate thicknesses were estimated on the basis of the vertical
atomic density profiles for the carbon atoms of C,TMA™ alkyl chains (monolayer
aggregates) and headgroups (bilayer aggregates) (see figure 5.4). The C;TMA™
monolayer aggregates exhibit thicknesses of approximately 23 Aat the coverages
of 0.125 C1¢TMA™ / Ayc and 0.25 C1sTMA ™/ Ay (see figure 5.4(a)). With increasing
surface coverage, the apparent aggregate thickness increases to up to 35 A and
32 A at coverages of 0.75 C16TMAT /Ay and 1 C14TMA™ /Ay, respectively. This
increase of aggregate thickness is due to C14TMA™ ions that are located with their
headgroup atoms at z-values of approximately 15 A. They are not adsorbed on
the montmorillonite surface but nevertheless take part in the aggregation through
hydrophobic interactions of their alkyl chains (see figure 5.13(a)). These detached
but yet aggregated C,TMA™ ions have higher z-values of the carbon atoms of their
alkyl chains than the ions that are adsorbed on montmorillonite as inner-sphere
or outer-sphere surface complexes. As a result, the thickness of the aggregate is
increased.

For the monolayer aggregates formed by C;,TMA™ and CsTMA™ ions, a similar
behavior was observed. The determined aggregate thicknesses are in the ranges of
18 A to25A and 13 A to 17 A, respectively. In single systems, carbon atoms of the
alkyl chains are located at z-values of up to 32 A for C;;TMA™ aggregates and up
to 27 A for CsTMA™ aggregates (see, e. g, figures 5.4(b) and 5.4(c) at coverages of
0.5C1sTMA™ /Ay, 1 C1oTMA™T /Ay, and 1 CsTMA™ / Aye). These ions are detached
from the surfactant aggregates and are located at the aggregate-solution interface
(see figure 5.14(a)).

Similarly, the thicknesses of the C,TMA™ bilayer aggregates slightly increase
with the surfactant surface coverage. The calculated thicknesses are in the ranges
of 30A to 39A for C;cTMA™T and 23 A to 36 A for C1,TMA™. The simulated
CsTMA™ bilayer aggregates exhibit thicknesses of 23 A and 20 A at coverages
of 0.75 CsTMA™ /Ay and 1 CgTMA™ / Ay, respectively. At all other simulated
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coverages, significant fractions of the surfactant ions are characterized by large sep-
arations from the surface and are desorbed from the aggregates. For these systems,
the aggregate thicknesses could not be determined unambiguously.

The determined aggregate thicknesses are consistent with the thicknesses of the
C,TMA™" aggregates assembled on muscovite (cf. section 4.5). In general, slightly
smaller extensions in the z-direction were observed for the aggregates formed on the
external surface of montmorillonite. This effect can be attributed to the significantly
greater fraction of inner-sphere surface complexes formed on montmorillonite as
compared to muscovite, resulting in a closer approach of the surfactant ions to the

mineral surface.

5.6 Summary of the Simulation Results

The simulation results indicate that approximately 90 % of the adsorbed C,TMA™
ions form inner-sphere complexes on the montmorillonite surface. In the lateral
direction, they are mainly adsorbed above ditrigonal cavities of the clay surface.
The distances between their nitrogen atoms and the clay surface are in the range of
3.65 A to 4.25 A. The inner-sphere adsorbed C,TMA™ ions penetrate the first water
layer adsorbed on the montmorillonite surface and displace water molecules from
their adsorption positions. On average, with each adsorbed C,TMA™ inner-sphere
complex per Ay, the density of the first water layer is decreased by approximately
70 %.

Those 10 % of the C,TMA™ ions that form outer-sphere complexes on the mont-
morillonite surface are characterized by z-values of their nitrogen atoms varying
between 6.4 A and 8 A. In contrast to the inner-sphere adsorbed C,TMA ™ ions, they
do not show specific lateral adsorption positions. In agreement with experiments
(cf. [8, 15,99, 139]), the amount of adsorbed C,TMA™ increases with the C,TMA™
surface coverage. At the lowest simulated coverages, for both the monolayer and the
bilayer arrangements, all available C,,TMA™ ions are adsorbed on the montmoril-

lonite surface. At higher coverages, only parts of the aggregated surfactant ions form
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adsorption complexes. The highest observed value of 0.66 C,TMA™ adsorption
complexes per A, considerably exceeds that amount required to compensate the
negative charge of the montmorillonite surface of —0.375¢e/ Ayc.

Even at these high C,TMA™ adsorption rates, a fraction of the sodium ions
remains adsorbed above the tetrahedral substitutions of the montmorillonite surface
in most of the simulated systems. This explains the experimental observation (cf. [12,
17]) that even those organoclays possess adsorption capacities for cations, which
exhibit uptakes of organic cations exceeding their cation exchange capacities. The
positive charge at the montmorillonite surface is counterbalanced by chloride anions,
which are located in the regions around the hydrophilic C,TMA* headgroups and
form ion pairs with both C,TMA™ and sodium ions. The observed co-adsorption of
chloride on the montmorillonite surface strongly supports the theory derived from
experiments that the adsorption capacities of organoclays for anions originate from
the uptake of counterions together with the organic cations (cf. [17, 52, 53]).

Up to simulated coverages of 0.375 C,TMA™ /Ay, the surfactant ions are ad-
sorbed on the montmorillonite surface as monomers or dimers. At higher coverages,
the C,TMA™ ions form aggregates that are laterally separated from water and par-
tially cover the montmorillonite surface. The amount of water in the alkyl chain
regions decreases by approximately 50 % upon the addition of 1 C,TMA™ / Ayc.

The alkyl chain length 7 of the C,TMA™ ions considerably influences the struc-
ture of the assembled surfactant aggregates. As expected, the extension of the
aggregates in the vertical direction increases with the alkyl chain length. The simu-
lated monolayer aggregates exhibit thicknesses of 23 A to 35 A for C;s TMA™, 18 A
to 25 A for C;;TMA™, and 13 A to 17 A for CsTMA™. Because the bilayer aggregates
show a strong interdigitation, their thicknesses of 30 Ato39A for Ci¢TMAY, 23 A
to 36 A for C;,TMA™, and 20 A to 23 A for CgTMA™ are only slightly increased. The
fractions of gauche conformations of the alkyl chains of the aggregated C,TMA™
ions increase with decreasing alkyl chain length. Furthermore, with decreasing
chain length, increasing amounts of C,TMA™ are desorbed from the aggregates.

These desorbed surfactant ions reside as monomers in the solution or are located
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at the water-vacuum interface. Thus, even though the number of adsorption com-
plexes is independent of the alkyl chain length, the number of C,TMA™ ions that
are aggregated at the clay surface increases with increasing alkyl chain length. This

observation is in excellent agreement with previous experiments (cf. [140]).



CHAPTER 6

Summary and Outlook

In this thesis, the molecular-scale structures of C,TMA™ monolayer and bilayer
aggregates assembled on Muscovite- and Montmorillonite-Water interfaces were

characterized by means of classical Monte Carlo simulations.

Structure of the Water Films

The simulation results for the inorganic montmorillonite- and muscovite-water
systems indicate that the negatively charged phyllosilicate surfaces induce a layering
of the adsorbed water films, which is extended over several molecular layers. This
observation is in excellent agreement with previous experiments and simulation
studies.

The structures of the adsorbed water films strongly depend on both the charge
density of the mineral layers and the location of the charge substitutions within
these layers. Other than charge substitutions of the tetrahedral sheets, charge
substitutions of the octahedral sheets are located farther away from the mineral-
water interface and are additionally shielded by a tetrahedral sheet. As a result,
the effect of octahedral charge substitutions on the arrangement of water dipoles
at the mineral surfaces and thus on the structures of the adsorbed water films is

significantly smaller than that of tetrahedral substitutions.

101
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In montmorillonite particles, the majority of the charge substitutions are located
in the octahedral sheets, whereas the charge substitutions of muscovite are located
exclusively in the tetrahedral sheets. Furthermore, muscovite exhibits an approx-
imately 2.7-fold higher charge density of its mineral layers than montmorillonite.
As a result, the binding of water molecules to the muscovite surface is considerably
stronger. On muscovite, 1.3 water molecules per Ayl are doubly hydrogen-bonded
to the mineral surface with zoxygen < 2.2 A. In contrast to this, only 0.1 such water

molecules per A, were observed for montmorillonite.

Adsorption of C,TMA™ Ions on Montmorillonite and Muscovite

The almost complete absence of water molecules that are doubly hydrogen-bonded
to the montmorillonite surface leads to a considerably different adsorption behavior
of C,TMA™ ions on montmorillonite as compared to their adsorption on muscovite.

The simulation results indicate that on montmorillonite, approximately 90 % of
the adsorbed C,TMA™ ions form inner-sphere surface complexes, which displace
water molecules from their adsorption positions on the mineral surface. In the
lateral direction, the vast majority of these C,TMA™ ions are adsorbed above the
centers of ditrigonal cavities of the montmorillonite surface. Only a small fraction of
approximately 10 % of the adsorbed C,TMA™ ions forms outer-sphere complexes.
The outer-sphere adsorbed ions show a comparatively high lateral mobility and
do not exhibit specific lateral adsorption positions. The displacement of water
molecules from their adsorption positions on the montmorillonite surface by the
inner-sphere adsorption of C,TMA™ ions results in a decrease of the density of the
tirst water layer, which is characterized by Zoxygen < 4.7 A, by approximately 70 %
per C,TMA™ /A, added.

Those water molecules that are doubly hydrogen-bonded to muscovite are lo-
cated above the ditrigonal cavities of the mineral surface. Thus, other than on

montmorillonite, adsorbing C,TMA™ ions have to overcome comparatively high

L Aue represents the area of a mineral surface that corresponds to the area of one unit cell in the
crystallographic a-b plane. Correspondingly, Ayc= 46.36 AZ for montmorillonite and Ayc= 46.72 A2
for muscovite (cf. section 3.2).
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energy barriers to desorb these doubly hydrogen-bonded water molecules from the
muscovite surface. As a consequence of this, the formation of C,TMA™ inner-sphere
surface complexes is impeded. Accordingly, more than 50 % of all C,TMA™ adsorp-
tion complexes on muscovite were found to be outer-sphere ones. Furthermore, the
structure of the first water layer adsorbed on the muscovite surface is notably less
influenced by the adsorption of C,TMA™ than that of the first water layer adsorbed
on montmorillonite. The simulation results for the organically modified muscovite
surface indicate that the ratio between the numbers of water molecules that are
doubly (zoxygen < 2.2 A) and singly (2.2 < Zoxygen < 3.3 A) hydrogen bonded to the
mineral surface changes with increasing C,TMA™ surface coverage. However, the
average number of approximately 3.4 water molecules per A, that are either doubly

or singly hydrogen-bonded to the muscovite surface is maintained.

Structure of the C,TMA™ Aggregates

Up to simulated coverages of 0.375 C,, TMA™ /Ay, the surfactant ions reside on the
montmorillonite and the muscovite surfaces as monomers or dimers. At higher
coverages, the surfactant ions form aggregates, which partially cover the mineral
surfaces. The regions of hydrophobic alkyl chains and water are laterally separated
from each other. The simulated bilayer aggregates show a strong interdigitation of
the two opposing surfactant layers composing the aggregates. The densities of the
interfacial water films in the vertical regions of the alkyl chains are decreased by
approximately 50 % per C,TMA™ /A, added.

In the majority of the simulated systems, several C,TMA™ ions are separated
from the mineral surfaces by at least two interposed water layers. Even though being
detached from the surfaces, most of these ions are yet part of the interfacial surfactant
aggregates and bonded to them through hydrophobic interactions. At a given sur-
factant coverage, with increasing alkyl chain length, increasing amounts of C,TMA™
are desorbed from the aggregates and reside in solution or at the water-vacuum
interface. Accordingly, even though the numbers of formed adsorption complexes

were found to be independent of the alkyl chain length, the amounts of C,TMA™
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that are aggregated at the mineral-water interfaces at given C,TMA™ coverages
increase with increasing alkyl chain length. The weaker hydrophobic interactions
between short-chained C,,TMA™ ions are likewise reflected by the calculated gauche
conformation fractions of the alkyl chains. In agreement with experiments of the
self-assembly of dialkylammonium surfactants on mica, the conformational order
of the alkyl chains of the aggregated C,TMA™ ions considerably decreases with
decreasing alkyl chain length.

The calculated aggregate thicknesses are in excellent agreement with available
experimental data of C,TMA™ aggregates formed on the cleaved muscovite surface.
In general, the extensions in the z-direction of the monolayer and bilayer aggregates
assembled on the external surface of montmorillonite are slightly smaller than those
of the aggregates assembled on muscovite. This effect can be attributed to the
significantly greater fraction of C,TMA™ inner-sphere surface complexes formed
on montmorillonite as compared to muscovite, resulting in a closer approach of the

surfactant ions to the mineral surface.

Positions of the Inorganic Ions,

Adsorption of Cationic and Anionic Pollutants by Organoclays

The simulation results indicate that the fractions of sodium and potassium cations
that remain adsorbed on montmorillonite and muscovite, respectively, decrease
with increasing amounts of adsorbed C,TMA™. However, in the vast majority of the
simulated systems that show amounts of adsorbed C,TMA™ exceeding the amount
necessary to compensate the negative charge of the mineral surfaces, fractions of
the inorganic surface cations remain adsorbed as inner-sphere surface complexes.
This incomplete desorption of inorganic surface cations agrees with the experi-
mental observation that even those organoclays possess adsorption capacities for
cationic pollutants, which exhibit uptakes of organic cations in excess of their cation
exchange capacities. Cationic pollutants can hence be adsorbed by organically

modified clay surfaces through their exchange with inorganic surface cations.
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The excess positive charge at the mineral-aggregate interfaces is counterbalanced
by chloride anions, which are mostly located in the regions around the hydrophilic
C,TMA™ headgroups and form ion pairs with both C,TMA™ and inorganic surface
cations. The adsorption of anionic pollutants on the external surfaces of organoclay
particles can thus be attributed to their exchange with inorganic counterions (in
the case of this study CI"), which were co-adsorbed on the clay surfaces during the

production of the organoclays.

Outlook

With the MC simulation studies of this thesis, a significantly improved under-
standing of the molecular-scale structures of C,TMA™ aggregates assembled on
montmorillonite- and muscovite-water interfaces could be gained. Previous ex-
periments revealed that CisTMAT, HDPy", and BE* modified bentonites show a
pronounced anion selectivity with the affinity sequence being ReO, >1~ > Br~ >
Ccl™ > SOi_ > SeOg_ (cf. [7]). This thesis may serve as a basis for future simulation
studies investigating this still not well understood anion selectivity of organoclays.

Furthermore, for future simulation studies, the increase of the lateral dimensions
of the simulation cells is desirable. Larger simulation cells will allow a better testing
of the simulation results on the basis of experimental measurements. For example,
the lateral structures of C,TMA™ aggregates on a nanometer scale, which were
observed in AFM experiments, cannot be represented by simulation cells having
such small lateral extensions as used in this MC simulation study. Because the
feasible system size is limited by current computer power, it is required to improve
the employed Monte Carlo algorithms to increase the speed of system equilibration.
This can for example be achieved by the implementation of cluster moves or the
allowance of tunneling of inorganic ion pairs and water through hydrophobic

aggregate regions.
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APPENDIX A

Extended Figures

(a) Side view (b) Top view

Figure A.1 - (a) Side view and (b) top view of a CsTMA™ ion adsorbed parallel to
the montmorillonite surface. (a) and (b) are snapshots of the simulated
equilibrium configuration for the monolayer arrangement at a coverage
of 0.75 CsTMA ™ / Ay.. Ball and stick colors: beige (Si), gray-blue (Al),
red (O), white (H), blue (N), brown (C), red (CI7).
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Figure A.2 — Vertical atomic density profiles for (a) headgroup nitrogen and
(b) aliphatic carbon atoms of C;sTMA™ as functions of the distance z
from the muscovite surface for the bilayer arrangement at a coverage
of 0.75 C16TMA™ / Ayc. The graphs show the evolution of the atomic
densities of the system with simulation time. The density profiles were
sampled every 100 000 MC cycles over 100 MC cycles. The extension
of the water film between the muscovite—water interface (z = 0 A) and
the water-vacuum interface is indicated by black bars.



EXTENDED FIGURES 121

¢ g
o @ (=)
= < =
[ a 0
Q0 007 2@
S ES
o o
2 )
5 5
O 0.06 (@]
2 2
< =
o o
= =
0.05
0.04
0.03
0.02
0.01
0
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
z(A) z(A)
(c) Water oxygen (d) Water hydrogen

Figure A.2 - continued. Vertical atomic density profiles for water (a) oxygen and
(b) hydrogen atoms for the bilayer arrangement at a coverage of

0.75 C1TMA™ / Ay as functions of the distance z from the muscovite
surface.






APPENDIX B

Used Software

Table B.1 — Software employed for the calculations of this work.

Purpose  Software
Monte Carlo simulations mclay [22]
Calculation of the energetically optimized geometries GAMESS-US [104, 105]
and the partial atomic charges of C,TMA*
Programming language used for data analysis ~ Fortran 95

Table B.2 — Software employed for the creation of figures and typesetting.

Purpose  Software

Visualization of atoms and molecules GIMP 2.6.11 [141]
MOLDEN 5.0 [142]
POV-Ray 3.6[143]
VMD 1.8.7 [144]
Data plots  gnuplot 4.4 [145]
Typesetting  IXIEX 2¢[146]
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