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Abstract

Atomistic simulations are used to predict the properties of molecules and materials by
defining the interactions between the atoms that form them. These techniques are gaining
interest in materials science as a complement to experiments, helping in the interpretation
of the results. In this thesis, molecular dynamics (MD) simulations have been employed to
study two materials with similar 2D nanostructure, yet very different applications: clays and
C-S-H gel. The aim is to support the experiments, assisting in the interpretation and
prediction of the properties of the simulated systems. The provided results extend the
knowledge from the experiments and may guide the development of new materials with

enhanced properties.

First, the intercalation of two dyes, LDS-722 and pyronin Y, into two different smectite clays,
Laponite and saponite, is studied. The atomistic simulation of dye/clay systems has enabled
the understanding of their photophysical behavior, the formation of dye aggregates and the
dye diffusivity in the clay nanopores, beside the characterization of the mechanical response

of the dye/clay composites.

Second, the capacity of calcium silicate hydrates (C-S-H) and calcium alumina silicate
hydrates (C-A-S-H) to retain radiocesium, '3Cs, is explored. For that purpose, atomistic
simulations have been performed to evaluate the adsorption mechanisms and the diffusive
behavior of Cs ions. The influence of several aspects, as the concentration of Cs, the Ca/Si
ratio of the C-(A-)S-H samples, the counterion that accompanies the Cs and the

incorporation of Al to the silicate chains has been considered in this analysis.

Third, the strengthening mechanisms in hybrid nanocomposites of C-S-H with organic
compounds, APTES and PEG, is studied. The bulk and Young’s moduli have been
determined by applying a hydrostatic and uniaxial pressures to the simulated systems. The
molecular dynamics simulations have also allowed to explore the effects of the hydrostatic

pressure on the silicate chains and hydrogen bond network.

The atomistic simulations extend the knowledge beyond the experimental limits. The results
presented in this thesis contribute to a better understanding of the guest-host interactions

at atomic scale in the studied systems and may help in the design of new materials.






Resumen

Los métodos de simulacién atomistica se emplean para predecir las propiedades de
moléculas y materiales, definiendo para ello las interacciones entre los atomos que los
forman. Estas técnicas estan suscitando gran interés en el campo de la ciencia de
materiales como complemento a los experimentos, ayudando a interpretar los resultados.
En esta tesis se ha empleado dinamica molecular para estudiar dos materiales con una
nanoestructura laminar parecida, aunque con aplicaciones muy diferentes: arcillas y gel C-
S-H. El objetivo de esta tesis es apoyar los experimentos, interpretando y prediciendo las
propiedades de los sistemas simulados. La informacion proporcionada por las simulaciones
amplia el conocimiento obtenido experimentalmente y pueden servir para guiar el desarrollo

de nuevos materiales con propiedades mejoradas.

En primer lugar, se estudia la intercalaciéon de dos colorantes, LDS-722 y pironina Y, en
dos arcillas tipo esmectita, Laponita y saponita. La simulacion de sistemas arcilla-colorante
ha permitido entender su comportamiento fotofisico, la formacion de agregados y la difusion
de colorantes en los nanoporos de arcilla, ademas de la caracterizacién de la respuesta

mecanica de estos sistemas hibridos.

En segundo lugar, se ha investigado la capacidad del silicato célcico hidratado (C-S-H) y
del aluminosilicato célcico hidratado (C-A-S-H) para retener '%’Cs. Las simulaciones
atomisticas han permitido evaluar los mecanismos de adsorcion y difusion de los iones de
Cs, considerando una serie de variables: la concentracion del Cs, el ratio Ca/Si del gel C-

S-H, el contraion que acompafia al Cs y la incorporacién Al a la estructura de C-S-H.

En tercer lugar, se han estudiado los mecanismos de fortalecimiento en nanocompuesto
de gel C-S-H con aditivos organicos, APTES y PEG. Mediante aplicacion de presiones
hidrostaticas y uniaxiales, se han determinado los médulos de compresibilidad y de Young.
También se ha estudiado el efecto de la presion hidrostatica en las cadenas de silicio y en

la red de enlaces de hidrégeno.

Los resultados presentados en esta tesis contribuyen a un mejor entendimiento de las
interacciones a escala atdmica entre moléculas huésped y matrices hospedadoras de los

sistemas estudiados. Esta informacién puede ayudar al disefio de nuevos materiales.
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Chapter 1. General
introduction

Atomistic modeling can be defined as the methods that mimic the behavior of complex
systems by treating the atoms as the smallest constituents. The simulation of the atoms and
their interactions enables to determine the properties of the modeled system. Nowadays,
these techniques have become indispensable in materials science since they allow to
predict and understand the properties of real materials and provide insights beyond the
experimental resolution’. Atomistic modelling can also help to reduce costs and accelerate

the development of new materials by guiding the experiments?.

At the beginning of the atomistic simulation methods, computers were only capable of
managing calculations of very few atoms due the high computational cost of modeling large
systems. Indeed, the first studies in atomistic simulations were restricted to small molecules
and simple crystals®. Nevertheless, the technological advances in computing have made
possible the simulation of complex systems of millions of atoms for long periods of time and
the extension to many fields from physics, chemistry, biology, medicine and engineering,
among others, creating interdisciplinary research approaches, such as Computational

Materials Science®.



Chapter 1

The aim of this thesis is the study of clays and calcium silicate hydrate (C-S-H) gel by means
of atomistic simulations. These materials have very different application fields, but both have
structural similarities, they are layered materials whose interlaminar spaces can
accommodate diverse species. This thesis started to offer theoretical support to the
experiments carried out at the Molecular Spectroscopy Laboratory from the Department of
Physical Chemistry at the University of the Basque Country (UPV/EHU). These experiments
are focused on the encapsulation of organic dye molecules into clay minerals in order to
form photoactive dye/clay hybrid systems. By the second half of the PhD, the opportunity to
collaborate with the National Institute of Environmental Studies (NIES) of Japan in the study
of the confinement of radiocesium in C-S-H arose. Finally, atomistic simulations of hybrid
materials based on C-S-H and organic additives have been performed in order to evaluate
the mechanical properties in close collaboration with the experiments performed at the

University of California, Berkeley (USA) and the Southeast University (China).

The atomistic simulations presented in this thesis enable the interpretation and prediction
of experimental phenomena and properties of the studied systems. Moreover, they extend
the knowledge available from the experiments, under well controlled conditions, and allow

data-driven design of new materials with tailored properties.

1.1. Thesis outline

The thesis is divided in seven chapters, with two well differentiated blocks, one devoted to
hybrid materials based on clays (chapters 3 and 4) and another one to the confinement in
C-S-H gel (chapters 5, 6 and 7).

First, the background of the computational methods is provided in Chapter 2, including the
basics of molecular dynamics (MD) simulations and the employed potential energy forms
and force fields. The analysis tools used to characterize the simulated nanoporous materials

are also described in this chapter.

The block of clays starts with Chapter 3, which contains the basis for the understanding of
the crystalline structure of clay minerals, their main features and their classification

according to the arrangement of the sheets that form the clay layers. The structure,
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composition, charge and properties of Laponite and saponite, the clays studied in this
thesis, are described in depth. A brief overview of the atomistic modeling of clay minerals is

also included.

Chapter 4 is focused on the study of dye/clay hybrid systems formed by encapsulation of
organic dyes into the interlaminar space of clay minerals. Molecular dynamics (MD)
simulations are used to interpret experimental photophysical phenomena and study the
formation of dye aggregates in the clay slit pore. The diffusivity of the dyes throughout those

pores and the mechanical response of dye/clay hybrid materials are also analyzed.

The first of the three chapters of the block devoted to C-S-H gel composites, Chapter 5,
introduces the cementitious materials. A review of the empirical models for the atomic and
nanostructure of the C-S-H gel is included along with the main computational models

proposed for the atomic structure of C-S-H.

Chapter 6 is devoted to the capacity of calcium silicate hydrates (C-S-H) and calcium
alumina silicate hydrates (C-A-S-H) to retain '3’Cs radiocesium. The mechanisms that
govern the retention and diffusion of Cs in C-(A-)S-H nanopores are investigated by
molecular dynamics (MD) simulations, characterizing the different sorption configurations
of Cs ions and considering the impact of several variables, such as the concentration of Cs,
the Cal/Si ratio of the C-(A-)S-H samples, the counterion that accompanies the Cs and the

incorporation of Al into the silicate chains.

Finally, the study of the mechanical properties of hybrid nanocomposites of C-S-H and
organic additives is tackled in Chapter 7. Molecular dynamics (MD) has been used to
explore the strengthening mechanisms at molecular scale of two samples of C-S-H that
incorporates 3-aminopropyltriethoxylsilane (APTES) and polyethylene glycol (PEG),
measuring the bulk modulus and comparing with the experimental results provided by our

collaborators.
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Chapter 2. Computational
methods.

This chapter introduces the computational methods employed throughout this thesis to
study the atomic interactions between guest ions and molecules and host nanostructures.
It provides the basics of molecular dynamics (MD) simulations, detailing the employed
integration algorithms and ensembles. It also describes the main potential energy functional
forms and the force fields used in this thesis. A brief description of the simulation analysis

tools is also included in this chapter.

2.1. Introduction

Computational methods have been extensively used since the second half of the last
century to assist in solving physical and chemical questions. Metropolis et al. performed the
first computational simulation in 1953". They employed Monte Carlo (MC) method to study
the interactions of two-dimensional rigid-spheres. Few years later, Alder and Wainwright

employed for the first time molecular dynamics (MD) simulations to study the dynamics of
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an assembly of hard spheres?3. However, it was not until 1960 that molecular dynamics
was employed for the simulation of a “real” material, a copper fcc crystal, in order to

investigate the radiation damage in its structure®.

Nowadays, the computational techniques have become essential and are widely applied in
many fields, from materials science to biochemistry. The simulations allow to gain insight
into where the experiments cannot. Therefore, modeling not only complements the
experiments, but also can be used to predict certain behaviors and phenomena of the
simulated systems. The importance of molecular modeling is such that in 2013 three
computational chemists, Martin Karplus, Michael Levitt and Arieh Warshel, have been
awarded with the Nobel Prize in chemistry for their pioneer work in computational studies
on functional properties of biomolecules. Moreover, the contribution of Walter Kohn and
John Pople to the development of the density functional theory (DFT) and computational

methods in quantum chemistry was also recognized with a Nobel Prize in 1998.

Molecular modeling can be approached by either ab initio or empirical techniques. On the
one hand, ab initio methods rely in the quantum physics, based on the Schrodinger
equation, not depending on experimental data. Ab initio techniques are very rigorous and
accurate, yet they are computationally demanding, if not prohibitively expensive. Thus, it is
only possible to apply them to small systems, up to hundreds of atoms. On the other hand,
empirical techniques use approximations to classical mechanics. They are less accurate,
but also less computationally demanding than ab initio methods, which allows empirical
methods to be applied to larger systems over hundreds of thousands of atoms. In this thesis,
empirical methods have been employed in order to simulate systems large enough to study

realistic porous materials.

2.2. Molecular Mechanics

Molecular mechanics methods employ classical mechanics to model the interatomic and
intermolecular interactions. These methods involve two assumptions. The first one is the
Born-Oppenheimer approximation, whereby the motion of the nuclei and the electrons can

be considered decoupled due to the greater mass of the nuclei. Hence, the interaction
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between atoms can be evaluated as a function of the nuclear positions, with the electrons
in an optimal distribution around them®. The second assumption is that the atoms can be
treated as classical particles, so that the atoms are described as spheres with a
characteristic charge and radius, whose electronic nature is omitted. They interact with each
other by means of interatomic potentials. These assumptions result in lower computational
cost than ab initio techniques, which enables the study of systems of higher size and
complexity. However, molecular mechanics have two main drawbacks. On the one hand,
the omission of the electronic nature of the atoms involves that these methods cannot
provide information about the electronic structure of the simulated systems. On the other
hand, molecular mechanics has limitations in terms of accuracy and transferability. The
simulation of the structures requires an extensive parametrization to describe the atomic
interactions in a given local environment, because the atoms in different environments are
expected to interact differently. Therefore, the sets of potentials employed should be

checked carefully in order to assure its transferability.

The sets of potential functional forms and the parameters used to describe the interatomic
interactions are known as force fields. The parametrization of the force fields is done by
fitting ab initio or experimental data. In molecular mechanics, the energy of a system can
be determined as the sum of all the interactions. There are many functional forms and force

fields, but only the ones employed in the present thesis are briefly described below.

2.21. Potential Energy Functional Forms

Non-bonding interactions encompass all the non-covalent interactions between
atoms, including long-range coulombic, dispersive and repulsive interactions, as described

below.

Long-range coulombic interactions are the most significant contribution to the energy in
ionic solids. The Coulomb’s law describes the interacting force between two electrically
charged particles that remain static. The coulombic potential functional form is defined as:

coutomp _ _ 1i%j
Uij =

yre- Eq. 2.1

ij
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being o the dielectric constant in vacuum, gi and g; the charges of the corresponding atoms
i and j and rj the distance between them. A typical evolution of the coulombic energy as a

function of the interatomic distance is given in Figure 2.1.

From the Eq. 2.1, it can be drawn that the energy decreases linearly with the interatomic
distance rj. However, the energy also grows with that distance due to the proportional
increase of ions to the surface of a sphere defined by 4mr;?. Hence, the energy might
increase rather than decrease. This may cause a cumbersome evaluation of this term due
to convergence problems, especially in low symmetry systems. To solve this issue, several
numerical techniques have been proposed®, highlighting the Ewald’s summation method”.
Ewald’'s summation overcomes the problem dividing the coulombic term by a Laplace
transformation in two terms that not only converge rapidly, but also absolutely, one in the

real space and the other in the reciprocal space.

Repulsive

Energy

Attractive

Interatomic distance

Figure 2.1. Plot of the coulombic energy as a function of the interatomic distance for repulsive (in green)

and attractive (in blue) interactions.

Dispersive and repulsive interactions. Long-range dispersive interactions, such as
London or attractive van der Waals forces, are especially important in systems that have
little coulombic interactions, like in molecular crystals. These forces arise from non-uniform
distributions of the electron clouds around the nucleus. Thus, the fluctuations in the

electronic density may originate an induced dipole and multipole moments®. The repulsive
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forces arise at short distances due to the overlap of the electronic clouds of two atoms that
are very close. Both dispersive and repulsive forces are usually described jointly in the same
functional form by means of series of terms with the inverse of the 61, 12, 18, .. power of
the interatomic distance, rj. The Lennard-Jones potential form is the most common way to

define dispersive and repulsive interactions®:

12 6
Ro . R
— ( 0,11) _2< 0,u> Eq. 2.2
ri]- rl'j

where € is the depth of the potential well and Ro,jthe distance at which the potential reaches

U:,jennard—]ones

the minimum. This equation describes a potential with an energy minimum at the interatomic
distance Ryoj. The energy is rapidly increased at shorter interatomic distances, while

increases smoothly at higher distances (see Figure 2.2).

Lennard-Jones

Energy

Interatomic distance

Figure 2.2. Plot of the Lennard-Jones potential energy as a function of the interatomic distance.

Bonding interactions. The formation of covalent bonds implies a localized distribution
of the electrons between the atoms. The bonding interactions involve terms to describe
bond stretching, angle bending, dihedral angels or improper dihedral angle (see Figure 2.3),

besides other specific terms included in some force fields.
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Figure 2.3. Schematic representation of covalent (a) bond stretching, (b) angle bending, (c) dihedral
angle and (d) improper dihedral angle. Figure borrowed from

http://cbio.bmt.tue.nl/pummal/index.php/Theory/Potentials.

Morse (Eq. 2.3) and harmonic (Eqg. 2.4) potentials are the simplest and most widespread

ways to describe covalent bond stretching (see Figure 2.3a):

2
Ug]qorse =D, [(1 _ e—a(r,-,-—ro)) — 1] Eq. 2.3

U{]I_armonic — kr(rij _ 1'0)2 Eq. 2.4

where rj and ro are the interatomic and equilibrium distances, respectively. In Morse
potential equation, De is the energy of the bond at the equilibrium distance and a is the
curvature of the potential around the equilibrium distance. In the harmonic potential

equation, k- corresponds the bond force constant.

10
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Harmonic

Energy

Interatomic distance

Figure 2.4. Plot of the harmonic (in green) and Morse (in red) potential energy as a function of the

interatomic distance.

Many times, covalent bonding involves specific geometries as a consequence of orbital
hybridization. For instance, three body potentials are used to describe the angle bending

(see Figure 2.3b), penalizing any deviation from the optimal angle:

: 2
USE™o™e = kg(Oyx — 69) Eq. 2.5
where ky is the angle constant force, Ok the angle between the atoms /, j and k, and 6o is

the equilibrium angle.

There are also four body potentials that describe dihedral angles and the improper torsions.
The dihedral angle (see Figure 2.3c) potentials constrain the rotation around a bond and
involves four consecutive bonded atoms. The dihedral angle potential can be expressed as

cosine-type or harmonic functional forms:

i 2
gt;(.cllne — kg[l + Cos(n¢ijkl — ¢0)] Eq. 2.6
. 2
grmenie = k(i — Po) Eq. 2.7

kg and kg correspond to the dihedral angle force constants belonging to the cosine-type
and harmonic potential, respectively. ¢;;; and ¢, are the dihedral angle formed by the /, j,

k, and | atoms and equilibrium dihedral angle

11
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The improper torsion (see Figure 2.3d) involves three atoms centered around a fourth one,
allowing to reproduce accurately some out-of-plane modes, especially used to maintain the

chirality and the molecular planarity.
i 2
UHE™o™e = ky(Yijia — Wo) Eq. 2.8

where ky is the improper force constant, wj is the improper angle and wo the equilibrium

improper angle.

2.2.2. Force Fields

CHARMM force field. Chemistry at HARvard Macromolecular Mechanics' (CHARMM)
force field was developed in 1980s by Brooks and coworkers. It is one of the most employed
potential to simulate molecular systems, ranging from small organic molecules to large
proteins or carbohydrates. CHARMM considers that the potential energy of the system can
be obtained by means of the sum of bonding and non-bonding interactions, which are, in

turn, a sum of terms that contribute to those potentials:

Utotal = (UCoulomb + Uvan der Waals) + (Ubonds + Uangles +
Eq. 2.9
UUrey—Bradley + Udihedrals + Uimpropers)

Besides the potential functional forms described above, CHARMM force field also includes
an additional one called Urey-Bradley potential, which restrains the motion of the bonds
involved in the angle formation by introducing a virtual bond between the atoms i and k (not
defined by the bond stretching potential form).

U:Jkrey—Bradley — ku(uik _ uo)z Eq. 210
being ku the Urey-Bradley force constant, uik the distance between the atoms i and k and uo

the equilibrium distance.

12



Computational methods

Therefore, the total potential energy of the system defined with CHARMM is:

12 6
Uppgat = Z q:9; + . (Ro,ij> 5 <R0,ij>
total = e - -
o 411'801'- i van der Waals rii rii

Coulomb Y
2 2
+ Z kr(r,-l- - 7"0) + Z kg(@,-l-k — 00)

bonds angles

+ Z ke, (wyy — uo)? Eq. 2.11
Urey—Bradley

2
+ Z k§[1 + cos(ndyji — o))
dihedrals

+ z kw(‘liijkz—lllo)z

impropers

CHARMM have several specific set of parameters to define, for example, proteins, drug-
like molecules or hydrocarbons. In this thesis, CHARMM General Force Field (CGenFF)'
has been employed to describe dye molecules and surfactants, because it covers a wide

range of chemical groups and molecules.

ClayFF. Cygan et al. developed in 2004 the ClayFF force field'?, suitable for the simulation
of laminar inorganic oxides such as clays and double-layer hydroxides, as well as for their
interfaces with liquid phases'®-'6. The parametrization of the interatomic potentials involves
spectroscopic and structural data from several clays. This force field has been also
employed for modeling the structure of calcium silicate hydrates'’, yet not having been
initially parametrized for those types of materials. In contrast to previous force fields, ClayFF
considers most interatomic interactions as non-bonded, reducing the number of parameters
and allowing large simulations with low computational cost. Metal-oxygen interactions are
described using a combination of Lennard-Jones and Coulomb potentials. The only
explicitly defined bonding contributions are the bond stretching and angle bending terms for
water molecules and hydroxyl groups. For that purpose, ClayFF employs the definition of
the flexible simple point-charge or flexible SPC model8, which describes the properties and
structure of bulk water and aqueous solutions in a very simple and efficient way. It is

interesting to note that the oxygen and hydroxyl atoms from water and hydroxyls do not

13
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have Lennard-Jones parameters. The potential energy of the system in ClayFF is defined

as:
Utotal = (UCoulomb + Umm der Waals) + (Ubonds + Uangles) Eq 212
Leading to:
12 6
U _ Z q:9; 4 . <R0,ij> ) <R0,ij> ]
total — Ao —_ - —
Coulomb 4n£0rii van der Waals rii rii

2 2
+ Z kr(ri]’_ro) + Z kg(B,-jk—Bo)

bonds angles

CSH-FF. ClayFF force field is able to reproduce the structure of calcium silicate hydrates,
but tends to underestimate the mechanical properties in comparison with ab initio
calculations. In 2011, Shahsavari et al. developed the CSH-FF force field'® for the atomistic
modeling of cement hydration products, based on a reparametrization of ClayFF force field.
For this purpose, the authors fitted the potential parameters including not only structural
data, but also elastic constants for enhancing the prediction of the mechanical properties.
The parameters and charges for water molecules were not adjusted in CSH-FF, so this
force field is compatible with the flexible SPC model. ClayFF and CSH-FF employ the same
potential forms. However, the coulombic and Lennard-Jones parameters change
significantly as a consequence of the reparametrization. In this way, CSH-FF enhances the
predictive capability of ClayFF for the mechanical properties, while preserving a much lower
computational cost than ab initio methods. CSH-FF has proved to describe properly the
structure and the mechanical properties of calcium silicate compounds, although at high
Cal/Si ratios it is necessary to fix the atomic positions of Si atoms to maintain the structure
of C-S-H20-23,

ReaxFF?*% is a reactive force field that enables bond formation and rupture. Traditional
force fields use a fixed connectivity for the chemical bonds, while ReaxFF employs the bond
order concept to model the chemical interactions. In order to obtain an accurate reactivity,

the parametrization of this force field requires both quantum and experimental data. As the

14
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non-reactive force fields, in ReaxFF the total potential energy can be expressed as a sum
of bonding and non-bonding contributions:

Ututal = (szmds + Uangles + Ulp + UunderC + UoverC)
Eq. 2.14

+ (UCoulomb + Umm der Waals) + Uspecific

where Ubonds, Uangles, Uip, , Ucoulomb @and Uvan der waais are bond stretching, angle bending, lone
pair, Coulomb and van der Waals contributions to the potential energy. ReaxFF imposes
energetic penalties for low and high coordination numbers by means of Uunderc and Uoverc
terms, which are defined as the under- and over-coordination contributions to the potential
energy. In addition to these terms, specific terms are included, for instance, to characterize
the hydrogen bonds. All those terms depend on the local environment, described by the
bond order. The bond order, which is obtained from the interatomic distances and is

continually updated at each simulation step, can be expressed as:

ri]-)l’bo,z

BOj; = BO} + BO[F + BOJ™ = e”"”"(ri"

T ]-)I’lwA

Tij Pbo,6
Pho 3\
0

Poos (7 Eq. 2.15

+e +e

where BO;; is the instantaneous bond order and BO;{, BO;}, and BO;[™ are the respective
contributions from sigma, pi and double pi bonds, which are calculated from the interatomic
distances rj. The exponential terms are referred to the sigma bond (p;,, ; and py, ) which is
unity below 1.5A, but negligible above 2.5A; the pi bond (Ppo,3 @nd pp, 4) Which is unity below
1.2A, but negligible above 1.75A; and the double pi bonds (py,s and p,, ) Which is unity

below 1.0A, but negligible above 1.4A25 (see Figure 2.5).
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Figure 2.5. Interatomic distance dependence on the bond order (BO).

The bond order is introduced as a parameter in the bonding terms (see Eq. 2.16 and Figure
2.6).

o \Pbe,2
Epona = —DZBOGe?:(1=(890)"*) _ prpor _ preporr Eq. 2.16

where DZ, DF and D77 is the energy of a single o, m and mr bonds between a particular

pair of atoms, respectively.
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Figure 2.6. Interatomic distance dependence on the bond energy terms.
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The non-bonding terms in ReaxFF are calculated for all the atom pairs, regardless of the
connectivity or bond order, but it is necessary to include a shielding term in order to avoid
excessive short-range attractive or repulsive interactions. ReaxFF also considers the
polarization of the charges within molecules by using the electronegativity-equalization
(EEM)?® and charge equilibration (QEQ)?” methods. To minimize the electrostatic energy of
the system, the charge equilibration (QEq) method adjusts the partial charge of each atom
based on the interactions with their neighbors. The polarization is calculated by the following

equation:

i

E _ q,-
a—qi—xi+2qmi+6 ; 173 Eq. 2.17
j=1 {Tl-]- + (1/Yij) }
being x;, q; and n; the electronegativity, charge and hardness of the atom i, r;; the

interaction distance and y;; the shielding parameter between the atoms j and j.

ReaxFF is accurate and has proved to be suitable for the study of the C-S-H gel 2228-35 5o
it is used to build a realistic model of C-S-H gel, allowing chemical reactions as a degree of
freedom (more details in later on). Unfortunately, its computational cost is very high

compared to non-reactive force fields®.

2.2.3. Energy Minimization

The initial atomic configuration can be developed either by user, using modeling programs
like Packmol®” or Material Studio®®, or can be obtained from data bases such as the
Crystallography Open Database® or the American Mineralogist Crystal Structure
Database*® among others. Because of this, the initial configuration is frequently not at a
local minimum of energy, which may cause simulation instabilities, leading to wrong results.
Those consequences are avoided by performing an energy minimization before the
dynamics. Energy minimization adjusts iteratively the atomic coordinates, optimizing the
atomic structure and avoiding the overlapping between atoms. In this way, a stable
configuration is obtained, which corresponds to a local energy minimum. It should be noted
that only the potential energy is minimized, since the energy minimization is performed at

0K, and consequently the kinetic energy is zero®.
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There are two main minimization categories depending on whether the searched minimum
is global or local®. The search of the global minimum is complex, but several techniques
have been developed to find it, such as simulated annealing methods*' or genetic
algorithms*2. In some cases, the global approach may not lead to the desired structures, for
instance, the minimization of polymorph structures may lead exclusively to the most stable
one*3. In those cases, the local approach is more appropriate. The minimization algorithms
for finding the local minimum commonly use techniques based on derivatives of the potential
energy, such as Newton-Raphson, quasi-Newton, steepest descent or conjugate gradient
methods among others®. In those methods, the potential energy is expanded in a Taylor

series around the position g of the configurational space:

au
aq

1 92U
8q+———

TR (5q)% + - Eq. 2.18

U(q +6q) = U(g) +
The minimization techniques usually truncate this expression in the first derivative, named
gradient vector, or in the second derivative, called Hessian matrix*4. The second group of
techniques includes popular methods as the Newton-Raphson and as Quasi-Newton, but
the derivative of the Hessian matrix is complex®#4. First derivative-based methods are more
common due to their simplicity and good performance®, especially the steepest descent
(SD) and conjugate gradients (CG) methods. In the present thesis, all energy minimizations
are performed by the Polak-Ribiere version of the conjugate gradients (CG) method, which
is a good choice for large models due to its simplicity and low memory requirement*®. The
conjugate gradient (CG) algorithm searches the minimum value introducing a vector in the
perpendicular direction of search. At each iterative step, the previous iteration information
is combined with the force gradient to compute a new search direction perpendicular
(conjugate) to the previous one®*4. By taking the previous step into account, the direction
of the movement down the gradient is refined, enabling to find the energy minimum in less
number of steps than other methods. The variant introduced by Polak-Ribiere affects to the

choice of the search direction and to the restart process of the conjugate gradient*4.
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A\ ——

Figure 2.7. Schematic illustration of the convergence with conjugate vector (red line).

2.3. Molecular Dynamics

Any state from a classical system can be entirely defined by the position (q) and momentum
(p) of all the particles within the system, which are represented as points in the phase space.
The evolution of the position and the momentum with time can be followed as a phase
trajectory, which is a collection of points in the phase space as a function of time. The
compilation of the systems in each state is named ensemble, when they are considered all
at once*8. Most of the thermodynamic properties in molecular dynamics can be averaged
from the position and the momentum. Indeed, a system property (A) at the equilibrium can

be calculated as an average:

(4) = f J A(q,p)P(q,p)dqdp Eq. 2.19
qp

being {(A) the ensemble average, A(q,p) the system property value at the phase space point

(9,p) and P(q,p) the probability of the system to be at that point.
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There are two approaches to obtain the ensemble average: Monte Carlo (MC) method and
molecular dynamics (MD) method. Monte Carlo method calculates the energy of a particle
selected randomly and, after giving it a random displacement, calculates again its energy.
This movement is accepted if the new energy is lower or certain amount higher (previously
defined) than the initial, so the probability for the system to be in that phase space point is
high. Therefore, Monte Carlo method calculates the ensemble average by checking the
most probable configurations of the systems, not all the possible configurations. The second
approach, molecular dynamics, is the most used nowadays due to the higher efficiency than
Monte Carlo methods since MD can work in parallel and also enables to obtain the
properties in equilibrium and non-equilibrium. Molecular dynamics is the method used in
this thesis to calculate the average ensemble. In this method, the trajectory is followed at
constant energy and the system is considered to evolve through the most probable phase
space points, provided that the initial phase space configuration of the system starts in close

to the equilibrium. Thus, the property (A) calculation is defined as:

N

1
(4) = Ez Aq,p.t;) Eq. 2.20

i

where N is the number of measurements at different times, t. It should be noted that in this

equation N is not the number of atoms.

The ergodic theorem states that for an isolate system at the equilibrium, all the accessible
states are equally probable over a long period of time, independently from the starting time,
initial positions (q) and momentum (p), for a given number of atoms (N) in a volume (V) and
at constant energy (E)*’. Hence, any property calculated based on time average and on
states average are equal at the equilibrium®484°, Considering a classical system that obeys
the ergodic theorem, the macroscopic thermodynamic properties may be obtained from the
state average of most probable states. Thus, molecular dynamics simulations bridge the

gap between the atomic and the macroscopic approaches.
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Molecular dynamics is a numerical method developed in the late 195053 that solves the
Newton’s law of motion (Eq. 2.21), enabling the description of the motion of the atoms in a
system of interacting particles for a given period of time“8. In this way, this method can
calculate the equilibrium properties of a system over a period time, while molecular
mechanics only calculate the properties of a system for a given static configuration.
Molecular dynamics makes possible to follow the dynamics of many-particle systems that

obeys the classical equation of motion.

2
9°q,
at?

Fi =m Eq. 2.21

where Fiis the external force on a particle i, m its mass and q; the position of this atom /.

2.3.1. Integration algorithms

The position, q, of a particle at a time {+At can be obtained by integration of the Newton’s
motion equation (Eq. 2.21), assuming that the force acting on each particle is constant for
short periods of time, At. There are many integration algorithms, including Verlet, Euler,
Leap Frog or velocity Verlet algorithms*8. Verlet algorithm®' is very popular, due to its
simplicity and good numerical stability. This method calculates the positions of the particles
by means of an expanded Taylor series around the time up to the fourth term, both forward
(t+At) (Eq. 2.22) and backward (t-At) (Eq. 2.23):

F(t) q

q(t + At) = q(t) + v(D)ALt + mAtZ + 5“3 + 0(Ath) Eq. 2.22
F(t
q(t — At) = q(8) — v(OAL + 5 l(n)l At — %At3 +0(AtY) Eq.2.23

where q is the position of the particle, f the current time, At the time step, v the velocity, F is
the force that act on a particle and m its mass. 0(At*) is the local error in the position of the

Verlet integrator.

21



Chapter 2

By summing up the Eq. 2.22and Eq. 2.23:

F(t
q(t+At) = 2q(t) — q(t — At) + %At2 + 0(Ath) Eq.2.24

Thus, Verlet algorithm estimates the new positions, q, accurately up to the fourth order in
time (At*) by means of the forces and the current and past positions. Hence, velocities are
not explicitly given by the Basic Verlet equation. However, these velocities are often
necessary for the calculation of certain physical quantities such as the kinetic energy, whose
evaluation is necessary to test the conservation of the total energy. Velocity can be back

calculated from the Taylor expansion for both forward and backward directions52:;

q(t + At) — q(t — At) = 2v(0)At + 0(Ae3) Eq. 2.25

From Eq. 2.25, the velocity results:

q(t + At) — q(t — At)

v(®) = 2t

+0(ac?) Eq. 2.26

It should be noted that the velocities are accurate only to the order of At?, compared to

At* of the positions.

A related algorithm, the Velocity Verlet algorithm53, has been developed to overcome the
accuracy issues with the velocity. This is integration algorithm used in this thesis. In this
method, the velocity and the position are calculated at the same value of the time variable

by incorporating explicitly the velocity52:

F(t)
q(t+At) = q(t) + v(t)At + EAt2 Eq. 2.27
F(t) + F(t + At
(t + A) = v(E) + % At Eq. 2.28
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2.3.2. Ensembles

If the integration of the Newton’s equation is performed consistently with the microcanonical
ensemble (NVE), the ergodic theorem states that any property calculated based on time
average in molecular dynamics and on state average in Monte Carlo are equal at the
equilibrium. This means that the number of particles, N, the total volume, V, and the total
energy, E, that remain constant during the integration. Nevertheless, it might be necessary
simulate in other ensembles, in which the simulations occur at constant temperature

(canonical ensembles) or pressure (isobaric-isothermal ensembles).

In the canonical ensemble (NVT), the energy of the system can fluctuate, while the
temperature is kept constant in thermodynamic equilibrium with an imaginary bath coupled
to the system. The number of atoms and the total volume also remain constant in this
ensemble. In order to keep the temperature constant, a thermostating method is needed.
Many techniques have been developed for this purpose, including the Andersen
thermostat®, Nosé-Hoover thermostat®56, Berendsen thermostat®”, Langevin dynamics®®
and velocity rescaling®®. The Nosé-Hoover thermostat was the one employed in this thesis.
In this thermostat, the temperature can be tuned by modifying the velocity of the particles,
which is controlled by the time step. This method modifies the Lagrangian equation of

motion introducing a new variable, s, related to the real time of the system:

at = s(t")at’ Eq. 2.29

The incorporation of this new variable into the equation of motion (Eq. 2.21) results in:

9%q; 109saq;

— L, -2 T Eqg. 2.30
Mmarz T st ot q

F;
In this equation, the second term of the sum determines the friction between the bath

coupled and the system.

In the isobaric-isothermal ensemble (NPT), the system is maintained under constant
pressure and temperature with a constant number of atoms, while the volume of the system
can change. Thus, the size of the simulation box is modified each time step in order to adopt

a constant pressure, rescaling the atomic coordinates. In addition to the Nosé-Hoover
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thermostat described for canonical ensembles, a Nosé-Hoover barostat is employed®6!,
This barostat also modifies the Lagrangian equation of motion. For cubic boxes, the
expression is:

d%q; (ds 2 aV\agq;
Fo= 324 (_ __)_l Eq. 2.31
i=m acz "\ar T3var)ar a

2.3.3. Periodic Boundary conditions

Periodic boundary conditions (PBC)>32 enable the calculation of properties of a bulk system
by only simulating a small simulation box, reducing the computational costs of the
simulations. The application of periodic boundary conditions (PBC) allows to obtain a
simulation box surrounded by infinite number of self-images in the three dimensions. In this
way, if an atom moves out from one side of the simulation box, one atom from a self-image
will reenter from the opposite side, as can be seen in Figure 2.8, maintaining constant the
number of atoms within the box. Hence, this method allows to simulate an “infinite” system

that requires relatively low computational effort.

Figure 2.8. Schematic representation of the implementation of periodic boundary conditions in two
dimensions, with an atom (in green) which is moving out the simulation cell. The central cell is the

original simulation cell, while the others correspond to its self-images.
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24. Simulation analysis

Besides the dynamics, the main analysis tools employed in the present thesis are described.
Most of the static and dynamic analysis of the molecular dynamics trajectories are
performed using the TRAVIS® (TRajectory Analyzer and VISualizer) and OVITO® (Open

Vlsualization TOol) programs.

Static analysis functions

The radial distribution function (RDF) or pair correlation function gives the probability of
finding an observed particle as a function of a distance, between r and r+dr, from a reference

particle (see Figure 2.9), describing the density variation as a function of the distance®?.

n(r)

0

N\ 60 . ]
S = 225 250 275 300 325

Distance (pm)
Figure 2.9. (a) Schematic illustration of the space discretization for the evaluation of the radial
distribution function, RDF. (b) Radial distribution function (in red) and coordination number (in grey) for

water-water molecules in bulk water.

The RDF is calculated using the following equation®2:
v N, Nj
9@ === N (6(r - [0 ~ F©))e Eq. 2.32
iNj & &

where ri and r; define the position vectors of the particle i and j. The parameter 6 takes the
value 1 in the interval [-w,w) (with w being the bin width), otherwise 0. This function allows

the characterization of the atomic structure and the validation of the simulations, since the
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computed RDFs can be compared with experimental RDFs obtained from neutron and X-

ray diffraction®.

The integration of the radial distribution function provides the coordination number, CN,
which is defined as the total number of particles that a central or reference particle holds as
neighbors within a shell between r and r+dr (see Figure 2.9). The coordination number is

given by the following equation:

r+dr
n@) = 4-1tf prig(r)dr Eq. 2.33
r

being p the atomic density.

The angular distribution function (ADF) gives the probability of finding three neighboring
particles forming a given angle, a. Thus, ADF considers two vectors defined by a three-

particle system that specify the angle of interest, a (see Figure 2.10).

o

Jo.si-o

adf(a)

90 100 110 120 130
Angle a (°)

Figure 2.10. (a) Schematic illustration of the three-particle system for the evaluation of the angular

distribution function, ADF. (b) Angular distribution function for O-Si-O in smectite clays.

The ADF is calculated using the following equation®?:

N; Nj N

11 I
adf (a) = Sm—w)mz Z zk:w(a — 2|Fi©), 70,7 ®)])): Eq. 2.34
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being, a the angle of interest, 6 the parameter that takes the value 1 in the interval [-w,w)
(being w the bin width) and 0 in any other case, and 2|7 (t), 7:(t), 7, (t) | the angle defined by
the vectors 7;(t),7;(t), . (t) at a given time t. The term containing sin(a) is a correction of the
uniform angular distribution, known as cone correction®®. This tool enables to identify and
distinguish lattice structures of different systems. ADF is also useful to determine the level

of order of a system®®,

The dihedral distribution function (DDF) gives the probability of finding a given torsion
angle, ¢, that exist between two adjacent bond angles, a (see Figure 2.11). DDF involves
four particles, which define three bonds, two bond angles and one angle of rotation that
addresses the relative orientation of bonds projected onto a plane perpendicular to a given

bond axis®”. This tool is especially useful for conformational analysis and planarity studies.

)
o

ddf(¢)

180 90 0 90 180
Dihedral Angle ¢ (°)

Figure 2.11. (a) Schematic illustration of a dihedral angle defined by four particles. (b) Dihedral
distribution function of the dihedral angle formed by N-C-C-H of the pyridine ethyl group of the LDS-

722 molecule.

The spatial distribution function (SDF) shows the probability of finding a given particle at
a certain position in space around a fixed reference atom or molecule$2%8, Thus, SDF gives
a probability in a three-dimensional space, which means that SDF is a four-dimensional
function. In order to facilitate the visualization of this function, its dimensionality is reduced
to three using isosurfaces than can be drawn in three-dimensional spaces (see Figure 2.12).
The isosurfaces are surfaces that pass through the areas with the same probability, like the

contour lines of topographic maps®2.
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Figure 2.12. Spatial distribution function, SDF, of water molecules (blue isosurfaces) around a Na
cation (orange ball)®®.

The combined distribution function (CDF) allows the combination of several scalar
functions, such as RDF, ADF or DDF, in order to create plots of higher dimensionality. For
instance, the combination of radial and angular distribution functions (Figure 2.13) enables
the visualization of the most probable angles as a function of the distance. The combination
of functions is useful e. g. to visualize the configuration of the hydrogen bonding, as shown
in Figure 2.13, in which the reddish colors show the most probable angles and distances for
hydrogen bonds.

8

H
(6]
1

&

-
(9]
1

Angle Oa---Od-Hd (°)

o
1

250 300 350 400
Distance Oa---Od (pm)

N
&

Figure 2.13. Combined distribution function, CDF, of angles and distances for hydrogen bonds
between water molecules and oxygen from the surface of Laponite.
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The density profile evaluates the density of a given particle or molecule as a function of
its distance from a plane. Therefore, the density profiles allow the evaluation of the

arrangement of certain particles with regard to a surface (see Figure 2.14).

400 Surface

o o
£20 . g_a %. 9909508_% Y
S 0 %% 0% "% 0
)
3 0 o o °
= o o o o
7 o
2} o o 0 O
= &) 2o
0-200 ——D-0-_n O -0
o OO 0900 OO_O

g(d)

Figure 2.14. Density profile of water molecules confined in the nanopore of a smectite clay.

The density profiles obtain the average number of atoms contained in a slice of width Az

and parallel to surface by means of the following equation®:

1 (z—2))?
p(z) = (mz exp <_W>) Eq. 2.35

where Az is the width parameter, z; is the position of the particle i and z is equal to zero at

the bottom of the substrate and increase towards the surface.

Dynamic analysis functions

The mean square displacement (MSD) measures the deviation of the position of a given
particle from a reference position over time. MSD is defined as the square average distance

that a particle has moved away from the reference position with a time interval

MSD(t) = {|r(t) — r(0)|?) Eq. 2.36
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The diffusivity of a particle can be study through the MSD, since its slope is the diffusion

coefficient, D, of that particle:

1 MSD
=—1i Eq. 2.37
D=zqlim— q
being d the dimensionality of the system.
a 10000 350 ~
— 300
8000
o : 250 -
N
<L 6000 1 200
m)
D 4000 - 150
= 100
2000 -
50
0 : = ‘ ‘ 0L — = W ° @ B
0 10 20 30 40 50 Low === High
T (ns) Water content

Figure 2.15. (a) Mean square displacement, MSD, and (b) diffusion coefficients, D, for water molecules

confined in saponite as a function of the water concentration.

The autocorrelation function (ACF) gives the probability of fulfilling a certain criterion
without interruption at a given time T, being these criterions fulfilled at T = 0. The value of the
function is 1 as long as the criterions are fulfilled, but switches immediately to 0 when the
criterions fail for the first time, so it does not matter if the criterions are fulfilled again because
the function stays at zero. In this way, the function starts with the value 1 and the fall to 0

over the time 1. The autocorrelation function is described by the following equation®?:
T-t
ACF(T) = N (z Byt +17)- By Eq. 2.38
t=0

where Sj is the autocorrelation of a simple function for a given pair of particle i,.
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According to that definition, the ACF can be used to evaluate the residence times, dimer
existence or dimer lifetimes among others, specifying a criterion based on distances and/or

angles defined between the molecules that form the dimers.

1.0
—CalSi=1.1
—CalSi=1.3
0.8 Cal/Si=1.67
3 outcumr
S 6 —Bulk water
(0]
=
3
o 04
O
0.2
0.0

0O 20 40 60 80 100
7 (ps)

Figure 2.16. Autocorrelation function, ACF, which shows hydrogen bond lifetimes for bulk water and

water confined in C-S-H at the different Ca/Si ratios.
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Chapter 3. Introduction to
clay minerals.

Fundamental knowledge about clay minerals, their crystalline structures and features are
given in this chapter. It also covers the classification of the clay minerals according to the
arrangement of the sheets that form the clay layers and a detailed description of the
structure, composition, charge distribution and properties of the clays studied in this thesis,
Laponite and saponite. A brief overview of the atomistic modeling of clay minerals is also

included.

3.1. Introduction

Clay minerals have been widely used for thousands of years. For instance, ancient Greeks
used them 5000 years ago in bleaching and laundry treatments of wools and cloths'-2. Clays
were commonly used in the ancient China to produce porcelain’. Clays have also been used
in combination with organic dyes for paintings. For instance, Maya Blue pigment, known for

its extraordinary resistance, is a composite of organic indigo dye intercalated into the
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nanochannels of a natural clay named palygorskite®. Nowadays, clays are essential
constituents of bricks, tiles, plastics, papers, rubbers, cosmetics, medicaments or de-
polluting agents among others"®°. The widespread use of clay minerals is due to their
abundance and low cost as they are one of the main constituents of soils and sediments,

as well as to their excellent properties, especially its adsorption capacity.

Clay minerals can be defined as laminar aluminosilicates, whose layers are formed by
combination of tetrahedral (T) and octahedral (O) sheets as shown in Figure 3.1. On the one
hand, in tetrahedral sheets, the cations are usually Si, although they can be partially
substituted by Al and, to a lesser extent, by Fe. These cations are coordinated to four
oxygen atoms (three basal oxygens and an apical one), forming a tetrahedron with the
cation in the center. Those tetrahedra are linked each other sharing three basal oxygen
atoms, forming a hexagonal mesh pattern (Figure 3.1c), while the apical oxygens are
oriented towards the octahedral sheets and form part of it. It should be noted that basal
oxygens can form Si-O-Si and Si-O-Al bonds, but not AI-O-Al links according to the
Loéwenstein’s rule'!. On the other hand, octahedral (O) sheets are commonly composed of
Al, Fe or Mg, but it is also possible to find other cations like Li, V, Cr, Mn, Cu and Zn. These
cations are located in the center of an octahedron formed by six oxygen atoms from the
shared apical oxygens and unshared hydroxyls anions. The occupancy in the octahedral
sheet depends on the valence of the cations. For instance, all the octahedrons are occupied
when the cations are divalent, but with trivalent cations only two thirds of the octahedrons
are occupied. The former case, in which each apical oxygen or hydroxyl is surrounded by
three divalent cations, is named trioctahedral sheet, while the latter is known as dioctahedral

sheet where the oxygen atoms are only surrounded by two trivalent cations.
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Figure 3.1. Schematic representation of a typical (a) 1:1 and (b) 2:1 clay formed from the condensation
an octahedral sheet with a tetrahedral sheet or an octahedral sheet sandwiched between two
tetrahedral ones, respectively. (c) Hexagonal mesh pattern of the tetrahedral sheet viewed from the xy

plane.

Isomorphic substitutions occur frequently in both tetrahedral and octahedral sheets. The
replacement of cations by other of lower valence creates a net negative charge in the clay
layers. This charge imbalance is compensated by the presence of cations in the interlaminar
space. Those cations are called exchangeable cations because they are highly soluble and
can be readily replaced by cation exchange'?. Moreover, the high affinity of the
exchangeable cations for water, along with the relatively weak electrostatic interactions that
hold together the clay layers, makes possible the incorporation of water to the interlaminar
space what is known as swelling'®. Swelling is reversible by heating or modifying the relative
humidity and depends on the nature of the exchangeable cations. Therefore, the type of the
substitution (tetrahedral or octahedral) and its extent are key factors, along with the
hydration degree, that determine very important properties of clays, such as the cation
exchange capacity (CEC), the swelling behavior, the polarity or the interlaminar space

acidity.
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3.2. Classification of clay minerals

The condensation of tetrahedral and octahedral sheets forms clay layers. Clay minerals are
often classified according to the number and arrangement of the sheets into three

groups®'4-18: 1:1, 2:1, and mixed clay minerals, as can be seen in Table 3.1.

Table 3.1. Classification of the different clay minerals according to their number and arrangement of

their sheets. An example of each clay type is given in parenthesis.

Type Charge Dioctahedral  Trioctahedral A:::;z:ti;" ::’:;::3
1:1 gq=0 Kaolin / Serpentine No No
(kaolinite) (lizardite)
2:1 q=0 Pyrophylite / Talc No No
(pyrophylite) (talc)
q=0.2-0.7 Smectites High High
(montmorillonite) (saponite)
gq=0.7-1.0 Vermiculites High Moderate
(divermiculite)  (trivermiculite)
q>1 Micas No No
(muscovite) (biotite)
Mixed Variable Mixed-layer Variable Variable
(rectorite) (corrensite)

1:1 clay minerals comprises the clay minerals that result from aligning one tetrahedral
sheet to an octahedral one (see Figure 3.1a)'°. There are two main subgroups in the 1:1 clay
minerals: kaolin and serpentine minerals. On the one hand, kaolin minerals are
dioctahedral, and their layers have approximately the composition Si2Al205(OH)4. Kaolinite,
dickite, nacrite and halloysite are the main clays that forms this subgroup. On the other
hand, serpentine subgroup is trioctahedral with and approximate composition
Si2Mg30s(OH)s. The main serpentine minerals are lizardite, chrysotile and antigorite. In 1:1
clay minerals, the net negative charge of the layers is almost null since they do not usually

present isomorphic substitutions. Hence, the adsorption capacity of these clays is negligible.
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Moreover, this type of clays is non-expandable due to the hydrophobic character of the

surfaces that hold each other by van der Waals interactions'.

2:1 clay minerals consist of one octahedral sheet sandwiched between two tetrahedral
sheets oriented in opposite directions (see Figure 3.1b)'°. This group encompasses clays
with considerably different charge. Pyrophyllite [SisAl2O010(OH)2] and Talc [SisMgzO10(OH)z2]
are typical dioctahedral and trioctahedral electroneutral (g = 0) clays. As 1:1 clay minerals,
their layers are joined each other by van der Waals interactions, having neither adsorption
capacity, nor expandable properties. Conversely, smectite-type clays have a moderate
negative charge, between q = 0.2 and q = 0.7 per formula unit, due to isomorphic
substitutions in their sheets. This excess of negative charge is compensated with
exchangeable cations in the interlayer space, allowing the expansion of the clay by
hydration processes. Therefore, these clays exhibit excellent adsorption capacity and
swelling properties. As in the neutral clay, the smectite layers are held together by van der
Waals interactions, but there is also a contribution to the cohesion of the electrostatic
interactions between the interlayer cations and oxygen from the clay surface. Two typical
di- and trioctahedral smectite clays are montmorillonite [Sia(Al,Mg)2010(OH)2] and saponite
[(Si,Al)aMg3010(OH)z2].

Vermiculites are very similar to smectite clays, but the isomorphic substitutions takes place
mainly in the tetrahedral sheets. These substitutions originate high net negative charge, 0.7-
1.0 per formula unit, which is generally compensated with Mg cation in the interlaminar
space. This type of clays exhibits high cation exchange capacity, but the swell-shrink
capacity is more limited than in smectites due to the stronger electrostatic interactions

between layers5'4,

The group of micas has the highest net negative charge in 2:1 clay minerals, higher than
1.0 per formula unit. This charge is usually compensated by K, Na or Ca ions. Due to the
high charge density, there is neither swelling capacity, nor adsorption capacity. Muscovite
[(Si,Al)sAl2010(OH)2] is a typical dioctahedral mica, while biotite [(Si,Al)aMgzO10(OH)2] is an

example of trioctahedral mica.
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Mixed clay minerals consist of any variation of the groups included in 1:1 and 2:1 clay
types'®. In nature, mixtures of clay minerals can be found by interstratification of the layers
of different clay minerals, forming a new structure. This is possible because the clay
minerals involved in the formation of the mixture have similar structures based on
tetrahedral and octahedral sheets. The composition and thickness of the resulting clay
mineral differs from the initial constituents and is presumed to be an average of the different
layers that form it. Rectorite is a dioctahedral mixed clay that results of the interstratification
of muscovite/illite and montmorillonite. Another example is corrensite, a trioctahedral

mixture of chlorite and trioctahedral vermiculite or smectite.

3.3. Laponite and saponite

In this thesis, the incorporation of cationic organic dyes within clays has been studied (see
Chapter 4). Clays provide thermal, chemical and photoprotection to the embedded dyes
and they can reduce non-radiative deactivation processes or induce preferential orientation,
resulting in improved optical properties. In this sense, the excellent adsorption capacity and
swell-shrink behavior of smectite clay minerals make them suitable for the confinement of
different species, especially cations. Among the different smectite clays, only two
trioctahedral clays has been studied: Laponite and saponite. Both clays have high swelling
capacity in water, being able to host different guest molecules. Moreover, these clays have
high transparency and low content of impurities, which are essential features for good
performance of photoactive hybrid systems based on clays. The main difference between

Laponite and saponite is the distribution of the net negative charge in the clay sheets.

3.3.1. Laponite

Laponite is a synthetic 2:1 clay mineral with formula Nax[Sis(MgexLix)O20(OH)4], being the
charge per formula unit, x, approximately 0.6-0.7. There is an isomorphic substitution of
Mg?* by Li* in the octahedral layer, which creates the net negative charge, compensated by
exchangeable Na cations (see Figure 3.2a). Laponite has a high cation exchange capacity
(CEC), about 73.3 mEqg/100g, facilitating a high exchange of Na. It also has small average
particle size, 0.03 um, which allows to obtain very stable Laponite suspension in water with

high viscosity, enabling a good control of the clay properties'®.
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Figure 3.2. Schematic illustration of (a) Laponite (b) saponite in which the SiO, and Al,O; tetrahedra
are represented in yellow and orange, while the MgO and Li,O octahedrons are shown in blue and
green, respectively. The orange balls correspond to Na exchangeable cations, and water is illustrated
as double red sticks.

3.3.2. Saponite

Saponite is a trioctahedral 2:1 clay mineral that can be found in nature with formula Nax[(Sis-
xAlx)MgeO20(OH)4]. As for Laponite, the charge per formula unit, x, is approximately 0.6-0.7.
In this case, the isomorphic substitution occurs in the tetrahedral layers, by partial
replacement of Si** by AIP*. The presence of Na cations in the interlaminar space
compensates the net negative charge of the tetrahedral sheets (see Figure 3.2b). The
average particle size and cation exchange capacity of the saponite used in the experimental
samples in which the simulations are based on, 0.2 ym and 58.8 mEq/100920, are lower

than in Laponite, but still good for dye incorporation.

3.4. Atomistic modeling of clay minerals

Molecular dynamics simulations have been used extensively the last two decades to study
the structure of clays, their swelling behavior, the solvation of the exchangeable cations and
their role in the clay swelling?'-%°. These simulations provide supplementary information that
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helps with the interpretation of experimental results. Due to the excellent swelling behavior
of smectite clays, many researchers have studied their hydration, the solvation of the
exchangeable cations and their role in the clay swelling?'-3°. Molecular dynamics
simulations have also been commonly used to study the incorporation and the interactions
of organic compounds in clays. For instance, the capture of small organic molecules, such
as contaminants, organic dyes and medicaments have been studied by molecular
dynamics®'-%7, as well as the incorporation of polymers that can modify the mechanical

properties of the host clays3&-41,

The simulation of clays requires an accurate description of the interatomic interactions in
the system to successfully reproduce the experimental samples*?. These interatomic
interactions can be accurately defined by means of density functional theory (DFT)*344, but
these methods are computationally expensive to model complex clay systems due to the

size of the simulation cell*>. Therefore, empirical potential are more commonly used.

In this thesis, ClayFF*® is the force field employed to carry out the molecular dynamics
simulations of Laponite and saponite due to its simplicity, transferability and accuracy to
reproduce the experimental data. ClayFF is a general force field developed by Cygan et
al.*¢ for the simulation of hydrated mineral systems. This force field also enables the
simulation of the mineral interfaces and their interaction with aqueous solutions*¢-5°, The
parametrization of the interatomic potentials is based on structural and spectroscopic data
obtained from different experimental hydrated mineral phases. Metal-oxygen interactions
are described with a combination of Lennard-Jones potential and Coulombic interactions
with partial atomic charges calculated using Mulliken population analysis®' and electrostatic
potential (ESP) method®2. Unlike the previous force fields, ClayFF treats most interatomic
interactions as non-bonded terms, defining only pair potential functions to maintain the
stability of the crystal structure. This results in high transferability between hydroxide,
oxyhydroxide and clay phases and high computational efficiency due to the relatively small
number of parameters employed by this force field. This force field is completed with the
parameters for aqueous cations53-5¢ derived for the flexible SPC water model®’, which is

used to describe water and hydroxyl interactions.
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Chapter 4. Photoactive
dye/clay hybrid systems.

This chapter deals with dye/clay hybrid composites formed by encapsulation of organic dyes
into the interlaminar space of Laponite and saponite. The use of molecular dynamics (MD)
simulations enable the understanding of experimental photophysical phenomena, the
formation of dye aggregates or the diffusivity of the dyes throughout the clay slit pore. The
mechanical response, a very important aspect for their practical implementation of dye/clay

hybrid materials, is also analyzed applying tensile and shear strains.

41. Introduction

New materials with tailored properties can be designed by confining organic molecules
within inorganic nanostructured materials. The Molecular Spectroscopy Laboratory from the
Department of Physical Chemistry of UPV/EHU is specialized in the incorporation of organic
dye molecules into inorganic matrices in order to combine of the optical and spectroscopic

properties of the formers with the structural, thermal and chemical stability provided by the
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latters’-2. Furthermore, the use of layered structured materials, like clay minerals, as matrix
may induce the accommodation of the guest molecules into a preferential orientation due
to specific host-guest interactions, although this self-organization depends on the type clay
and the structure and concentration of the dye'3-5. The plate-like morphology of clays also
enables the layout of clay nanoparticle parallel to the substrate that stands the hybrid
system. The macroscopic alignment of dye molecules may produce an anisotropic
photoresponse with respect to the plane of the linearly polarized light. This is related to
nonlinear optical phenomena®, with possible applications as waveguides’, dichroic crystals®
or second harmonic generators®, among others. The encapsulation of organic dyes into clay
minerals can also reduce their non-radiative deactivation mechanisms™. In particular,
smectite-type clay minerals are excellent host components due to their high cation
exchange capacity and swelling properties. The wide variety of organic dyes and clays
allows the development of photoactive hybrid systems suitable for many applications, such
as biological and chemical sensors''-'3, photovoltaic cells', tunable laser media''-'%, water

purifiers'® or phototherapy treatments against cancer'’.

The atomistic simulation of dye/clay hybrid systems gathered in this chapter aims to
complement the experimental characterization of the hybrid systems developed in the
Molecular Spectroscopy Laboratory. These systems are based on the encapsulation of
LDS-722 and pyronin Y in the interlaminar space of Laponite and saponite, at different dye
and water concentrations. The experimental data are used to build the modeled systems in
order to assist in the interpretation of the photophysical behavior of the experimental
samples. In addition to the experimental photophysical properties, the dye diffusivity and
the impact of the dye incorporation in the mechanical properties of the host matrix have

been studied.

4.1.1. Guest molecules: organic dyes

All the dye/clay hybrids studied in this thesis are based in two dyes, LDS-722 and pyronin
Y, due to their interesting photophysical performance. Both dyes are cationic molecules,
which favors their adsorption on the smectite-type clay minerals by ionic exchange

mechanisms. They have a planar structure with delocalized charge.
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LDS-722, or styryl 722, is a hemicyanine-type dye positively charged. The hemicyanine-
type dyes are aromatic compounds with strong electron donor groups on one end and strong
electron acceptor groups on the other end connected through a methylene chain. In LDS-
722, the donor group is an aniline, while the acceptor is pyridinium group®, as can be seen

in Figure 4.1.

Pyridinium N

AnilineN — )

Figure 4.1. Molecular structure of LDS-722. In the ball-stick representation of LDS-722 (left), the atoms
of carbon are represented as black balls, while nitrogen and hydrogen atoms are illustrated as blue and

white balls respectively.

LDS-722 molecules in aqueous solution show strong absorption in the blue region of the
visible spectrum, about 494nm, while the fluorescent emissions are shifted to the red region,
around 700nm’®. The large Stokes shift (= 3000 cm™) is due to the push-pull nature of this
dye, arising the fluorescence emission from an intramolecular charge transfer (ICT) state.
This means that the electronic charge is transferred from the aniline to the pyridinium group
upon excitation, inducing a large change in the dipole moment and high hyperpolarizability.
These features are interesting to minimize the inner filter at the high optical densities
required for laser and in NLO applications. Nevertheless, organic -conjugated molecules
as LDS-722 tend to crystallize in centrosymmetric fashion in an antiparallel stacking, which
can hinder the development of NLO properties'®. Furthermore, LDS-722 molecules are very
flexible, so they have poor fluorescence in solution due to non-radiative deactivation
processes, such as cis-trans isomerization, or the formation of twisted intramolecular charge
transfer (TICT) states caused by rotational motions around the polymethene chain that

connects the donor and acceptor groups2°-23,
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The encapsulation of LDS-722 into the interlaminar space of clay minerals not only can
hinder the rotation, which may increase the fluorescence, but also can induce a preferential
orientation of the dye molecules, essential to obtain an anisotropic response to the linear

polarized light.

Pyronin Y is a cationic dye from the xanthene family, see Figure 4.2. This dye is known by
its high fluorescence, with absorption in aqueous medium in the green region of the

spectrum, at 547nm, and fluorescent emission at 568nm in the greenish-yellow region'®.

Aniline N 2 7 § Acceptor
\ , a0 \ O \"'/

Ammonium N > Donor

Figure 4.2. Molecular structure of pyronin Y. In the ball-stick illustration of pyronin Y (left),Carbon atoms
are represented as black balls, while blue, red and white balls correspond to the nitrogen, oxygen and

hydrogen atoms, respectively.

Pyronin Y presents interesting fluorescent properties, but as other xanthene-like dyes, tends
to form aggregates as the concentration of the dye increase both in solution or when is
adsorbed on a surface?*-%%, affecting to their photophysical performance. In the case of
pyronin Y, the formation of J-type aggregates is interesting because they are fluorescent,
while H-type aggregates are not. Therefore, molecular aggregation processes can modify
drastically the photophysical properties of the dyes by inducing spectral shifts and bands
splitting, besides decreasing significantly the fluorescence quantum vyield and decay

times36-38,

The Exciton Theory® takes into account the electrostatic interactions between the dipole
moments of the monomers that forms the dimer or aggregate to predict different
spectroscopic properties as a function of the geometric distribution of the monomeric units.
This geometric distribution is defined by two angles: 8 and a. On the one hand, 6 is the

angle defined by the direction of the dipolar moments of the monomers and the line that link
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their molecular centers. On the other hand, a is the angle defined between the orientations

of the transition dipole moment of each monomer.
Case D1 Case A Case C Case B Case D2

2 S eSS 2N

E, = —p—
o YWl M L
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E ~ L E
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4 % M N \/ \r
\ ) \ )
Y . Y.
H-type dimers J-type dimers

Figure 4.3. Exciton splitting of the electronic excited states of dimers for the different geometries. The
continuous arrows shows represent the radiative deactivation, while the dashed ones correspond to

non-radiative deactivation.

According to the angles 6 and a, dimers can be classified into two main groups (see Figure
4.3): H- and J-type dimers. In the perfect H-type dimers (case A), the monomers are perfectly
aligned (a = 0°) and disposed in parallel planes (6 = 90°) in a sandwich-like conformation.
These dimers are characterized by exhibiting absorption bands at lower wavelengths (blue-
shifted bands) regarding the monomeric band. On the other hand, in the perfect J-type
dimers (case B) the dipole moments are coplanar to each other (a = 0°) and the dimers are
arranged in-line (8 = 0°), being the monomers arranged in-line and in head-to-tail
configuration. Contrary to H-bands, the J-bands exhibit a bathochromic shift, so the
absorption bands are at higher wavelengths with respect to the monomers. Regarding the
fluorescence, the H-aggregates are undesirable because they are non-fluorescent and can
quench the fluorescence of the monomers, decreasing the fluorescence lifetime and
quantum vyield3®. J-aggregates could be very interesting since they are potentially
fluorescent although their relative quantum yield would be smaller than that of the

monomers?#0.
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Case A and case B represent the extreme geometries, but the dimers can adopt
intermediate 6 and a angles in order to optimize the dipole interactions and minimize the
repulsive interactions and steric hindrances. In those cases, the dimers can show both J
and H absorption bans, although the more intense band will be the H-band for twisted

sandwich-type dimers (Case D1) or the J-band for oblique head-to-tail dimers (Case D2).

4.2. Simulation details

All the simulated systems presented in this chapter reproduce the structure and composition
of the experimental samples that have been developed and characterized by X-ray
diffraction and thermogravimetry in the Molecular Spectroscopy Laboratory #'. Those hybrid
systems are based on commercial smectites, Laponite and saponite, with stoichiometric
formula [Nao.s][Mgs.4Lio.6][Sig]O20(OH)s and [Nao.s][Mgs][Si7.2Al0.8]020(OH)as, respectively.

On the one hand, for the construction of the model of Laponite, the structure of hectorite
was taken as starting point. Hectorite is a natural analogue of Laponite with stoichiometric
formula [Cs][MgsLi][Sig]O20F s, resolved by Breu et al.*2. The composition was modified to
match the commercial composition of Laponite in several steps: the fluoride ions located in
the octahedral sheet are replaced by hydroxyl groups, placing the oxygen atoms in the
position occupied by the fluoride ions, while the hydrogen atoms are oriented towards the
tetrahedral sheet. Then, the isomorphic substitution of magnesium by lithium is adjusted,
and the cesium cations are substituted by sodium cations to achieve the experimental

stoichiometry.

On the other hand, for the construction of saponite its natural analogue, described by
Rayner*3, with composition [K2][Mgs][SisAl2]O20(0OH)s, was taken as starting point. The
stoichiometry of the commercial saponite was reached adjusting the isomorphic

substitutions silicon by aluminum and replaced the potassium cations by sodium atoms.

The organic dye molecules, LDS-722 and pyronin Y, were built using Avogadro builder*4.
Their structures were relaxed to a local energy minimum with the density function theory

(DFT) method, implemented in Gaussian09 code*®, employing the B3LYP hybrid exchange-
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correlation functional*® and a triple-C polarized basis set with diffuse functions 6-311+G(d,p).
A fluoride ion was placed close to the pyridinic and ammonium nitrogens of LDS-722 and
pyronin Y, respectively, to simulate the location of the positive charge in anionic media. DFT
calculations were used to compute the atomic charges from the electrostatic potential (ESP)
using the ChelpG scheme*’ (see Appendix 1 for further details).

The simulation box of Laponite and saponite is built by replicating the unit cells to obtain a
4 x 2 x 2 supercell. Finally, the necessary amount of water and dye molecules to reach the
experimental composition, determined by thermogravimetry, was introduced randomly in
the interlaminar spaces using Packmol“®. It should be noted that the incorporation of cationic
dye molecules involves the deletion of exchangeable sodium cations from the interlaminar

space in order to maintain the electroneutrality of the samples.

Molecular dynamics (MD) simulations were carried out with the LAMMPS simulation
package*®. The ClayFF® and CHARMM?®' force fields were used to describe the bonding
and non-bonding interactions in clays and dyes respectively. The organic and inorganic
components interact via electrostatic and dispersive forces. The pppm method®? has been
used to compute the long-range Coulombic energy, while the van der Waals parameters
have been combined using geometric mixing rules. Periodic boundary conditions (PBC)

have been applied in all three directions to approximate the systems to a large (infinite) one.

The hybrid systems energy was minimized relaxing both the atomic positions and the
simulation box. Then, an initial equilibration is performed in the canonical ensemble (NVT)
at 300K during 250 ps. Verlet velocity algorithm?3 is used to integrate the equation of motion,
with a time step of 1 fs and a thermostat coupling constant of 0.1 ps. Further equilibration
of the atomic positions and volume is carried out in the isobaric-isothermal ensemble (NPT)
at 300K and 1 atm for 1ns with a barostat coupling constant of 1 ps. Finally, a canonical
ensemble (NVT) simulation was performed for 0.1 ys at 300K in order to average properly

the properties of the system.
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4.3. Interpretation of photophysical properties

Molecular dynamics simulations are a powerful tool to understand and predict the evolution
of a systems and their properties. This section shows the application of MD simulations to

the interpretation of photophysical phenomena of experimental samples.

4.3.1. LDS-722/Laponite hybrid materials

The first composite considered is LDS-722 embedded in Laponite. A series of thin films of
LDS-722/Laponite were prepared experimentally at different water and dye contents as
explained in reference [54]. The dye loading of each sample depends on the immersion time
of the clay films into the dye solution, as well as of the dye concentration in the solution. It
should be noted that when dye molecules are incorporated by cationic exchange, some
water and sodium cations are displaced, so the samples differ not only in the dye loading,
but also in the water content, which conversely affects to basal distance of the samples.
The dye loading, water content and basal distances for the experimental and simulated
systems are given in Table 4.1. The dye loading and water content were measured
experimentally and used to build the simulated LDS-722/Laponite hybrid systems.

Table 4.1. Cation exchange capacity (CEC), water content in weight and basal distance (doo1) for the
experimental and simulated samples. The experimental CEC was characterized by absorption and

elemental analysis, the water content by thermogravimetry and dqy: by XRD technique.

doo1 (A)
CEC (%) Water (%) Exp. Sim. Error (%)
0 16 12.9 13.3 3.10
4 12.5 13.3 13.2 -0.01
23 10 14.3 141 1.41
45 5 15.0 15.2 1.31

Table 4.1 shows that as the dye loading increases, the water content decreases drastically.

Moreover, there is a clear expansion of the interlaminar space as the dye loading rises,
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despite the loss of water. Thus, the swelling properties of Laponite enable this expansion,
of up to 1.9 A (2.1 A in the experimental samples), necessary to accommodate the dye
molecules, see Figure 4.4. It is also remarkable the agreement in the basal distances of the
experimental and simulated samples, validating the models and the employed force fields.
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Figure 4.4. Snapshots of the molecular dynamics simulations of the LDS-722/Laponite systems at CEC

of (a) 4%, (b) 23% and (c) 45%. The simulated and experimental basal spacing are shown in red and
black respectively. The silica tetrahedrons are represented in yellow, while the blue, green and orange
balls correspond to Mg, Li and Na cations. The LDS-722 and water molecules are illustrated as thick

black and thin red sticks.

Absorption. The photophysical characterization of these hybrid materials comprises the
measurement of the absorption and emission spectra and the analysis of the efficiency of
the emission. The absorption spectra of the LDS-722/Laponite samples is shown in Figure
4.5. It can be seen that the main absorption band, centered at 494 nm, is gradually displaced
at lower wavelengths as the dye loading increases. This phenomenon is known as

hypsochromic or blue shift.
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Figure 4.5. Absorption spectra of the LDS-722/Laponite hybrid system as a function of the dye loading.

The blue shift could be attributed to two causes: (1) a torsion of the molecular structure of
the dye induced by the confinement into Laponite and (2) the interaction between water
molecules and the dye®%%. (1) The torsion of the dye may result in the reduction of the
electronic delocalization of the system and, consequently, be the responsible of the blue
shift of the absorption. MD simulations allow the analysis of the evolution of the torsion angle
defined between the two rings of the dye in the simulation trajectory, finding that the planarity
is preserved since the average deviation is about +7° (see Figure 4.6), which is not enough
to provoke the observed blue shift. Ruling out the blue shift of the absorption band to the
decrease of the electronic delocalization caused by a torsion of the dye, it can be attributed
(2) to the formation of hydrogen bonds between the donor aniline groups and the water
molecules, which stabilizes the ground state, increasing the HOMO-LUMO energy gap®’. In
addition, a partial protonation of the pyridine nitrogen can occur, contributing to reduce the
electronic delocalization®8. This hypothesis was checked using MD simulations to evaluate
the dye-water interactions by means of the radial distribution functions of water around the
donor and acceptor nitrogen atoms of the LDS-722 molecules shown in Figure 4.6b. In this
analysis, it was considered the N-Ow distances for the donor and N-Hw for the acceptor

groups.
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Figure 4.6. (a) Molecular structure of LDS-722 in a total planar conformation (0°) and with the average
torsion angle (7°). (b) Radial distribution functions of the N-Ow and N-Hw pairs for the aniline donor
(left) and pyridine acceptor (right) groups at CEC of 45% (blue), 23% (green) and 4% (orange). (c)
Spatial distribution functions of water around the dyes at CEC of 4% (left) and 45% (right).

Figure 4.6b shows clearly that the distance between water molecules and the donor and
acceptor groups of the dyes decreases as the dye loading rises, even if the water content
is much lower. Figure 4.6¢ also displays the spatial distribution functions of water, which
enables the visualization of the most probable sites of the water molecules around the LDS-
722 by means of isosurfaces. It can be seen that the solvation in both ends of the LDS-722
increases at higher dye loading, despite the lower water content. This is due to the
hydrophobic character of the organic molecule: at low dye content, there is a large amount
of water molecules, which tend to self-associate®®. However, as dye loading increases and
the water content decreases, there is an increasing difficulty to establish water-water
interactions, favoring the water-dye interactions. Therefore, solvation of LDS-722 increases
when the water is scarce, especially on the donor groups, which is consistent with the blue

shift of the absorption band registered experimentally.

Emission. In contrast to the hypsochromic shift of the absorption band, the fluorescent
emission is shifted to the red region of the spectra along with a decrease in the fluorescence

efficiency, as it is shown in Figure 4.7.
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Figure 4.7. Emission spectra of LDS-722 as a function of %CEC. The emission was measured after
exciting each sample at its maximum absorbance wavelength and normalized due to quickly decrease

of fluorescence efficiency as the dye content increases.

This phenomenon, known as red shift or bathochromic shift occurs frequently due to (1)
reabsorption-reemission phenomena, which also involve a decrease in the efficiency of the
fluorescence, (2) changes in the polarity of the environment as the dye loading increases
and (3) a switch from the intramolecular to an intermolecular charge transfer processes.
The two former explanations were discarded experimentally*!, while MD simulations were
employed to confirm if intermolecular charge transfer processes were responsible of the
bathochromic shift. For that purpose, the evolution of intra- and intermolecular distances
between donor and acceptor groups were computed as the dye loading rises, see Figure
4.8. Since the planar configuration is maintained at any dye concentration, the
intramolecular distance is constant, ~14A. However, the intermolecular distance between
donor and acceptors groups decreases from 18A to 5A as the %CEC increases. Hence, at
high dye concentrations, a significantly lower intermolecular distances are observed,
increasing the probability of having intermolecular charge transfer mechanisms, which

originates the red-shifted emission.
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Figure 4.8. Intramolecular and intermolecular distance between the donor and acceptor groups of LDS-

722 computed from MD simulations.

Emission efficiency. Regarding the fluorescence efficiency, it was expected its
enhancement due to a decrease of internal rotations around double and singles bonds as
a consequence of the confinement in the interlayer space of Laponite'>6%6!, However, it has
been observed a gradually decrease of the efficiency as the dye content increases. Again,
MD simulations were performed to analyze the effect of the confinement into on the methyl

rotations of the dye molecules, as shown in Figure 4.9.

Donor  Acceptor

—150 0 180 -180 0 180

Figure 4.9. Molecular rotations in LDS 722. The most probable rotational angles of the rotations around
(a) methyl groups of the donor and (b) ethyl group of the acceptor. The orange isosurfaces show the

most probable location of the hydrogen atoms.

As can be seen in Figure 4.9, the hydrogen atoms of the methyl and ethyl groups in both
ends of LDS-722 can complete full rotations around the carbon atoms, so it motion is not
constrained by the confinement with clay interlayers. The hydrogen atoms from the ethyl
group of the acceptor end exhibit a very well defined positions in the staggered

conformation, whereas those in the methyl groups of the donor end have less defined
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positions due to a coupled movement. Despite not hindering completely the rotational
motion of the hydrogen, the confinement does affect to their rotational times, 1, or time
necessary to achieve a full rotation. Thus, in vacuum, the rotational time for the hydrogen
atoms, according to the simulations, at the donor and acceptor groups are 39.2 ps and 76.6
ps, respectively. These rotational times increases slightly with the confinement up to 83.2
ps and 97 ps at the highest dye loading. However, these rotations are still considerably
faster than the excited lifetime of the dyes®, so they can be responsible of non-radiant
deactivation processes. In this sense, Laponite is not providing an environment rigid enough

to enhance the fluorescence, probably due to the high swelling capacity of this clay.

Summary and conclusions. In this section it has been shown the synergy between the
experiments and the MD simulations to understand the experimental observed phenomena
in LDS-722/Laponite hybrid materials. The combination of the experiments and molecular
dynamics has enable to envisage the nature of the observed phenomena: a hypsochromic
shift in the absorption and a bathochromic shift in the emission, along with the decrease of
the emission efficiency as the dye loading increases. Thus, the hypsochromic shift has been
attributed to the stabilization of the ground state structure as the dye loading increases due
to the formation of hydrogen bonds between water molecules and the donor groups of the
LDS-722, while the bathochromic shift has been assigned to a switch from intramolecular
charge transfer process to intermolecular one as a consequence of the increase of the dye
packing. Finally, the non-restrained rotations of the hydrogen atoms around the carbons in
both extremes of the LDS-722 have evidenced that Laponite does not provided the
necessary rigid environment to hinder the non-radiative deactivation processes. Despite the
loss of emission efficiency, this hybrid material is very interesting since the Stokes shift of

can be easily modulated by tuning the dye loading.

4.3.2. Pyronin Y/Laponite and Pyronin Y/Saponite hybrid materials

The second materials studied are based on the encapsulation of pyronin Y molecules within
Laponite and saponite. As it has been pointed out before, pyronin Y in solution tends to
aggregate as its concentration increases. The aggregation modifies considerably the
photophysical performance of this dye, inducing spectral shifts and band splitting. Moreover,

aggregation affects to fluorescence quantum yield since only J-type aggregates are
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fluorescent. The incorporation of pyronin Y into the interlaminar space of Laponite and
saponite is interesting to study the type and extent of the dye aggregation as a function of
the charge distribution on the TOT structure. This could help to improve the fluorescence

efficiency by minimizing the molecular aggregation.

The same procedure than for the fabrication of the LDS-722/Laponite hybrid materials
(subsection 4.3.1 and reference [54]), was followed for the preparation of the experimental
samples in which pyronin Y molecules were encapsulated in Laponite and saponite films®2.
By immersion of pure Laponite and saponite films into a solution of pyronin Y for different
time periods, several PY/Laponite and PY/saponite samples were obtained with increasing
CEC (see Table 4.2). As LDS-722, pyronin Y is a cationic dye that is introduced in the
interlaminar space of the clays by cationic exchange, displacing water and sodium ions.
Therefore, the incorporation of pyronin Y modifies the basal distances of the samples. The
construction of the simulated hybrid systems were based on the experimental dye and water
content shown in Table 4.2, which also shows the experimental and simulated basal

distances.

Table 4.2. Cation exchange capacity (CEC), water content in weight and basal distance (doo) for the
experimental and simulated samples of PY/Laponite and PY/Saponite. The experimental CEC was
characterized by absorption and elemental analysis, the water content by thermogravimetry and dgo+
by XRD technique.

doot (A)
Clay CEC (%) Water (%) Exp. Sim. Error (%)
Lap 1.8 14 13.4 131 -2.3
4.5 13 14.8 14.0 -5.7
27 11 15.7 14.5 -8.2
Sap 3.7 10 12.5 12.3 -1.6
20 11 12.6 12.8 +1.6
32 3 13.4 13.3 -0.8
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It can be seen in Table 4.2 how the basal distance increases as the dye loading rises, even
though the water content decreases drastically at the highest dye concentrations, both for
Laponite and saponite systems. MD simulations tends to underestimate the value basal
distances with respect to the experimental samples, except in the case of the PY/Saponite

system with 20% CEC, probably due to an error in the water determination.

Aggregation. The photophysical characterization of these samples®? reveals that, as the
dye loading increases, the main absorption band is displaced to lower wavelengths as can
be seen in Figure 4.10. This phenomenon is related to dye aggregation processes®.
Nevertheless, it should be noted that those changes in the absorption spectra are different

depending on the clay type (see Figure 4.10).
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Figure 4.10. Experimental area-normalized absorption spectra of pyronin Y molecules in (a) Laponite
and (b) saponite as a function of the dye loading®2.

On the one hand, the absorption band of PY/Laponite samples shows significant changes
already at very low dye concentrations. In fact, only at the most diluted samples there is
only the band assigned to the monomeric PY intercalated in Laponite, at 547 nm. As the
dye loading increases, the intensity of the band assigned to the monomer decreases, while
a new band appears at 470 nm. This new band is related to H-type dimers formation and
becomes more intense as the dye loading rises, to the extent that the monomeric band
practically disappears at high dye concentrations. This clearly indicates that pyronin Y

molecules embedded in Laponite have a great tendency to aggregation. On the other hand,
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the absorption spectra of PY/Saponite samples does not show substantial changes up to
high dye loadings, pointing out that pyronin Y molecules have much lower tendency to

aggregate into saponite than in Laponite.

The simulations support these findings: the aggregation of pyronin Y molecules is not
observed up to high dye concentrations in saponite, while in Laponite the aggregates
appear at lower dye contents. In saponite, the location of the negative charge in the external
(tetrahedral) sheets results in stronger electrostatic interactions between the dyes and the
clay. Conversely, in Laponite the dye-clay interactions are less intense because the charge
is located in the internal (octahedral) sheet. In this way, dye-dye electrostatic and dispersive
interactions might be favored, facilitating the extent of the molecular aggregation. Therefore,
the extent of the pyronin Y aggregation in Laponite and saponite can be attributed to the
location of the charge in those clays, although there are other factors that can also influence,

such as the CEC or the particle size.

Nevertheless, the extent is not the only difference in the aggregation of pyronin Y in Laponite
and saponite, they also differ in the type of aggregates formed. To study the type of
aggregation, the deconvoluted dimer spectra was calculated experimentally for both the
PY/Laponite and PY/Saponite hybrid systems®2, showing the absorption bands of the

monomers and the J and H aggregates in Figure 4.11.
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Figure 4.11. Experimental deconvoluted absorption spectra that shows the monomer and dimer bands
of (a) PY/Laponite and (b) PY/Saponite. The blue, green and red lines represent the absorption band

of H-type aggregates, monomeric dye and J-type aggregates, respectively.
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It can be seen in Figure 4.11 that both PY/Laponite and PY/Saponite exhibit absorption bands
corresponding to H-type and J-type aggregates, although there are remarkable differences
between them. The band assigned to H-type aggregates is about five times more intense
than J-band in PY/Laponite. Conversely, in PY/Saponite the J-band is more intense than
the H-band. According to the Exciton Theory3®, this absorption spectra is consistent with the
sandwich type (case A in Figure 4.3) geometry configuration of pyronin Y molecules in
Laponite and oblique head-to-tail type (case B in Figure 4.3) geometry configuration in

saponite.

MD simulations have been used to evaluate the type of aggregates formed in each hybrid
system. For this purpose, the combined distribution function of the angles a and 6 was
recorded during 100 ns, shown in Figure 4.12. The PY/Laponite with 27% CEC and
PY/Saponite with 20% CEC were chosen because the dye loading is high enough to obtain
aggregates in both systems. It should be remembered that 0 is defined as the angle between
the direction of the dipolar moments of the monomers and the line that link their molecular
centers and a is the angle defined by the orientations of the transition dipole moments of

the monomers.
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Figure 4.12. Combined distribution functions of angles a and 6 for the dimers occluded in (a) Laponite
at 27% CEC and (b) saponite at 20% CEC.

In Figure 4.12 the reddish colors correspond to the most probable configurations of the

dimers, while the bluish ones are related to less probable configurations. In PY/Laponite
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samples are mostly in the twisted sandwich-like conformation (case A/D1 in Figure 4.3),
with a=0°and 75° < 8 < 90°. There is also possible to find to a lesser extent dimers arranged
with a = 52.5° and 6 = 37.5° For the PY/Saponite samples, the highest probability
corresponds to J-type or oblique head-to-tail dimers (case D2 in Figure 4.3), with a = 45°
and 6 = 0°. There are also dimers with a configuration a = 45° and 6 = 70°, although they
are less probable. Therefore, these configurations predicted by MD simulations matches

with the experimental findings.

The configuration of the interlaminar space may determine the type of aggregation (H or J).
In order to analyze the water and dye distribution in the interlaminar space, the density

profiles of PY/Laponite and PY/Saponite composites were computed (Figure 4.13).
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Figure 4.13. Density profiles of pyronin Y and water molecules occluded in the interlaminar space of
(a) Laponite at 27% CEC and (b) saponite at 20% CEC. The green, blue and orange lines correspond
to the density profiles of the oxygen and hydrogen atoms from water molecules and the center of mass

of pyronin Y molecules, respectively. The zero corresponds to the center of the interlaminar space.

The lower electrostatic interactions in Laponite enables a larger expansion of the
interlaminar space (see Table 4.2) that results in a bilayer distribution of water molecules,
while in saponite, with lower expansion, the water is arranged as a water monolayer. In a
bilayer distribution, this planar dyes can be completely surrounded by water, but due to their
hydrophobic character, they tend to aggregate in sandwich-like configurations to minimize
the contact area with water molecules. However, in saponite, the dyes interact more with
the clays surfaces and less with water molecules than in Laponite. Thus, the chemical

driving force for aggregation is lower in saponite.
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Summary and conclusions. The different type and extent of the aggregation of pyronin Y
found for Laponite and saponite can be attributed to charge distribution in the clay sheets,
which affects to the arrangement of water molecules in the interlaminar space, and

consequently to the dye distribution.

The charge in Laponite is located in the internal (octahedral) sheets. This results in lower
dye-clay and water-clay electrostatic interactions, favoring the formation of H-type
aggregates even at low dye loading, since the H-type configuration maximizes the surface
contact area between dye molecules and minimizes the water solvation. Conversely, the
higher electrostatic interactions in the interlaminar space of saponite due to the location of
the charge in the external (tetrahedral) sheets imply lower expansion of the interlaminar
space, which result in a water monolayer distribution. Moreover, the stronger dye-clay

interactions reduces the molecular aggregation and favors the formation of J-type dimers.

4.4. Diffusivity behavior of dye molecules

To obtain a good photophysical performance it is necessary to ensure that the samples
have high optical density, maintaining a constant concentration of the dye during its
operative life. This implies leaking processes should be avoided since they can affect to the
global workability of these hybrid materials. In this sense, molecular dynamics simulations
can also be used to study the diffusivity of the dyes through the interlaminar spaces. This
section is devoted to the diffusion of LDS-722 and pyronin Y molecules occluded in Laponite

and saponite clays as a function of the water content.

In order to ascertain if it is possible to establish a general diffusive behavior for confined
species in clays beyond dye molecules, other organic molecules were included in the study.
Thus, it has been considered the two dyes, LDS-722 and pyronin Y, an aromatic polycyclic
molecule, benzo(a)pyrene, and three surfactants with different lengths and charges, N,N-
dimethyloctadecylamine, N,N-dimethyldodecylamine and N,N,N-
trimethyloctadecylammonium. These guest molecules, shown in Figure 4.14, have different
sizes, charges and structural features. For instance, both dyes and N,N,N-

trimethyloctadecylammonium are positively charged, while the other compounds are
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neutral. Moreover, LDS-722 and the surfactants have a flexible structure, whereas the
structure of pyronin Y and benzo(a)pyrene is more rigid because they consist of aromatic

planar ring systems.

Figure 4.14. Representation of the guest molecules: (a) pyronin Y, (b) benzo(a)pyrene, (c) N,N-
dimethyldodecylamine, (d) LDS-722, (e) N,N-dimethyloctadecylamine and (f) N,N,N-
trimethyloctadecylammonium. C, N, O and H atoms are represented as black, blue, red and white balls,

respectively.

The guest molecules were inserted in the interlaminar spaces of Laponite and saponite with
an increasing water content to determine the impact of water in the basal distance and its
role in the dynamics of these molecules. The organic/clay systems were built with water
contents from 1.25 to 10 Mwater/Mciay, increasing in regular amounts of 1.25 Mwater/Mciay. In
total, 96 simulations have been performed, following the procedure described in section 4.2.
The interlaminar spaces of all the simulated systems were characterized and the diffusion

coefficients of the guest molecules were calculated.

Basal distances. As a result of the addition of water molecules from 1.25 to 10 Mwater/Mciay,
the basal distances is increased up to 4.5A from the lowest to the highest water content,
independently of the intercalated molecule, as shown in Figure 4.15. This expansion is not
linear with water incorporation as an abrupt rise from 5 to 6.5 Mwater/Mciay is observed both
in Laponite and saponite. This anomaly is due to a characteristic water rearrangement in
the interlaminar spaces of clays as the water content grows®3%4, which will be discussed

below.
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Figure 4.15. Basal distance evolution as the water content is increased for the different studied systems

in (a) Laponite and (b) saponite.

Density profiles. The water rearrangement can be studied by analyzing the density profiles
of the species located in the interlaminar space of the clays. This analysis also enables the
evaluation of the distribution of the guest molecules as a function of the water content, as
can be seen in Figure 4.16. It should be pointed out that the density profiles of samples with

the same water content are similar, independently of the guest molecule incorporated.
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Figure 4.16. Density profiles of the interlaminar space of Laponite that incorporates pyronin-Y as

function of z distance for (a) 1, (b) 1.5 and (c) 2 water layers. In orange is shown the density profile of

the center of mass of the pyronin-Y molecules, while the profiles of water oxygen and hydrogen atoms

are in green and blue. The zero corresponds to the center of the interlaminar space.
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At low water contents, up to 3.1 Mwater/Mciay, water is arranged as a perfect monolayer
(Figure 4.16a). Above this limit, water monolayer is progressively distorted (Figure 4.16b)
to reach a bilayer distribution, which appears clearly at 5.6 Mwater/Mciay (Figure 4.16¢). Both
monolayer and bilayer distributions are stable hydration states, and consequently water
molecules tend to maintain those distributions®®. In a monolayer distribution, a single water
molecule can form hydrogen bonds with the two clay surfaces that define the interlaminar
space, while in a bilayer distribution can only establish hydrogen bonds with one of them.
Thus, as the water content increases, these molecules tend to maintain the monolayer
distribution, although distorted, until it is more favorable the organization in a bilayer. This
water rearrangement also occurs for unmodified clays as the water content increases®%6.
The transition from monolayer to bilayer causes the abrupt rise in the basal distances (see
Figure 4.15).

The water distribution also determines the arrangement of the guest molecules in the
interlaminar spaces. These molecules are aligned in the middle of the pore at low water
contents, as seen in Figure 4.16a for pyronin Y. However, as the water content grows and
the pore is expanded, the organic molecules tend to be located close to the clay sheets
(Figure 4.16c) in order to minimize the interactions with water molecules due their

hydrophobic character.

Diffusion coefficients. The mean square displacements (MSD) of the guest molecules
were computed for 0.5 ns in order to study their diffusivity behavior. The diffusion
coefficients of the confined molecules, obtained by means of the Einstein relationship
(Equation 2.37), are given Figure 4.17 as a function of the water content in both clays. These
plots clearly show the increase of the diffusion coefficients as the water contents grows.
However, this increase is not linear, there is a sharp growth of the diffusivity when the water
molecules rearrange from a monolayer to a bilayer distribution. It should be highlighted that
this behavior is observed in both clays and for all the organic compounds, independently of

their size, charge or structural features.
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Figure 4.17. Evolution of the diffusion coefficients of the organic molecules under study at different

Muater/Maiay In (a) Laponite and (b) saponite.

All the diffusion coefficients shown in Figure 4.17 are in the same range, despite the variety
of sizes and structures of the guest molecules. In Laponite, there is an inverse relationship
between the diffusion coefficients of the guest molecules and their weight and/or volume:
the higher the size of the organic molecule, the lower its diffusivity. However, this trend is
not observed in saponite. The stronger dye-clay electrostatic interactions in saponite due to
the location of the charge in the external (tetrahedral) sheets affect to the diffusivity of those
molecules, as it shown in Figure 4.18. This Figure shows the evolution of the diffusion
coefficients for a neutral molecule (N,N-dimethyloctadecylamine) and for a charged one

(LDS-722) in Laponite and saponite.
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Figure 4.18. Comparison of the diffusion coefficients for (a) a neutral molecule, N,N-
dimethyloctadecylamine and (b) a charged one, LDS-722 in Laponite (blue lines) and saponite (red

lines).

Figure 4.18 shows that the diffusion coefficients of the neutral molecule inserted in Laponite
and saponite are almost the same. On the contrary, the diffusion coefficients of the charged
molecule in Laponite is twice the value in saponite. This difference is caused by the different
location of the charges in Laponite and saponite. Neutral molecules do not establish strong
electrostatic interactions with the clay layers, so they are not highly affected by the charge
distribution in the clay sheets. However, the dye-clay electrostatic interactions are more
intense in saponite than in Laponite, which results in lower mobility of charged species and

therefore lower diffusion coefficients in saponite®”.

In order to explain the increase of the diffusivity as the water content grows, the diffusion
coefficients of the guest molecules are decomposed in the contribution along the x, y and z
axis, as shown in Figure 4.19. It must be noted that at low water content, the interlaminar
space is not expanded, and therefore water and the guest molecules diffuse parallel to the
clay layers (xy plane). However, as the interlaminar space is expanded due to the water
incorporation, the confined species could also diffuse in the perpendicular direction to the

clay layers (z axis).
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Figure 4.19. (a) Decomposed diffusion coefficients in x, y and z axis for benzo(a)pyrene molecules in

Laponite. (b) Benzo(a)pyrene motion with respect to the z axis, perpendicular to the clay sheets. Green

and blue colors are referred to low and high water contents, respectively.

Figure 4.19a shows that the diffusivity of the guest molecules in the perpendicular direction
to the clay layers (z-axis) does not practically change despite the expansion of the
interlaminar space, while in xy plane the diffusion coefficients grow significantly. Indeed, the
diffusivity in the z-direction is three orders of magnitude lower than in the x- and y-directions.
The guest molecules tend to be located close to the clay layers due to their hydrophobic
character. At low water contents, the interlaminar space is not expanded and the guest
molecules are in contact with the two clay layers that confine them, avoiding the interaction
with water. However, as the water content rises and the interlaminar space is expanded,
these molecules are in contact only with one of the surfaces (see Figure 4.16). The analysis
of the motion of guest molecules in the z-direction (Figure 4.19b) shows that they can jump
from one surface to the other, avoiding the center of the pore to minimize the contact surface
with water. However, these jumps barely contribute to the diffusivity because, despite the
expansion of the interlaminar space, the distances that the molecules travels in the z-

direction is much smaller than the distances covered in the xy plane.

(De)coupled water-guest molecule motion. At low water contents, the expansion of the
interlaminar space is low and water and guest molecules are aligned in the center of the
pore, see Figure 4.16. Therefore, those molecules should flow in the same plane. When the
expansion and water content is high enough to allow the formation of a water bilayer, water

can flow also below or above of the organic molecules. In order to ascertain if this new
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degree of freedom could be the origin of the increase in the diffusion coefficients, the
combined distribution function of displacement and lifetime for water-organic molecules
clusters has been computed. In this way, it is possible to evaluate if water and guest

molecules move coupled or not.

Probability

Displacement (nm)
Displacement (nm)

Lifetime (ns) Lifetime (ns)
Figure 4.20. Combined distribution functions of displacement and lifetime for water-organic molecules

clusters at (a) low and (b) high water content for the LDS molecules adsorbed in Laponite.

Figure 4.20 shows the probability of water and organic molecules move together as a cluster
during a certain distance. At low water content (Figure 4.20a), there is a coupled motion of
water and guest molecules up to 3.5 ns, covering small distances of about 1 nm due to their
low diffusion coefficients. On the other hand, at high water contents (Figure 4.20b), the
organic and water molecules remain together less than 0.5 ns, seven times less than at low

water contents, although they cover together higher distances.

The high lifetimes at low water contents indicate that the motion of water and organic
molecules is coupled. However, as the water content increases, the motion of the guest
molecules is decoupled from the motion of water, enabling greater freedom of those
molecules. This results in the increase of the diffusion coefficients of both, water and organic

molecules. All the analyzed molecules exhibit this behavior both in Laponite and saponite.

Summary and conclusions. The use of molecular dynamics simulations have allowed the

study of the diffusivity of the confined organic molecules in clay minerals at atomic level. A
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universal diffusive trend for the confined organic molecules has been found. At low water
contents, the diffusion coefficients of these species are very low, but increase progressively
as water is added. As with the basal distances, the diffusion coefficients increase drastically

in the bilayer regime.

The location of the charge in the external sheets of the clay layers, as in saponite, increases
the guest molecules-clay electrostatic interactions, especially for charged ones, whose
diffusivity decreases with respect to Laponite. The study of the diffusion in each direction
has shown that only the diffusion in the parallel plane to the clay contributes significantly to
the global diffusivity. The analysis of the lifetimes and distances covered by water-organic
compounds clusters indicates that their motion is coupled only at low water content, in the
monolayer regime, but is decoupled at higher water contents, in bilayer regime. The
evolution from a jammed state when the interlayer molecules’ motion is coupled to a loose
state when it is decoupled might be the ultimate reason of the diffusion increase. These
findings could be possibly extrapolated to other confined organic molecules not only in
smectite clays, but also to other hydrophilic laminar systems due to universal trends found
for the analyzed guest molecules, despite their different structure, flexibility, charge and
size. Furthermore, the information provided by the MD simulations can be used to determine

the amount of water necessary to avoid leaking of dye molecules.

4.5. Mechanical characterization

The mechanical characterization of the dye/clay hybrid systems is very important for their
practical implementation. However, little work has been done to study the impact of the dye
incorporation in the mechanical behavior of the substrate. In this section, the mechanical
properties of dye/clay hybrid systems are characterized by means of molecular dynamics
simulations. For that purpose, the samples were subjected to tensile and shear

deformations in order to evaluate the mechanism triggering their failure.

In order to evaluate how the dye incorporation affects to the mechanical behavior, the two
hybrid systems, LDS-722/Laponite and PY/Laponite, were compared with a reference
Laponite system without dyes. These systems were built using the procedure described in

section 4.2 and reference [68]. The simulated dye-free Laponite and the hybrid systems
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replicate the cation exchange (CEC) and water content determined experimentally by
elemental and thermogravimetric analysis, shown in Table 4.3. It can be seen that the dye
incorporation reduces the water content, modifying the interlaminar space, and this is
reflected in their basal distances. The lower basal distance of the PY/Laponite hybrid system
with respect to the dye-free Laponite is not only due to the lower water content, but also to
the moderate concentration of pyronin Y molecules, which lie parallel to clay layers, as can
be seen in Figure 4.21b. In contrast, the LDS-722/Laponite hybrid systems has much higher
basal distance than the reference Laponite despite the low water content. This is due to the
high dye concentration and its non-parallel orientation, with an average 30° tilt of its aromatic

ring with respect to the clay surfaces (see Figure 4.21¢).

Table 4.3. Cation exchange capacity (CEC), water content in weight and basal distance (dgo1) for the
experimental and simulated samples. The experimental CEC was characterized by absorption and

elemental analysis, the water content by thermogravimetry and do: by XRD technique.

doot (A)
Dye CEC (%) Water (%) Exp. Sim. Error (%)
- 0 16 12.9 13.3 3.0%
Pyronin Y 20 10 12.6 125 -1.0%
LDS-722 45 5 15.0 15.2 1.3%
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Figure 4.21. Snapshots of the molecular dynamics simulations of the (a) reference Laponite, (b)

Ve
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PY/Laponite and (c) LDS-722/Laponite systems. The simulated and experimental basal spacings are
shown in red and black respectively. The silica tetrahedrons are represented in yellow, while the blue,
green and orange balls correspond to Mg, Li and Na cations. The LDS-722 and pyronin Y molecules

are illustrated as thick black, whereas the thin red sticks represent the water molecules.
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Shear and Tensile tests. The relaxed configurations of the simulated systems were the
starting points to study their mechanical properties. Tensile deformations were applied to
all the samples in the z-direction because it is expected to be the softer direction since the
covalent interactions in the clay layers (plane xy) are much stronger than the electrostatic
and dispersive forces that hold together the clay layers along the z-axis. A shear
deformation was applied in the parallel plane to the clay layers because these materials are
transversely isotropic. In this way, the shear deformation the parallel direction to the xy
plane is easier because the clay layers slide over each other, while the deformation in the
perpendicular direction involves the deformation of the layers. The tensile and shear
deformations were applied in quasi-static conditions, which means that the deformations
occur slowly enough for the system to remain internal equilibrium. Successive deformations
of 0.1% were applied, minimizing the energy after each step by relaxing the atomic
positions. In this way, the stress-strain curves shown in Figure 4.22 were obtained. These
plots represent the evolution of the tensile and shear stress (02 and oxz) under the applied

strain (€zz and yxz).
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Figure 4.22. Stress-strain curves under (a) tensile and (b) shear strain. The black line corresponds to
the dye-free clay, and the red and blue to the Laponite loaded with pyronin Y and LDS-722 dyes,

respectively.

The three stress-strain curves under tensile strain (Figure 4.22a) have the typical shape of
a ductile material: an initial elastic region followed by a plastic region that finishes in the
failure of the material. In the elastic regime, the relationship between the stress and strain
is proportional up to yield point (around 3% strain), which indicates the limit of the elastic

behavior and the beginning of the plastic one. In the plastic region the stress increases more
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slowly as the strain grows with respect to elastic region. At one point, the increasing strain
causes the failure of the system, reflected in the stress-strain curve as a sharp fall of the
stress. This plot also shows that the elastic region is similar for the reference and for
PY/Laponite composite, while the slope of the elastic region of the LDS-722/Laponite
system is lower than for the other two. The Young’s modulus, calculated from the slope, is
14.7 GPa for the dye-free Laponite, in good agreement with the experimental and simulated
values reported for this clay®®7°. Conversely, in the plastic regime there are big differences
between the reference and the hybrid systems, the composites only reach stress of about
0.5 GPa, a 30% less than the dye-free Laponite. Therefore, the dye incorporation worsen

the tensile strength.

Under shear strain (Figure 4.22b), the stress-strain curves also shows an elastic regime up
to 10% strain, when the systems reach the plastic flow regime, characterized by moderate
stress drops in cascades of successive stress relaxations. Figure 4.22b shows clearly that
the reference and PY/Laponite systems have similar response, while the LDS-722 has a
much worse mechanical behavior already in the elastic regime. The shear modulus for the
free-dye Laponite and PY/laponite is about 4.3 GPa, almost three times higher than the
shear modulus of LDS-722/Laponite (1.6 GPa)

Failure mechanism. In order to understand the failure mechanism, the development of
local deformations during the stress relaxation has been studied by means of the local strain
tensor proposed by Shimizu et al”'. The local strain tensor represents the displacement of
a given atom with respect to its neighbors in the deformed configuration with respect to the
initial one. Therefore, the local deformation indicates in which places there have been
structural changes to relax the built-up pressure caused by the strain. The local deformation

tensor, i, for each atom i is obtained as described in Eq. 4.1.
1 T
niZE(]i]i -1) Eq. 41
where J is the tensor that relates the initial and final coordinates of the neighbors of the

atom /, and | is the identity matrix. In this analysis, the cutoff to define the neighbor atoms
was 5A.
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The spatial distributions of the local strain for the dye-free Laponite and the two hybrid
composites are shown in Figure 4.23. The reddish colors correspond to the atoms which

suffer higher deformation, while the less deformed are represented in bluish colors.

1& ]
R,

I i Sdecaned
M%’h’*

S

Figure 4.23. Normalized spatial distribution of the local strain at 25% tensile strain (above) and at 30%
shear strain (below) with respect to the equilibrium configuration for (a) the dye-free Laponite, (b)
PY/Laponite and (c) LDS-722/Laponite. The color code assigns bluish colors to less deformed atoms

and reddish colors to more deformed atoms. The strain tensor was computed with OVITO™2,

Figure 4.23 shows clearly that the atoms located in the interlaminar space of Laponite are
the ones that suffer the highest deformations, both under tensile and shear strain.
Therefore, the relaxation of the species located in the interlaminar space dissipates the
stress. The clay layers do not contribute to the stress relaxation, as expected since the

atoms that form the clay layers are bonded by covalent forces, much stronger that the
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electrostatic and dispersive forces of the interlaminar space. The relaxation under shear
strain occurs by a “stick-slip” mechanism, sliding the layers of the clay over each other
without internal deformation of those layers. This mechanism has been already reported for
other clays” and other layered materials’7%. It should be noted that the dye incorporation
does not substantially modify the distribution of the local strain. The atoms of the clay layers
do not participate in the relaxation because the Si-O covalent bonds are much stronger than
the coulombic and dispersive interactions of the interlaminar space and consequently the
system fails in it. Therefore, the mechanical properties under tensile and shear stresses

depend mainly on the cohesion between layers.

Water distribution and hydrogen bond network. The water confined in the interlaminar
space plays a key role in the mechanical behavior of the hybrid systems since its
arrangement is related to the elastic properties of clays’®7”. A denser hydrogen bond
network implies the strengthening of the interlaminar forces, which results in a global
strengthening of the systems since the deformations occurs in the interlaminar space’®7.
As has been pointed out, water monolayers and bilayers are energetically stable (see
section 4.4 and reference [65]), matching with peaks of maximum elastic properties’”. On
the contrary, intermediate distributions, in which the water layers are not properly formed,
are unfavorable energetically, leading to worse elastic properties’”. For that reason, the
molecular arrangement of the interlaminar space of the systems has been characterized by

computing their density profiles, shown in Figure 4.24.
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Figure 4.24. Density profiles of (a) dye-free Laponite, (b) PY/Laponite and (c) LDS-722/Laponite. The

profile of water oxygen and hydrogen atoms are represented in green and blue, respectively, while the

1.5 3

orange corresponds to the center of mass of pyronin Y and LDS-722 molecules, respectively. The zero

corresponds to the center of the interlaminar space.
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The density profiles given in Figure 4.24 show that water molecules are arranged in a
monolayer in the PY/Laponite hybrid system, while the reference Laponite and LDS-
722/Laponite exhibit a water bilayer distribution. The water bilayer of the free-dye Laponite
corresponds to an energetically stable state. However, the water content in LDS-
722/Laponite system is not enough to form even a monolayer in a dye-free clay, but the
expansion of the interlaminar space due to the incorporation of LDS-722 molecules forces
the arrangement in an unfavorable bilayer distribution, reflected in a poorly defined bilayer.
By contrast, the amount of water in PY/Laponite is enough to reach a well-organized
monolayer. Thus, the unfavorable water distribution in LDS-722/Laponite system might be
one of the reasons behind the poor mechanical response of this system under tensile and

shear strain.

The big differences registered in the arrangement and content of water must impact on the
hydrogen bond network of the interlaminar space, and consequently on the cohesion of the
clay layers. The first step to evaluate the extent, connectivity and strength of this network is
to define the hydrogen bond. For bulk water, the hydrogen bonds are considered to occur
when the distances between the oxygen atoms of the donor and acceptor molecules are
shorter than 3.5 A and the angles defined by the vector connecting those oxygen atoms and
vector connecting the oxygen and hydrogen of the donor molecule are lower than 30°78.
Nevertheless, these geometric parameters might be modified by the confinement and the
hydrophilicity of the interlaminar space. To evaluate this, the geometric criteria has been
tested for the hydrogen bonds between water molecules and those formed between water
and the acceptor oxygens from the clay surfaces, computing the combined distribution

function of the hydrogen bond distances and angles, shown in Figure 4.25.
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Figure 4.25. Combined distribution functions of hydrogen bonding distances and angles between water
molecules (above) and between water molecules and oxygen atoms of the clay surface (below) for (a)

dye-free Laponite, (b) PY/Laponite and (c) LDS-722/Laponite hybrid systems.

Figure 4.25 shows that the more likely distance and angle for the formation of hydrogen
bonds are around 2.7 A and 0° for all the systems, although it can be considered the
distances and angles under 3.25 A and 30° as the maximum bonding conditions that
encompass almost all the potential hydrogen bonds. It should be noted that in LDS-
722/Laponite the distance and angle distributions are narrower for water-water interactions
and wider for water-surface interaction than in the other two systems. This indicates that
water-water interactions are stronger when Laponite incorporates LDS-722 than in the other
two systems. However, water-surface interaction are weaker because the smaller the
distance between the hydrogen of the donor molecule and the acceptor oxygen, the higher
the bond strength”. Nevertheless, the distributions do not vary significantly, so no
appreciable differences in the bond strength are expected.
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Figure 4.26 shows the number of hydrogen bonds per water molecule calculated using the
maximum bonding conditions for the analyzed systems and for bulk water for comparison.
On the one hand, the average number of hydrogen bonds per water molecule for confined
water molecules is lower than for bulk water. This decrease can be attributed to the
nanoconfinement, which reduces the possibilities of forming hydrogen bonds®. Thus, in
dye-free Laponite the average number of hydrogen bonds per water molecule decreases
from 3.5 in bulk water to 2.8. This decrease is more marked when dyes are inserted, due to
the lower water content and the distortion of the water network. There is a clear correlation
between the number of hydrogen bonds and the elastic properties: the dye incorporation
results in a less dense hydrogen bond network, which implies the weakening of the

interlaminar space and therefore, the worsening of the mechanical response.
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Figure 4.26. Average number of hydrogen bonds per water molecule in the three studied systems and
in bulk water, included for comparison. The two types of possible hydrogen bonds, water-water and

water-surface, are depicted in light and dark blue respectively.

Molecular forces that governs the mechanical properties. The cohesion between clay
layers has been finally studied to further understand the mechanical response of the
analyzed systems. The main contribution to the cohesion between layers are the hydrogen

bond network and the electrostatic interactions between the cationic species of the
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interlaminar space and charged clay surfaces. These contributions have been analyzed
separately in order to ascertain their contribution to the global cohesion of the systems.
Figure 4.27 shows the energy variation as a function of the strain, in which the positive

energy values represent a decrease of the interacting energy.
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Figure 4.27. Cohesion energy change under tensile strain (above) and shear strain (below) for the (a)
dye-free Laponite, (b) PY/Laponite and (c) LDS-722/Laponite composites. The total decrease of
cohesion energy is represented in black, and the contribution of the hydrogen bond network and the
coulombic interactions are shown in blue and green respectively. Positive values indicate a decrease

of the cohesion.

Under tensile deformation, the contribution of the coulombic interactions to the loss of
cohesion is higher than the contribution of the hydrogen bond network, especially up to the
elastic limit, around 3%. Tensile deformations in the perpendicular direction to the clay
layers (z-axis) imply the expansion of the interlaminar space up to separate completely the
clay layers. This also provokes the increase of the distances between charged particles that
results in a sharp decrease of the coulombic energy, contributing to the loss of cohesion. It

should be noted that the low contribution of the hydrogen bond network in the LDS-
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722/Laponite composite is caused by the sparse and discontinuous hydrogen bond network

due to low water content.

The hydrogen bond network has a more relevant role in the loss of cohesion under shear
strain. Shear deformations do not modify the distance between layers because the layers
slide over each other. In this way, the changes in electrostatic energy are mainly attributed
to the rearrangement of the coordination shell of the cations. This motion also involves a
continuous rearrangement of the water molecules and consequently, a continuous
breakage and formation of hydrogen bonds. For that reason, the contribution of the
hydrogen bond network to the loss of cohesion under shear strain is more important than
under tensile shear. Indeed, it has been reported the correlation between the density of the
hydrogen bond network and the friction in quartz surfaces?®’, finding that the denser the

hydrogen bond network the higher the resistance to shear deformations.

Combining the contributions to the cohesion with the information about the interlaminar
space, the mechanical properties of these systems can be explained. The encapsulation of
pyronin Y provokes a moderate decrease of the water content that results in the
rearrangement of the water structure to form a monolayer. Even if the average number of
hydrogen bonds per water molecule decreases with respect to the reference Laponite, the
monolayer distribution is energetically favorable and may present long-range polarization
and ordering of the interlaminar space, increasing the stability of the system®2. In this way,
the role of the hydrogen bond network in the global cohesion is important in PY/Laponite
hybrid systems, especially under shear strain, where the mechanical response is
comparable to the one of dye-free Laponite. Conversely, the contribution of the hydrogen
bond network to the cohesion in the LDS-722/Laponite systems is much lower than in the
other systems due to the scarce water content, which is not enough to form a stable
hydration state. This sparse and discontinuous hydrogen bond network results in a low
contribution to the cohesion, which is reflected in the worsening of the mechanical response

with regard to the reference, especially under shear strain.

Therefore, the worsening in the mechanical properties of the dye/clay composites with
respect to the dye-free Laponite under shear strain can be attributed to the distortion of the

hydrogen bond network caused by the dye incorporation rather than the dye itself.
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Summary and conclusions. In this section, molecular dynamics has been employed to
study at atomic scale the forces governing the strength of clay/dye hybrid materials in
realistic conditions, i.e. experimental dye loads and interlaminar water contents. The
application of tensile and shear deformations to the hybrid systems that incorporates LDS-
722 and pyronin Y enables the evaluation of their mechanical response. It has been proven
that this response depends almost exclusively on the cohesion between the layers since
layers themselves do not participate in the failure mechanisms. The contribution of the two
main forces, the electrostatic interactions and the hydrogen bond network, to the cohesion
differs under tensile and shear strain. The separation of the clay layers under tensile strain
implies a strong decrease of the coulombic interactions in the interlaminar space,
contributing notably to the loss of cohesion. The more relevant role of the hydrogen bond
network under shear strain is due to the uninterrupted rearrangement of water molecules

produced by the lateral motion that provokes a continuous breakage of hydrogen bonds.

The dye incorporation decreases the cohesion and results in the worsening of the
mechanical properties, although this worsening is more related to the modification of the
interlayer structure rather than by the dye itself. Dye/clay hybrid systems with stable water
distributions in monolayers or bilayer exhibit good mechanical performance, while
intermediate unfavorable hydration states result in a general worsening of the mechanical

performance.

In summary, the mechanical properties of dye/clay hybrid materials are related to the atomic
arrangement of the interlaminar space. These findings could be relevant not only for
analyzed systems, but also for other small/medium sized cationic molecules confined in

swelling clays.

4.6. Summary and conclusions

Throughout this chapter, molecular dynamics (MD) simulations have been used to study
several aspects of the confinement of organic dyes into smectites clays. The construction

of dye/clay hybrid systems based on experimental structural and compositional parameters
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has enabled the interpretation of the different photophysical anomalies that the experiments

by themselves were not able to explain.

First, MD simulations were used to determine the causes of the hypsochromic shift
registered in the absorption, as well as the bathochromic shift in the emission and the
decrease of its efficiency in LDS-722/Laponite samples. Moreover, the aggregation of
pyronin Y molecules inserted in Laponite and saponite has also been studied, linking the
type and extent of the aggregation to the different charge distribution in those clays. MD
simulations have shown that the location of the charge in the clay sheets affects to the dye-
clay interactions, resulting in the formation of H-type dimers in Laponite and J-type dimers

in saponite.

Second, the diffusivity of the dyes and other organic molecules confined in Laponite and
saponite was studied by MD simulations, finding a universal trend in their diffusion: low
diffusion coefficients when water is arranged as a monolayer and high diffusivities in water
bilayer distributions. The simulations also show that water and dye molecules behave as a
cluster with coupled motion at low water contents, while at high water contents their motion

is decoupled.

Finally, the mechanical responses under shear and tensile strain of the dye/clay hybrid
systems have been characterized. The simulations show that this response depends on the
interlayer cohesion, which is originated by the electrostatic interactions and the hydrogen
bond network. The dye incorporation provokes the worsening of the mechanical properties
with respect to the dye-free clay due to the modification of the interlayer structure, which

affects mainly to the hydrogen bond network, rather than due to the dye itself.
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Chapter 5. Introduction to
cementitious materials

This chapter is an introduction to the cement chemistry with the necessary fundaments to
follow the discussion presented in the following chapters. It outlines the cement clinkers
and the hydration reactions that lead to the calcium silicate hydrate (C-S-H) gel, the main
component of cement paste. The empirical and computational models for nano and atomic

structure of C-S-H gel are also included.

5.1. Introduction

Hydraulic cement is defined as a substance that hardens to act as binder, made of a
combination of ground calcined limestone and clay, and it is usually employed to form
concrete by mixing it with water and fine and coarse aggregates, such as sand and gravel.
Cement-based materials are the most employed man-made materials. Their use in
construction of civil infrastructures was rapidly spread during the last century, becoming a

symbol of progress. Nevertheless, the usage of cement is not restricted to the last few
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centuries. 7000 years ago, calcined gypsum’ was employed as a binder for the first time
by the Egyptians. Afterwards, Greek and Roman civilizations mixed lime and volcanic
ashes, developing the first hydraulic cement. The Pantheon in Athens, built nearly 19
centuries ago, is an example of the exceptional durability and high strength of the mortars
and concretes employed by the Romans. After the fall of the Roman Empire, the crafting
knowledge was lost for centuries, until the beginning of the XVIII century, when a
description of mortar was reported in France?. Modern cement history starts in 1756, when
John Smeaton rediscovered the use of hydraulic lime during the construction of a
lighthouse in England. Few years later, James Parker developed the so called Roman
cement?, which was replaced by Portland cement, patented in 1824 by Joseph Aspdin®.
This cement consists of a mixture of calcined limestone and clay. The composition and
manufacturing process proposed by Joseph Aspdin have been modified over the time.
Thereby, today there are a wide variety of subcategories of Portland cements with

improved properties for specific applications.

Nowadays, the use of cement and concrete is so widespread that its consumption is
higher, by volume and per capita, than waterS. The global production of Portland cement
has increased continuously (see Figure 5.1a), reaching 4200 millions of tons in 2016°. In
construction, cement-based materials are use twice as much as the remaining building
materials, such as steel, wood, aluminum and plastics, which cannot compete in price-
performance ratio (see Figure 5.1b). This is due to the multiple advantages of cement-
based materials: low cost of the raw products, availability, high durability, strength and

resistance to fire, water, extreme temperatures and strong winds.
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Figure 5.1. (a) Global cement production from 1994 to 2018. The data for 2017 and 2018 (orange
bars) are estimations of the U. S. Geological Survey®. (b) Price-production comparison for common

building materials, adapted from [7].
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The Portland Cement Association forecasts a strong increase in the use of cement for the
next 20 years®. However, its massive consumption implies a considerable environment
impact, since between 0.9 and 1.1 tons of CO2 are emitted for every 1 ton of Portland
cement produced, according to the U.S. Environmental Protection Agency®. This emission
comes from the decarbonation of the raw materials, the use of fossil fuels for the
manufacturing processes at high temperature’® and, to a lesser extent, the CO2 emissions
generated in the extracting and transportation of the raw materials. Therefore, even if the
CO2 emissions per kilogram of cement produced are low in comparison with other
materials (0.13 kg of CO2 emitted per kg of concrete produced, against 9.96 or 2.95 kg of
CO2 per kg of aluminum or steel, respectively'!), the massive cement production is the

responsible of between 5 and 10% of the global CO2 footprint due to its huge production.

Hence, due to the economic and environmental importance of cement and concrete,
considerable efforts have been done in order to achieve a better understanding of the
properties and processes involved in the cement production. In spite of the numerous
experimental and theoretical studies in this field, the nature of cement is not fully
elucidated due to the extraordinary complexity of these materials. Most of the studies have
been carried out at the macroscale, but in-depth study at nanoscale may provide
invaluable knowledge about the structure and properties that may result in major
improvements to the environment and human life. In this sense, use of computational
techniques can provide many answers and contribute to the development cementitious

materials with enhanced properties.

5.2. Cement

In cement chemistry, the distinction between cement and cement paste is crucial. The
term cement concerns to the clinkers resulting from heating the mixtures of limestone and
clays, along with their impurities and additives. The hydration of this cement power forms
the cement paste. The cement paste consists of multi-phase and multi-size crystalline
agglomerates joint by an amorphous hydration product, the Calcium Silicate Hydrate (C-S-
H) gel. The discrete crystals of cement paste could be hydration products or clinker

phases that do not react completely during the hydration process. The importance of C-S-
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H gel lies not only in being the major hydration product, but also in being the main
responsible of the mechanical properties of the cement paste, since the C-S-H gel binds

the different crystalline phases, intrinsically strong, into a cohesive whole.

5.21. Clinker phases

For the fabrication of Portland cement, limestone and clays are introduced in the kiln.
During about 60 to 90 minutes, the raw materials are mixed while the temperature
increases progressively up to 1450°C, reacting to form different clinker phases. After the
heating process, the clinker cement is cooled and ground into fine powder, while some

additives, as gypsum, are incorporated in order to improve its workability.

The heating process comprises many reactions as the temperature rises. (1) The
dehydration of the raw materials occurs at temperatures between 70°C and 110°C. (2) At
temperatures from 400°C to 600°C, the calcination of the minerals starts, decomposing
the clays into oxides, mainly SiO2 and Al20s. (3) Between 600°C and 1100°C, the silicon
dioxide (SiO2) reacts with limestone (CaCOs) to form belite (Ca2SiO4), one of the main
components of cement. The unreacted limestone is decomposed into CaO and COa. This
decarbonation processes and the use of fossil fuel in the heating constitute the main
source of CO2 emissions of cement production. In this step, calcium aluminates and
calcium ferrites intermediates are also formed. They act as fluxing agents, increasing the
rate of the reactions. (4) The last step takes place at temperatures between 1100°C and
1450°C, when a partial melt of the phases allows the formation of alite (CasSiO4) due to
the reaction of belite and calcium oxide. At the end of the process, all the silica is in the
alite and belite phases, while the amount of free lime (CaQ) is minimal. The fast cooling of
the clinker when it leaves the kiln provokes the formation of the last two components of
Portland cement: tricalcium aluminate (CasAlz0s) and tetracalcium aluminoferrite
(CasAl2Fe2010).

The hydration of cement is a complex process that comprises a series of chemical
reactions by which the cement paste sets and hardens. This process comprises two main
steps: the dissolution of the clinker phases and the precipitation of the hydration products.
In the first step, the cement components begin to dissolve, releasing ions into water and

increasing the ionic concentration in the solution until it reaches the supersaturation. At
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that point, the precipitation of new solid phases occurs. These new phases are called
hydration products and the main one is the calcium silicate hydrate (C-S-H) gel. The main
hydration reactions of the clinkers that lead to the formation of C-S-H gel are briefly

described below.
Alite (CsS)

The tricalcium silicate or alite (CasSiOs or CsS) is the main constituent of Portland cement,
representing up to 70 % wt. C3S has high reactivity due to high internal energy caused by
the particular packing of calcium and oxygen ions in its structure'®'4. Its hydration is the
main responsible of the early strength development in Portland cements, since most alite
reacts within the first few days to form C-S-H gel. The hydration reaction of alite can be

written as:

2-C38+6-H,0 - C38,H; + 3 - Ca(OH), Eq. 5.1

where C3S2Hs and Ca(OH)z2 are the hydration products C-S-H gel and portlandite
(crystalline calcium hydroxide), respectively. They are the main hydration products of
Portland cement and the principal responsible of the final properties, especially C-S-H gel.
The stoichiometry of C-S-H gel in Equation 5.1 is an average since is not a phase of fixed

composition, as it will be explained later.
Belite (C2S)

Belite or dicalcium silicate (CazSiO4 or C2S) is the second most important component of
Portland cement. Belite has lower reactivity than alite due to its much lower solubility.
Indeed, only a third of belite reacts in the first few days, extending the hydration process
more than 1 year. Because of this, it is considered to contribute to the strengthening of
mature cement paste'?'%%. The hydration of belite forms the same hydration products

than alite, C-S-H gel and portlandite, although, the formation of portlandite is lower:

ZCZS+4H20 d CgSZH:; +Ca(0H)2 Eq. 5.2

105



Chapter 5

Tricalcium aluminate (C3A)

Tricalcium aluminate (CasAl20s or C3A) is the third main component of cement. C3A is
highly soluble, reacting very fast with water and forming unstable calcium aluminate
hydrates (C4sAH19 and C2AHs) that evolve to hydrogarnet (C3AHs):

63A+21'H20—>C4AH19 +CzAH8—>2’C3AH6+15’H Eq. 5.3

This reaction is very fast and releases large amounts of heat that induce a rapid hardening
of the cement paste, reducing its workability, in an undesired condition called flash setting.

The addition of retardants, as gypsum (CaSOa4:2H20), avoids the flash setting.
Tetracalcium aluminoferrite (C4AF)

The hydration of tetracalcium aluminoferrite (Caz(Al Fe)20s or C4AF) is very similar to the
one of tricalcium aluminate, but slower and with partial substitution of aluminum by iron in

the hydration products.

5.3. The C-S-H gel

The calcium silicate hydrate or C-S-H gel is the main hydration product of Portland
cement, resulting from the reactions of the silicate clinker phases (alite and belite) with
water. This phase occupies up to 70% of the overall volume of the cement paste and it is
also the responsible for most of the properties of this material. The C-S-H gel is not an
intrinsically strong phase, but its ability to bind the different phases of cement paste into a
cohesive whole makes this hydration product the main contributor to the overall strength.
This phase is amorphous and has a variable stoichiometry, which is the reason for the
hyphenated notation of C-S-H, where C is used for calcium oxide (CaO), S for silica (SiOz2)
and H for water (H20). Due to the unfix stoichiometry, the calcium to silicon ratio (Ca/Si
ratio) is used characterize the C-S-H composition. The Ca/Si ratio evolves during the
hydration process, with a range of values within 1.2 and 2.1 in ordinary Portland cement

(OPC) pastes, being about 1.75 the mean Ca/Si ratio for hardened pastes'®1718,

106



Introduction to cementitious materials

The C-S-H gel structure has been studied using many spectroscopic techniques, such as
nuclear magnetic resonance (NMR), transmission electron microscopy (TEM), small angle
neutron scattering (SANS) or small angle X-ray scattering (SAXS), among others'7:19-24,
The C-S-H has a layered structure that consists of silicate chains hold together with
calcium oxide layers, as can be seen in Figure 5.2. Its interlaminar space is occupied by
water and cations. The silicate follow a dreierketten arrangement, in which three
tetrahedra are the smallest repeat units, with finite lengths according to the rule 3n - 1
units (being n an integer)'2. Most of the silicate chains are dimers in young ordinary
Portland cement pastes, but the mean chain length (MCL) is increased by condensation of
short silicate chains over time, reaching a MCL about 4-5 in mature OPC?%2%, |t should be
recalled that the structure of clay minerals and C-S-H gel is similar, which is the reason

why both materials are studied in this thesis.
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Figure 5.2. Schematic representation of the structure of the C-S-H gel. The silicate chains are
illustrated as garnet tetrahedra, while the yellow balls and double blue sticks represent Ca ions and

water molecules, respectively.
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5.4. Nanostructure of C-S-H gel

The development of the nanostructure of the hardened cement paste from the initial
disordered crystals formed during the hydration has been studied for more than a century.
At the beginning of the 20" century Michaelis introduced the idea of a colloidal C-S-H
gel?’. Few decades later, Powers and Brownyard proposed a colloidal model to study
the formation of C-S-H based of sorption measurements?®2°. In this model, the hydration
products or “cement gel” were considered as colloidal particles with a layered structure
and linked each other by ionic and covalent bonds. These studies also classified water
into water of constitution (non-evaporable), gel water (adsorbed and bound to the
surfaces) and capillary water (not bound to surfaces). In 1968, Feldman and Sereda
proposed a new model for the C-S-H nanostructure®®3’. In this model, the C-S-H particles
are formed by tobermorite-like layers that tend to stack, creating interlayer spaces that are
occupied by water even at low relative humidity (see Figure 5.3). In contrast to Powers-
Brownyard’s model, this model considered that the interaction between layers are due to
solid-solid contacts, less strong than ionic and covalent bonding. Moreover, the water
located in the interlayer spaces can be reversibly adsorbed and desorbed. In this way, the
lack of water in some places may lead to local disorders as a result of the different layer

proximity.

Interlaminar water Physically adsorbed water

Capillary water

Figure 5.3. Feldman-Sereda model for C-S-H nanostructure. Grey lines represent the C-S-H layers,
interlaminar and physically adsorbed water are illustrated by green crosses and orange circles,
respectively.
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All these previous models fail at some point due to experimental inconsistencies observed
along the time. In 2000 Jennings and Tennis proposed a new model®?, called later CM-I,
based on aggregation of nano-colloids, which fits with experimental values of porosity and
specific surface area. They considered the basic building blocks as sphere-like colloids
with a diameter of about 2.2 nm and a density of 2.8 g cm. These colloids may aggregate
to form larger structures, called globules, with an approximate 6 nm of diameter and a
variable density. The tightness and looseness of the globule’s packing enable the
distinction of two types of C-S-H: low density (LD) and high density (HD) C-S-H, with
porosities about 37% and 24%, respectively (see Figure 5.4). The existence of these two
phases explains the contradictory results obtained, for instance, in the measurement of
the specific surface area (SSA). The LD C-S-H have pores large enough to allow their
resolution by small angle neutron scattering (SANS) and N2 adsorption techniques.
However, the compact structure of HD C-S-H hinders the detection by those techniques,
requiring higher resolution techniques, such as small angle X-ray scattering (SAXS)33. A
later nanomechanical study of the C-S-H gel showed a bimodal distribution of their elastic

modulus, attributed to the presence of two varieties of C-S-H gel3+-36.

HD C-S-H gel LD C-S-H gel o
Basic building

B B 9 block
@ @® §@ % 2.2 nm
@g @@@@ Globule

N, inaccessible pores N, accessible pores

Figure 5.4. Schematic representation of the high (left) and low (right) density C-S-H gel of the

colloidal model CM-I proposed by Jennings.

In 2008, Jennings proposed the CM-II%7, a refinement of his previous model. This model
takes in consideration more precise measurements of water content and density of the
globules obtained from SANS and SAXS techniques®. The nature of the globules is
modified, constituting the basic units of the CM-Il model. The globules are considered to
have tobermorite/jennite-like sheet structure, rather than spherical, with a cross section of

4.2 nm (see Figure 5.5). They are packed to form clusters of different density, resulting in
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low-density (LD) and high-density (HD) C-S-H gel. The globule flocs, which have sizes
between 30 and 60 nm, interpenetrate forming a pore structure that can be filled by water.
Thus, it is possible to find water in interlayer spaces, intraglobular spaces (IGP), small gel

pores (SGP) and in large gel pores (LGP)¥.

Globule Globule floc

== |nterlaminar water

« Adsorbed water 30-60 nm

Figure 5.5. Schematic structure of the globule and globule flocs in the CM-II model. The intraglobular

spaces (IGP), small gel pores (SGP) and large gel pores (LGP) are shown.

The CM-Il is currently widely accepted model of the nanostructure of the C-S-H gel,
although the porosity distribution and the colloidal structure has been criticized3940. It
explains reasonably well the water behavior and also predicts certain mechanical
properties of the cement paste. However, this model does not describe the atomic

structure of the C-S-H gel, which is tackled in the following section.

5.5. Models for the atomic structure of C-S-H gel

The atomic structure of C-S-H gel is complex. For that reason, many different models has
been reported based on crystalline minerals such as tobermorite, jennite and portlandite,
in which structural disorder and defects were introduced in order to appear as closely as
possible to the C-S-H gel*'. The C-S-H models can be classified into two categories: T/CH
and T/J. The first category, T/CH, comprises those models that mix tobermorite (T) and
portlandite (CH) structures*?>4. In the second category, the T/J models employ
tobermorites (T) and jennites (J)*°. There are also models that combines both models (J-
T/CH)?24146, Before describing the models for the atomic structure of C-S-H gel, the

crystalline structures of the phases in which those models are based are briefly described.
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5.5.1.  Crystalline structures related to C-S-H

The nanostructure of C-S-H gel, as an amorphous material, exhibits no long-range order.
However, it is possible to find short-range order at the atomic scale. For that reason, C-S-
H gel has been compared with many crystalline calcium silicate hydrates, calcium
aluminosilicate hydrates and related phases, mainly to wollastonite, tobermorite and
jennite groups. Nowadays, it is accepted that the C-S-H structure is similar tobermorite

family*', although the atomic structure of C-S-H gel is more complex*”48.

Tobermorites are natural minerals with a layered structure, which consists of a calcium
oxide layer jointed to silicate chains arranged in a dreierketten conformation, with water
and calcium ions in their interlayer spaces, as shown in Figure 5.6. The family of
tobermorites comprises several polytypes, being the main ones the tobermorite 9 A,
tobermorite 11 A and tobermorite 14 A (see Figure 5.6). These polytypes differ in the
basal spacing, which is wider as hydration degree is greater. Thus, from tobermorite 14 A
is possible to obtain tobermorite 11 A and tobermorite 9 A by heating or dehydration. The
stoichiometry of tobermorite minerals is CasSisO16(OH)2:xH20, in which the water content
that define basal distance is given by x. This value is zero for 9 A and four for 11 A
tobermorites, while 14 A tobermorite has a stoichiometry of CasSisQ1s(OH)2 - 7 H20, with
a Ca/Si ratio of 0.83. Tobermorite minerals have structural resemblances to the C-S-H
formed after Portland cement hydration, especially tobermorite 14 A, which is more similar
to C-S-H in terms of water content and silicate structure*®. However, tobermorites 9 A and

11 A can be used for modeling C-S-H gel with low Ca/Si ratios'222.

Tobermorite 9 A Tobermorite 11 A Tobermorite 14 A
o o o

Figure 5.6. Crystalline structure of the polytypes of tobermorite: (a) tobermorite 9 A, (b) tobermorite
11 A and (c) tobermorite 14 A. The yellow tetrahedra correspond to the silicate chains, while the blue

octahedrons represent the intralaminar Ca ions. The light blue balls are the interlaminar Ca ions.
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Jennite is included in order to give a historical overview because its structure was
considered as a model for the C-S-H gel, but nowadays the models based on jennite have
been ruled out. Jennite minerals can be found combined with tobermorite in nature or can
be obtained by hydrothermal synthesis®®%'. The structures of jennites and tobermorites
are very similar (see Figure 5.7). However, two singularities make the difference between
both structures. In tobermorites, only two of three tetrahedra, pairing silicates, are oriented
to the calcium oxide layer, whereas the third one, the bridging silicate, is directed to the
interlayer spacing. In contrast, the structure of jennite enables that both pairing and
bridging silicates to be connected to the calcium oxide layer. Moreover, the higher calcium
content of jennite provokes that half of the calcium atoms are coordinated to oxygen from
silicate groups, while the remaining ones are linked to hydroxyl groups. Jennite has a
stoichiometry CasSisO18(OH)s - 8 H20 and a Ca/Si ratio of 1.5%2,

Figure 5.7. Crystalline structure of (a) tobermorite 14 A and (b) jennite. The silicate chains are
represented as yellow tetrahedra. The blue octahedrons correspond to the intralaminar Ca ions, while

the interlaminar Ca ions are illustrated as light balls.
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5.5.2. Empirical models of C-S-H gel

In 1952 a portlandite-based model was proposed by Bernal®®. He suggested that the
hydrated calcium silicates included monomeric silicate anions due to the presence of
anomalous peaks in the X-ray diffraction (XRD). Later, other authors also proposed
models based on portlandite and monomeric silicate groups®*%. However, all those
models were inconsistent with the experimental distribution of silicate groups found by 2°Si

NMR measurements'®5, in which the chains follows the rule 3n — 1, being n and integer.

Also in 1952, Bernal et al. proposed a second model of the atomic structure of C-S-H gel
based on tobermorites®’. In their study, they suggested that the structure of the hydration
products of alite (C3S) was similar to the structure of tobermorite minerals. However, this
model does not considered the 3n — 1 rule, since the silicate chains were infinite. Taylor
and Howison proposed in 1956 the first model based on tobermorites with finite silicate
chains, following the 3n — 1 rule®®. They suggested that a partial deletion of some bridging
silicate tetrahedra and their replacement by calcium ions in the interlayer spaces could

increase the Ca/Si ratio of tobermorites above the 0.83.

Kurczyk and Schwiete found that the Ca/Si ratio of the C-S-H ranges from 1.80 to 1.92,
much higher than the 0.83 measured for tobermorite. In order to explain this discrepancy,
they devised a model in which calcium and hydroxyl ions were located in the interlayer
spaces of tobermorites, reaching higher Ca/Si ratios*?%°. In line with this model, other
authors indicated that the high Ca/Si ratio could be due to sandwiched tobermorite layers
between portlandite ones*? or due to solid solution of tobermorite and portlandite**.
However, all these models considered infinite silicate chains, which is not consistent with

the experimental observations.

In 1980s, Stade and Wieker designed a model based on the tobermorite structure with
finite silicate chains®®'. They proposed a dual model: one purely dimeric, while the
second one mix dimers and polymeric chains. They differ in the stoichiometry and assume
total protonation. This model was limited to the compositions studied for the authors®%61.

Glasser et al. extended the dimeric model for Ca/Si ratios from 1.0 to 1.452.
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Based on his previous model®®, Taylor envisaged in 1986 a tobermorite/jennite-like
structure for the C-S-H gel*S. The partial deletion of some silicate bridging tetrahedra
results in higher Ca/Si ratios and finite silicate chains that follow the 3n — 1 rule. The
interlayer calcium remains unchanged since it is assumed that the deleted bridging

tetrahedra have only one hydrogen as well as the ends of the finite silicate chains*®.

In the 1990’s, a new model was proposed by Richardson and Groves'%2263, This model
envisage the C-S-H gel as finite silicate chains joined to calcium hydroxide layers,
combining structural features of tobermorite, jennite and portlandite. Taylor and Groves
also introduced a variable protonation of the silicate chains and considered the presence
of calcium and hydroxyl groups in the interlayer space'®. The formulation of the C-S-H

proposed in this model includes possible substitutions or incorporations of guest iong®3-64:
{CaZnHw(Sil—aRa)(Bn—l)0(911—2)}’%2—3"_1) (OH)w+n(y—2)Can7y -mH,0 Eq 54

The number of silanol groups is given by w and the degree of protonation is defined as
w/n. The term in braces corresponds to the calcium and silicate layers, while the other
terms are extra ions and water. R is referred to trivalent ions, such as aluminum, that
substitute bridging silicon ions, | represent the monovalent or divalent cations that ensure
the electroneutrality after aliovalent substitutions and c is the value of the charge of these

cations®.

Many other models and refinements'%204665-70 have been proposed after the one of
Richardson and Groves. However, most of them derived from their dreierketten structure
of tobermorite 14 A and they can be considered as special cases of the general

formulation of Richardson and Groves, underscoring the considerations of Nonat®7:68,

5.5.3. Computational models of C-S-H gel

This section summarizes the main achievements and milestones in the study of the C-S-H

gel through molecular dynamics simulations.

In 1997, Faucon et al.”' carried out the first approach to study the C-S-H structure
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employing molecular dynamics. The aim of their work was to evaluate the breaking
mechanisms of the C-S-H chains and identify the sources of its structural instability. For
that purpose, they developed four systems based on the structure of tobermorite 11 A
proposed by Hamid’2. Two of those models were tobermorite 11 A without aluminum
substitutions, at Ca/Si ratios of 0.66 and 0.83. The Ca/Si ratio of 0.83 was achieved by
substitution of two protons of the tobermorite 11 A structure for each Ca ion introduced.
The other two models were built with aluminum substitutions in order to study the effect of
aluminum incorporation and their preferentially substitution sites on the silicate chains.
Those two models had a Ca/(Si+Al) ratio of 0.83 and Al/Si ratio of 0.33. They differed in
the position of the aluminum substitution: in the first model all the substitution of silicon by
aluminum occurred in bridging positions, while in the second half of the substitutions took
place in bridging sites and the other half in non-bridging sites. The charge imbalance
caused by these substitutions were compensated by protonation of non-bridging oxygen

atoms of the silicate chains.

On the one hand, the relaxation of the tobermorite structure at Ca/Si of 0.83 results in the
rupture of the infinite silicate chains. The authors attributed this rupture to the formation of
Si-O-Ca bonds in non-protonated oxygen atoms in order to compensate the charge
imbalance in the chains. On the other hand, the relaxation of tobermorite substituted with
aluminum only at bridging sites does not result in rupture, since the oxygen atoms
tetrahedrally coordinated to aluminum are protonated, while there are occasional ruptures
of the chain when aluminum is in paired sites of tobermorite. This study suggested that
these ruptures were caused by the poor charge compensation in the chains since the
protonation of oxygen atoms tetrahedrally coordinated to aluminum in paired sites does
not occurs. Therefore, the substitution of Si by Al may takes place in bridging sites, but is

not favored in paired sites.

Few years later, in 2002, Kalinichev and Kirkpatrick’® also employed molecular
dynamics to study atomistic adsorption mechanisms of chloride anions at the surface of
different minerals. In particular, they used tobermorite 9 A as a model for C-S-H gel. They
employed ClayFF force field’* to describe the metal-oxygen interactions, which enables
the mobility and flexibility of hydroxyl groups from the surface. In this way, they were able

to model the local electrostatic environment of the surface sorption sites in a more realistic
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way than the previous approaches. They found very low chloride sorption capacity in
tobermorite 9 A and the authors suggested that the chloride sorption capacity for C-S-H is
even lower, since the simulated tobermorite model contained a full set of Si-OH surface
sites, while those sites are mainly deprotonated at higher Ca/Si ratios and pH. The extra
negative charge due to this deprotonation should provoke high repulsion of chloride

anions.

Later on, these authors employed the same approach to study in detail the structure,
dynamics and energetics of water confined in C-S-H”5. Again, the structure of non-
modified tobermorite 9 A was employed as a model for C-S-H, and different pore sizes
were considered, constituting the first molecular dynamics models to study C-S-H pores.
The molecular dynamics simulations showed high structuring of water molecules and the
development of a hydrogen bond network between the water molecules and the surface.
The authors admitted that the degree of depolymerization of the silicate chains and the
deprotonation of non-bridging Si-OH in C-S-H might cause distortions on the water
structure and lead to lower diffusion coefficients regarding to tobermorite due to hydrogen
bonding with Si-O-.

The first attempt to build a C-S-H model by cutting the silicate chains of tobermorite 14 A
and jennite minerals was proposed by Manzano et al.”®77. This C-S-H model consisted of
a mixture of dimers, pentamers and octamers obtained by omitting bridging tetrahedra in
the infinite silicate chains of tobermorite 14 A and jennite minerals. The charge defects
introduced in the crystalline structure of those minerals were compensated by introducing
protons in the terminal oxygen atoms of the finite silicate chains, while the water and Ca
contents remains unchanged. The authors employed this model and the core-shell
potential to study the dependence of the elastic properties of C-S-H gel with respect to its
composition (Ca/Si ration and water/Ca ratio) and silicate chain length. The results
showed that the mechanical properties increase as the chain length grows due to the
higher stability of longer silicate chains attached to Ca-O layers. Indeed, the mechanical
properties of the proposed C-S-H model were considerably lower than for the perfect
crystals of tobermorite 14 A and jennite, but in good agreement with the experimental

nonoindentation measurements.
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In 2007, Dolado et al.”® published a molecular dynamics study of the formation of C-S-H
particles by polymerization of silicic acids in a Ca rich environment employing an improved
potentials variant of Litton and Garofalini’®. For that purpose, they simulated the
condensation reactions of silicate chains with silicic acid and Ca ions as precursors. They
observed that the number of monomeric species, Q° decreases faster at lower Ca/Si
ratios. The simulations also showed that the appearance of three-dimensional structures,
like branched silicate, Q3 species, and rings, Q* species, decreases as the Ca/Si ratio
increases. Thus, the presence of Ca ions not only slows down the polymerization of the
silicate chains, but also enforces the formation of linear structures. Likewise, they
measured the mean chain length, founding that the higher the Ca/Si ratio, the shorter the
silicate chains. This study also includes the calculation of Si-OH and Ca-OH bonds, which
are used to characterize the C-S-H gel. The number of Si-OH bonds decreases as the
Ca/Si ratio rises, being negligible at Ca/Si above 2, while the presence of Ca-OH bonds is
significant even at low Ca/Si ratios, increasing moderately as the ratio rises. These values
were used assess the structure-type of C-S-H since there are no Si-OH bonds in perfect
jennite-like structures, whereas in perfect tobermorite-like structures there are no Ca-OH
bonds. Therefore, the results suggested that there are tobermorite-like features in the C-
S-H structure even at high Ca/Si ratios and certain resemblance to jennite-like structure

even at high Ca/Si ratios.

The authors concluded that the structure of the C-S-H gel evolves from long chains and
tobermorite-like features to short chains and jennite-like arrangements as the Ca/Si
increases. The polymerization process reported by Dolado et al. succeed in the
reproduction of the experimental mean chain lengths and general trends of Si-OH and Ca-
OH, but failed in their estimations at high and low Ca/Si ratios. Furthermore, they did not
obtain local order in the silicate layers and, nowadays, the C-S-H structure is considered
to be a tobermorite-like structure for the whole range of Ca/Si ratios, discarding jennite-like

considerations8-80-82,

Manzano et al.®3 carried out a similar polymerization process, but in presence of
aluminum in order to analyze the connectivity of the (alumino)silicate chains and position
of Al within the C-S-H structure. The same procedure than Dolado et al.”® was followed to

simulate the polymerization of Si(OH)4 and AI(OH)s in Ca and Na rich environment. They
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considered systems at different Al/Si ratios, up to 0.33 and Ca/Si ratios from 0.95 to 2.0.
They found that both the amount of Q® and Q* species and mean chain length increases
as the Al/Si ratios rises and decreases as the Ca/Si ratio increases. The analysis of the
occupancy of the Al atoms within the C-S-H structure shows a negligible amount of Al in
Q' sites especially at low Al/Si ratios for any Ca/Si ratios, discarding that the Al might be
accommodated at terminating sites of the chains. On the contrary, the calculation of the
fraction of bridging sites occupy by Al show that at low Al/Si ratios the most of the chains
contains at most one Al atoms in a bridging positions, while at high Al/Si ratios, the
amount of Al in bridging positions is higher than the amount of Si in those sites. The
predominance of the Al is particularly significant at high Ca/Si ratios, with two Al atoms per
chain. The fraction of Al in paired positions with regard to Al in bridging sites were also
analyzed for the system with the lowest Al/Si ratio, finding an increasing preference of Al
atoms for terminating sites, Q', as the Ca/Si ratio rises. From this study, it can be drawn
that the incorporation of Al to the polymerization favors the formation of three-dimensional
structures and longer chains. The authors also concluded that the Al evolves from bridging
sites to paired sites as the Ca/Si rises. This model introduced for the first time the
aluminum in the polymerization of C-S-H. However, this methodology does not provide a
laminar structure for the (alumino)silicate chains, as the methodology is the same as the

one reported by Dolado et al.”®.

Hitherto, all the described models were based on imperfect or modified structures of
natural minerals like tobermorite and jennite. These models reproduced reasonably well
the morphology of C-S-H, but some basic features were not compatible with the
characteristics of real C-S-H. For instance, the density and Ca/Si ratio are considerably
higher in C-S-H (p = 2.6 g/cm® and Ca/Si = 1.7) than in tobermorite (p = 2.18 g/cm® and
Ca/Si = 0.83) and jennite (p = 2.27 g/cm?® and Ca/Si = 1.5) minerals. For that reason, in
2009, Pellenq et al.2° employed the bottom-up approach to develop a new model, taking
the chemical specificity as the essential property in the formulation of a realistic definition
of C-S-H. They took the unit cell of dry tobermorite 11 A as starting point to build the C-S-
H structure. In the first step, all water molecules were deleted and the specified Ca/Si
ratio, 1.7, was achieved shortening the silicate chains by removing neutral SiO2 groups in
order to obtain a defective C-S-H structure matching the experimental Q°, Q' and Q2

distribution given by experimental NMR analysis'®84. Ca was introduced to compensate
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the charge imbalance provoked by the SiO2 deletion. Then, the structure was relaxed,
obtaining a distorted layered structure. To reintroduce water, Grand Canonical Monte
Carlo (GCMC) simulation was performed, coupling the C-S-H structure to an external
water reservoir at chemical potential of liquid water at 300K. Water entered into the pore
space and in the created defects to obtain a density of the model (2.56 g/cm?) close to the
experimental one (2.6 g/cm?®). Finally, the structure of the system was further relaxed
under constant pressure and temperature, which caused an expansion of the interlaminar
space and the density was reduced up to 2.45 g/cm3. The chemical composition of the
modeled C-S-H gel was (Ca0)1.65(SiO2)(H20)1.75, very close to the experimental average
composition8® (Ca0)1.7(SiO2)(H20)1.6. It is remarkable that the final structure had a similar
amount of water than tobermorite 14 A, but in this model water can be found not only in

the interlayer region, but also in the intralayer around the silica monomers.

The model was validated by comparison of structural and physical properties with
experimental measurements obtained by X-ray absorption fine structure (EXAFS), X-ray
diffraction (XRD), infrared spectroscopy (IR) and nanoindentation techniques among
others. Furthermore, this model was used to calculate mechanical properties, such as
mechanical stiffness, strength and hydrolytic shear response, obtaining results in good
agreement with the experimental values. The results given by this model suggested that
the C-S-H have both glass-like short-range order and crystalline features form

tobermorite®.

This model was a great step forward in the modeling of C-S-H gel, although it was never
bereft of controversy due to its inconsistences. Indeed, some authors criticized the C-S-H
model proposed by Pelleng. Thomas et al.?¢ admitted that the model before relaxation is
in reasonably agreement with the experimental parameters, but they considered that the
atomic positions predicted by this model are not tightly enough packed as in real C-S-H
gel due the decrease of the density after the relaxation. Richardson®’ also criticized it
because the Ca-O distances are either shorter or longer than the measured Ca-O
distances in calcium silicate hydrates and related phases by X-ray diffraction (XRD).
Moreover, he also pointed out that more than half of the Ca atoms are undercoordinated,
bonded to less than six oxygen atoms. The main point of disagreement was the random

deletion of silica tetrahedrons in bridging and pairing positions, since the elimination of
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pairing silicates results in the formation of silicate monomers and jennite-like
environments, which are not consistent with NMR®8.88 and ab initio calculations®®. This was
due to the wrong interpretation of the experimental NMR analysis'®8 employed by
Pelleng et al. in their model to determine the distribution of Q% Q' and Q2. The
experimental cement samples analyzed by NMR were not fully hydrated, so they
contained alite and belite phases, responsible of the monomeric, Q°, species included in

the Pelleng’s model®.

Despite the criticism and inconsistencies of the C-S-H model developed by Pellenq and
coworkers®, it could be considered as a key model to the study of the C-S-H that opens
the possibility of studying many properties this phase, as the elastic properties.
Afterwards, several corrections were made to improve the model. In 2012, Manzano et
al.8" refined this model enabling the dissociation of water molecules confined in C-S-H
micropores. For that purpose, they used for the first time ReaxFF%9', a reactive force
field, to model the structure of C-S-H using the parametrization of Ca-O-H set®'. Unlike
CSH-FF force field, ReaxFF allows to reach high Ca/Si ratios maintaining the layered
structure without fixing any atomic position. They did not observe water dissociation during
the energy minimization at OK, but as soon as the systems is transferred to the canonical
ensemble at 300K, the dissociation occurs, producing the ionic pair OH™-H*. The process
of dissociation is very fast, taking place within the first 0.2 ns of MD simulation. The
protons react only with nonbonding oxygen atoms of the silicate chains, while the hydroxyl
groups coordinate to interlaminar Ca ions, forming Si-OH and Ca-OH groups. They
estimated that almost half of the water content is dissociated, becoming a constitutive part
of C-S-H gel. It should be pointed out that no other reactions took place besides the
dissociation of water molecules, so the silicate monomers do not react to form longer
chains. For that reason, the authors concluded that the monomers trapped during the
nucleation process may remain stable. After the water dissociation, the overall density of
the system increases. The authors, based on the analysis of the arrangement structure,
attributed this growth to the formation of hydroxyl groups, which induces a decrease of the

long-range order, leading to a configuration more disordered and favorable energetically.
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In 2014, Qomi et al.*® introduced a second improvement to the C-S-H model of Pellenq et
al.8%, which solved some inaccuracies criticized by other authors. As in Pelleng’s model®,
the starting point is the structure of tobermorite 11 A, with infinite silicate chains and no
hydroxyl groups. All water molecules are removed and the silicate chains are shorten by
deletion of SiO2 groups in order to increase the Ca/Si ratio. Then, an energy minimization
is performed to relax the atomic positions and the cell dimensions. After minimization, the
interlayer space and the voids caused by SiO2 deletions are filled with water by means of
Grand Canonical Monte Carlo simulation. At this point, a molecular dynamics simulation is
carried out using the reactive force field ReaxFF%9! at 500K, allowing the dissociation of
water molecules. Then, the systems are transferred to non-reactive environment using
CSH-FF force field*” due to the high computational cost of ReaxFF. Using this non-
reactive force field, the annealing of the sample is simulated reducing the temperature
from 500 to 300K along 3 ns at ambient pressure. The final step consists of relaxing the
samples and performing the measuring of the structural and mechanical properties to

validate the model.

Qomi et al.*® built about 1500 C-S-H gel configurations of a broad range of compositions
of C-S-H with Ca/Si ratios between 1.1 and 2.1. In order to build those configurations, they
assimilated the initial structure of tobermorite 11 A to a matrix in which they assigned to
bridging and pairing silicate tetrahedrons the values 2 and 1 respectively. Therefore, the
Drierketten pattern of tobermorite may be described with the simple notation “112”. Then,
they used a random number generator that replace some of the elements of the matrix by
“0”, in such a way that it produces as much dimers “0110”, pentamers “0112110” and
octamers “0112112110” as possible, with a constrain to obtain the desired Ca/Si ratio. For
each Ca/Si ratio, they considered 10 to 15 samples obtained by different random deletions
with the same stoichiometry. It should be noted that for Ca/Si ratios higher than 1.5,
pairing silicates are removed and some monomers are created in the C-S-H structure,
although some of them condensate if it is energetically plausible during the MD simulation
with ReaxFF.

The aim of the authors was to build a database of atomic configurations of C-S-H
validated with structural and mechanical data and classify them according to three defect

attributes: Ca/Si ratios and correlation distances for medium-range Si-O and Ca-O
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enviroments*®. In this way, it is possible to establish a structure-property correlation,
enabling the screening of the database for the desired properties against the defect

attribute.

Recently, Kovaéevié¢ et al.?2 have proposed three models for the structure of C-S-H gel
based on tobermorite 11 A. They developed a large number of configurations with a
random distribution of variable-size silica oligomers for each model. As starting point, they
employed the structure of tobermorite 11 A described by Merlino et al.®2, while Pelleng’s
model® employed the Hamid’s tobermorite 11 A 72. The three different models arise from
the strategy followed to increase the Ca/Si ratio up to 1.68. Thus, this ratio can be risen by
the addition of Ca ions and/or the removal of SiO2 groups. In turn, the deletion of SiO2 can
be performed randomly or controlling the size of the final oligomers, removing only
bridging silicate groups or also pairing silicates. Based on those possibilities, they
proposed a first model which combines the Ca addition and the random removal of only
bridging silicate tetrahedrons (Figure 5.8 a). In this way, the C-S-H model is composed of
dimers and pentamers, without the presence of monomers. The second model is similar to
the previous one, but it does not include the incorporation of Ca ions and some dimers are
removed in order to reach the Ca/Si ratio 1.68 (Figure 5.8 b). The last model that they
considered is based on a random deletion of bridging and pairing silicate tetrahedrons
(Figure 5.8 c). Therefore, there are monomeric silicates in the structure of C-S-H, although
the discarded any structure that contains more than 12% of silica monomers, which is the

amount of monomers in Pelleng’s model.
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.M.M 4 W U

,50 90‘)03‘)‘)0 500009000030‘)
w‘w w‘w *Y‘WW

Figure 5.8. Proposed models for the structure of C-S-H gel with Ca/Si ratio 1.68, corresponding to (a)

U‘Jrv

model 1, (b) model 2 and (c) model 3. Translucent atoms represent the atoms removed from the
original tobermorite structure. Reprinted from “Atomistic modeling of crystal structure of Ca1.67SiHx,
Kovacevi¢, B. Persson, L. Nicoleau, A. Nonat and V. Veryazov, Cem. Concr. Res., 2015, 67, 197—
203", Copyright 2018, with permission from Elsevier.
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Following this procedure, they generated a great number of C-S-H structures, more than a
thousand structures in total for the 3 models at the same Ca/Si ratio (1.68) for H/Si ratios
from 1.3 to 2.3. All those configurations were relaxed and then, molecular dynamics
simulations were performed using ReaxFF force field in order to estimate their bulk
densities and total energies. The models and its configurations do not have the same
stoichiometry and they also contain different amount of water, inserted by Grand
Canonical Monte Carlo, which complicates the interpretation of the results. The calculated
total energies are rescaled to make them comparable, resulting in significant energy
differences between the three models. The first model exhibits the lowest energy,
suggesting that it is the most probable structure. Furthermore, the analysis of the bulk
density of the samples shows that the first model has the highest corrected density (2.76
g/cm?3 for H/Si ratio of 1.8) and very close to the experimental value (2.6 g/cm?). In this
way, the first model, based on the combination of the incorporation of Ca ions and random
deletion of bridging silicates that forms dimers and pentamers, results the most stable
model and with a density value that matches the experimental one. Unlike Pellenqg’s
model®®, the C-S-H structure proposed by Kovadevi¢ et al. does not incorporate silicate

monomers, whose presence is not supported by some studies®8-8.

In 2017, Kumar et al.®® developed a new computational approach to build C-S-H gel
models with Ca/Si ratios up to 2.0. The main feature of this model is that Ca ions are
incorporated in order to act as bridges of terminal silicates Q' of the chains. The authors
claimed that the presence of Ca in those bridging sites and the hydrogen bond network
contribute to the stabilization of the C-S-H structure, particularly important at high Ca/Si
ratios. This model is based on a defective structure of tobermorite 14 A. The procedure to
transform the tobermorite into a realistic structure of C-S-H includes the deprotonation of
the silanol groups of the bridging silicates, which is compensated by the incorporation of
Ca(OH)* ions. Then, the bridging silicate tetrahedrons are deleted and the
electroneutrality is maintained by adding two protons or one proton and one Ca(OH)* or
one Ca ion, coordinated to the bridging sites. Ca(OH)2 can be added to increase the Ca/Si
ratio if necessary. In this way, this model is like a puzzle system in which different defect
units (Figure 5.9 a) are generated and combined through the interlayer space that
contains water molecules Ca ions and hydroxyl groups to form reduced unit forms (Figure

5.9 b). The reduced units are combined to form dimers and pentamers (Figure 5.9 c).
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Figure 5.9. (a) Simple defect units. (b) Combination of simple defect units and interlayer to form
reduced unit cells. (c) Combination of two reduced unit cells to form dimers and pentamers. The
water in the aqueous interlayer and the hydrogen atoms are not shown. Reprinted with permission
from Kumar, A.; Walder, B. J.; Kunhi Mohamed, A.; Hofstetter, A.; Srinivasan, B.; Rossini, A. J.;
Scrivener, K.; Emsley, L.; Bowen, P. The Atomic-Level Structure of Cementitious Calcium Silicate
Hydrate. J. Phys. Chem. C 2017, 121 (32), 17188-17196. Copyright 2018 American Chemical
Society.

An energy minimization is performed to relax the resulting configurations, evaluating the
Ca-O distances, the coordination number of Ca ions and local charge neutrality after
relaxation. If those criteria are satisfactory, the structures are further relaxed using density
function theory, DFT, and the criteria rechecked. The 'H and 2°Si chemical shifts are
calculated for the different configurations once the criteria are met. Finally, attending the
constrains defined by their NMR measurements®, they built the three-dimensional crystal
structure stacking those converged unit cells in the directions of crystal axes, as it is
shown in Figure 5.10.
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Figure 5.10. Models proposed by Kumar et al. for the C-S-H structure with Ca/Si ratios of (a) 1.25, (b)
1.75, and (c) 2.0. Reprinted with permission from Kumar, A.; Walder, B. J.; Kunhi Mohamed, A;
Hofstetter, A.; Srinivasan, B.; Rossini, A. J.; Scrivener, K.; Emsley, L.; Bowen, P. The Atomic-Level
Structure of Cementitious Calcium Silicate Hydrate. J. Phys. Chem. C 2017, 121 (32), 17188—17196.
Copyright 2018 American Chemical Society.

In the present thesis, the improved version of Pelleng’s model*® is followed to develop the
C-S-H systems studied in Chapter 6 and Chapter 7. This model is the most employed
nowadays and has been used to evaluate the order in the C-S-H structure®, the
mechanical properties at different humidity levels®, the fracture mechanism under tensile
loading®, the cohesion between the C-S-H nanoparticles®” or the dynamics and retention
of radiocesium in C-S-H nanopores®, among other studies. Nevertheless, the models built

in this thesis do not include monomers as Kovacevi¢ and Kumar indicated in their models.
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Chapter 6. Immobilization of
radiocesium in C-S-H and C-
A-S-H systems.

Molecular dynamics (MD) simulations are used in this chapter to the capacity of calcium
silicate hydrates (C-S-H) and calcium alumina silicate hydrates (C-A-S-H) to retain one of
the most dangerous radionuclides produced in nuclear power plants, the '3’Cs radiocesium.
It also explores the mechanism governing the retention and diffusion processes of Cs in C-
(A-)S-H nanopores. It has been considered the impact on the retention and dynamics of Cs
of several variables, such as the concentration of Cs, the Ca/Si ratio of the C-(A-)S-H
sample, the presence of alkali and alkaline earth cations in the nanopore, the incorporation

of Al to the silicate chains or the counterion that accompanies the Cs.

6.1. Introduction

More than half of the global greenhouse gas emissions are due to energy generation’.

These emissions include not only carbon dioxide, but also methane, nitrous oxides,
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chlorofluorocarbons and water vapor, which contribute to the global warming. The mitigation
of the global warming effects requires the replacement of highly polluting energy sources,
essentially those based on fossil fuels, by alternative energy sources that emit substantially
lower amount of carbon dioxide. Thus, many countries have implemented environmental
policies to incentive the development of renewable energy sources. However, renewable
sources have important limitations still to be overcome, such as the high cost of the
produced energy and the unreliability of these technologies since they depend on the
weather. In this way, the use of renewable sources coupled to nuclear energy production
has emerged as a good alternative to overcome those drawbacks due to the low polluting
emissions, high reliability and low cost of the electricity produced by nuclear power plants?.
Despite the fact that the nuclear power capacity has remained constant in Europe and North
America for the last 25 years, the global nuclear power capacity is growing steadily due to
the development of new nuclear reactors in Asia, especially in China, India and South
Korea. According to the World Nuclear Association, nuclear power plants supplied about
11% of the global electricity consumption in 2016%. Nevertheless, this energy source
involves many challenges that should be faced. The main one is the management and final
disposal of the spent nuclear fuel. The radioactive waste should be appropriately isolated in
disposal facilities to avoid the hazardous consequences for the human beings and the

environment.

In order to tackle this problem, the mobile contaminants of the spent nuclear fuel are
immobilized by solidification, embedding or encapsulation, reducing their potential migration
and dispersion*5. The immobilization process is known as “conditioning process” and allows
the conversion of raw waste into stable solid forms, called wasteforms. In this way,
wasteforms facilitate the handling, transport, storage and final disposal of radioactive
wastes®. Nevertheless, the choice of a suitable wasteform is very complex because the
immobilization times range from hundreds of years in the case of short-lived radionuclides
to hundreds of thousands of years for long-lived radionuclides. For that reason, many
immobilization techniques have been developed. The most common ones are cementation,
bituminization and vitrification”'%, which have been widely applied for years, demonstrating

to be viable for radioactive waste immobilization and isolation.

136



Immobilization of radiocesium in C-S-H and C-A-S-H nanopores

Cementation technique has been used worldwide to immobilize low- and intermediate-level
radioactive wastes for medium- to long-term storage from the early years of nuclear era”'%-
2. Cement-based materials act as diffusion barrier due to their large surface area that
provides sorption and reaction sites, avoiding the release of contaminants by adsorption
and precipitation processes'-'7. Moreover, this immobilization technique offers many

advantages'218.19;

e Inexpensive.

e Readily available technology.

e Low-cost processing at room temperature.

e High thermal, chemical and physical stability of the wasteform.
e Low leachability and solubility for many key radionuclides.

e Non-flammable wasteforms.

e Wasteforms are not degraded by radiation.

e High durability.

e Good handling due to its high compressive strength.

e Can be easily processed remotely.

e Suitable for sludge liquors, emulsified organic liquids and dry solids.

Ordinary Portland cement (OPC) is the most extensively used cement-type in solidification
and immobilization of radioactive wastes worldwide?°. The durability and mechanical
behavior of cement is determined by the microstructure and phase content formed during
the hydration process. By far, the main hydration component of OPC is calcium silicate
hydrate (C-S-H) gel, constituting about 60-70% of fully hydrated cement paste. So,

hardening behavior, strength, and stability depends mainly on C-S-H gel.

Although cement-based wasteforms have been proved to maintain radioactive species
safely isolated from biosphere for a long time and C-S-H has an inherently low solubility and
diffusibility?!, these species would eventually be released by leaching mechanisms®.
Consequently, there is a considerable interest in understanding and predicting the migration
of the species through the cement matrix and especially through calcium silicate hydrate
(C-S-H) in order to achieve a better understanding of the parameters that controls the

retention mechanisms.
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Among the different radioisotopes, radiocesium is one of the most dangerous since '¥Cs is
extremely harmful for humans and animals®?, being one of the most dangerous short-to-
medium-lifetime fission products present in spent nuclear fuel. Furthermore, it can be easily
spread due to its high volatility and water solubility?>24, constituting the main source of
radiation in the zones of alienation in Chernobyl and Fukushima?®®. For that reason, it is
crucial to maintain radiocesium safely isolated from the biosphere. Many experimental
studies have been reported about Cs immobilization in cement and concrete'%20.26-28 Draw
conclusions about the Cs retention in concrete is not easy due to the lack of consistent
samples across the literature with diverse aggregates, variable compositions and
differences in the measurement techniques. It is easier to draw conclusions for cement and
C-S-H gel. Many studies highlight the relationship between the experimental conditions and
the Cs retention in cement. Certain parameters such as pH, Ca/Si ratio or the presence of
Al in the cement matrix have a strong impact on the Cs uptake, whose retention distribution
(Rd) may vary several orders of magnitude depending on the experimental conditions.
Indeed, it has been found that Cs uptake can be enhanced at low pH262°, since at basic pH
the amount of calcium hydroxide is considerably higher and can saturate the surface
sorption sites, reducing the binding capacity of Cs ions. It should be noted that Cs ions also
compete for the sorption sites with other alkali ions usually present in cement, such as Na
and K. It is also well recognized that at low Ca/Si ratios and in the presence of moderate

amount of Al, the retention of Cs is enhanced?26:30,

Despite the large amount of experimental works on this topic, the immobilization
mechanisms and the dynamics of the species occluded in the cement matrix are not fully
explained. Many authors have employed the tobermorite minerals as a model to study the
adsorption and retention of Cs ions in C-S-H gel®'~*°. These studies provide evidence that
retention capability of 11A-tobermorite is comparable to the one obtained in zeolite and
clays. This is due to zeolite-like cavities formed in 11A-tobermorite because of the merging
of the silicate chains across layers by Q3 sites (see Figure 5.6). They also indicate that Al-
substituted tobermorites have greater cation exchange capabilities than all siliceous
tobermorites, suggesting that the existence of charge defects due to aliovalent substitutions
of Si** by AIP* enhances the cationic adsorption3®. Differences have also been found
between Al-substituted tobermorites counterbalanced with Na or Ca, since the replacement

of Na by Cs is favorable, but not the substitution of Ca by Cs®°. However, when researchers
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studied adsorption and retention in 14A-tobermorite, which does not have Q3 silicate
species, they found a considerable lower cation exchange capacity and selectivity towards
Cs. This suggested that in 14A-tobermorite, with or without Al substitutions, the interlaminar
Ca is not exchangeable, so the Cs retention is based on electrostatic sorption on surface

defects33.

The study presented in this chapter evaluates these aspects at the molecular scale in order
to assist in the interpretation of the experimental results and guide the design of cement

formulations with improved Cs retention.

6.2. Simulation details

The structures of the C-S-H are developed according to the procedure described by Qomi
et al.*', based on an improvement of the original procedure proposed by Pellenq et al.*? to
build realistic models of the C-S-H gel, considering the restriction of no monomers, Q°, in
the C-S-H structure*3#4. Figure 6.1 shows schematically the description, step by step, of the

followed procedure.

The structure of 14A-tobermorite is taken as starting point to model the C-S-H gel due to
the discussed structural resemblance?®49. The unit cell of 14A-tobermorite is replicated in
order to obtain a simulation box large enough, with dimensions of 2.6nm x 3.1nm x 3.2nm,
corresponding to the x, y and z axis. Periodic boundary conditions (PBC) are applied in
order to approximate a large (infinite) system. Then, the chemistry of 14A-tobermorite is
modified in several steps to achieve the composition of the C-S-H gel. First, all water
molecules are removed from the interlaminar space. The Ca/Si ratio of 14A-tobermorite is
0.83%, while the typical Ca/Si ratios of C-S-H is between 1.1 and 2.0. For that, the Ca/Si
ratio is adjusted by removing randomly some bridging silicate groups up to reach the target
Cal/Si ratio. In this way, no monomers are generated. The deletion of bridging silicates
provokes a charge imbalance, which is compensated by addition of Ca ions into the pore
space. Hence, in order to maintain the electroneutrality of the system, one Ca ion is
incorporated for each two silicate groups deleted. Finally, the appropriate amount of water

to reach a density of 1g/cm? is inserted in the interlaminar space using a geometry-based
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algorithm®':52 to place them.

Step 1

Step 3

Figure 6.1. Schematic procedure summarizing the development of C-S-H gel structure drawn from
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In addition to C-S-H gel, the immobilization of radiocesium has also been studied in calcium
alumino silicate hydrate (C-A-S-H). The C-A-S-H structure is built by replacing part of the
silicon by aluminum atoms in the C-S-H structure. This substitution occurs in the bridging
sites of the silicate chains, as discussed in Chapter 5 and references [53-55]. In this thesis,
the C-A-S-H system considered has a Ca/(Si+Al) ratio of 1.1, in whose structure 65% of the
remaining bridging silicon atoms have been substituted by bridging aluminum atoms in order
to reach an Al/Si ratio of 0.15, close to the maximum experimental value (0.16)%. The
isomorphic substitution of Si** by AI** originates an extra negative charge on the C-A-S-H

surface, which is compensated later by adding the cations under study without counterions.
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In the third step, the built C-S-H structures are equilibrated by performing an energy
minimization and molecular dynamics (MD) simulations. The LAMMPS code (07Dic2015)
version® was used with the Verlet algorithm?®” to integrate the trajectories with a time step
of 0.2 fs. The MD simulations are performed with the reactive force field ReaxFF>8, using
the combination of parameters to the Si—-O-H% and Ca—0O-H® sets. ReaxFF allows not only
to relax the structure and volume of the systems, but also to take place chemical reactions.
In the simulated systems, only one chemical reaction occurs: the dissociation of water
molecules to form hydroxyl groups in the dangling oxygen atoms from the new Q' sites that
result from bridging silicate deletion®'. The systems are relaxed in the isobaric-isothermal
(NPT) ensemble for 5 ns at 300K and 1 atm with a thermostat and barostat coupling
constant of 0.2 ps and 1 ps respectively. Then, it is necessary to use other force fields
because Cs is not parametrized in ReaxFF. In addition to the lack of parameters for some
of the cations and their counterions considered in this thesis, the high computational cost of
ReaxFF compels the use of non-reactive force fields henceforth. The chemical relaxation
that occurs with ReaxFF changes the “identity” of atoms. As an example, an oxygen from a
water molecule becomes a hydroxyl oxygen after dissociation. The transference to non-
reactive force field requires a topological analysis to characterize the new local environment

of each atom (see Appendix 2).

The last step involves the expansion of the interlaminar space in order to create a pore of 1
nm, which can be considered as the minimum size of gel pores in cement paste®?. This pore
is filled with water up to density of 1 g/cm?® using a geometry-based algorithm5'-52, In this
step, the cations under study, mostly Cs, and their counterions are also incorporated. Then,
the samples are relaxed using a combination of non-reactive force fields: CSHFFS3 for the
substrate of C-S-H, Smith and Dang®%> and Koneshan® parameters for Cs, Ca and Na
ions, CHARMM®” force field for sulfate counterion and flexible simple point charge (SPC)

model®® for water molecules.

All the 1 nm C-S-H pore models were initially relaxed in canonical (NVT) ensemble at 300K
for 0.5 ns with a time step of 0.5 fs and a thermostat coupling constant of 0.1 ps. Then, the
atomic positions and volume were equilibrated under room conditions (300K and 1 atm) by
a further relaxation in the isobaric-isothermal (NPT) ensemble for another 0.5 ns with a

barostat coupling constant of 1 ps. Finally, a canonical (NVT) ensemble simulation was
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performed for 100 ns at 300K for production, i. e. to record the trajectory and properties of

the systems.

6.3. Validation of C-S-H and C-A-S-H models

Once the C-(A-)S-H systems have been developed and molecular dynamics relaxations
have been performed, the models must be validated in order to ensure that the structure
has been correctly captured. The validation is done by comparison of simulated and
experimental structural parameters used to characterize the C-S-H gel, as can be seen in
Table 6.1. It should be noted that all the parameters shown in this Table were obtained for

the bulk C-(A-)S-H before expanding the interlaminar space to create a pore of 1 nm.

Table 6.1. Simulated and experimental (shown in parentheses) structural parameters for the C-S-H
and C-A-S-H models employed to study the retention of '*’Cs. These models comprise C-S-H systems
at Ca/Si ratios from 1.1 to 2.0 and a C-A-S-H model at Ca/Si ratio 1.1 and Al/Si ratio of 0.15.

CalSi 1.1 1.3 1.67 2.0

MoLs 4159 5.67 3.0 2.4 2.2

(5.8-6.2) (2.9-3.3) (2.3-2.6) 2.1)

. 1.67 2.30 2.47 2.76
a ’

(1.7) (2.2) (2.4) 2.7)

0.23 0.29 0.37 0.47

Ca-OH/Ca’273
(0.13-0.19)  (0.23-0.25) (0.29-0.44)  (0.36-0.62)

0.32 0.25 0.15 0.10
Si-OH/Si*?
(0.34) (0.29) (0.20) (0.13)
doo1 (A) 12.26 12.55 12.62 12.92
doo1 (A)
21.65 21.43 22.39 23.48

(Pore opened)

*MCL = Mean Chain Length
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The structural parameters obtained from simulations and experiments are in very good
agreement. It should be noted that the mean chain length (MCL) and C-(A-)S-H composition
(CalSi, and H/Ca ratios) have been selected ad hoc to replicate the experimental values.
Other parameters, such as Ca-OH/Ca and Si-OH/Si ratios are obtained from the simulations
by the chemical relaxation provided by ReaxFF force field. It can be seen that the basal
distances before the expansion suffers a slightly increase as the Ca/Si ratio rises. This
increase may be caused by the higher amount of Ca ions in the interlaminar at higher Ca/Si
ratios. After opening the pore, the basal distances grow about 1 nm. The parameters for the
C-A-S-H system are not shown in this Table because they are the same than for the C-S-H

with Ca/Si ratio of 1.1 since it was built substituting some bridging Si by Al.

6.4. General aspects of Cs adsorption

This section provides general features of the Cs adsorption that occurs in all the analyzed
systems of the chapter. The C-(A-)S-H provides different sorption sites in which the Cs and
other ions can be adsorbed. The general behavior of the Cs ions in each sorption
configuration is independent of the Cs concentration, its counterion, the Ca/Si ratio or the
aluminum incorporation, although these variables can affect to amount Cs adsorbed in each
configuration, as it is shown in the following sections. Thus, a general description will be

first given before analyzing the effect of the studied variables.

First, the sorption of the radiocesium in C-(A-)S-H is characterized. This characterization
involves the classification of Cs depending on their type of sorption configuration and their
arrangement in the nanopore of C-S-H. In this section it has also explored the local structure
of Cs ions, their adsorption enthalpies and diffusion coefficients, as well as the strength of
the interactions between Cs ions and the oxygen atoms as a function of the sorption
configuration. For this study, it has been used of C-S-H model with Ca/Si ratio 1.1 and a Cs

concentration of 0.26 Cs atoms per mol of C-S-H.

6.4.1. Nanopore arrangement

The distribution of the species located in the nanopore are studied first by looking at the

atomic density profiles. These density profiles have been computed averaging and
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normalizing the atomic positions in a simulation trajectory of 20 ns as described in Chapter
2 (section 2.4). The Guggenheim interface convention’® is considered to define the C-S-H
pore. In this way, the analyzed systems are divided into three regions: the bulk solid region
of C-S-H below the lower interfacial limit, the bulk liquid region of the nanopore above the
upper interfacial limit and the extended interfacial region enclosed by the previous regions,
as can be seen in Figure 6.2. In the computed density profiles, the lower and upper interfacial
limits have been defined at distances z =-2.5 Aand z = 0 A, respectively. On the one hand,
the lower limit has been placed at the lowest position in the z-direction (perpendicular to the
clay sheets) in which water can be found. On the other hand, the upper limit is defined as
the highest position in the z-direction in which there are atoms of the C-S-H surface. The
interphase is a region in which water molecules penetrates into the solid, because the C-

(A-)S-H surface is not plane, but wrinkled.

Bulk Solid Bulk Liquid
Interphase

-5 -25 0 25 5.

Figure 6.2. Density profiles and snapshots of the atomistic simulations of C-S-H. In the density profiles
(left), the black dashed lines represents the lower and upper interfacial boundaries, while the profiles
of Cs, Ca and center of mass of water molecules are plotted in light blue, yellow and dark blue,
respectively. The density profile of the surface oxygen is shown in pink. The garnet tetrahedrons of the
snapshots (right) correspond to silicate chains, whereas the light blue and yellow balls are the Cs and

Ca ions. Water and hydroxyl groups are illustrated as double and simple blue sticks.

The use of the Guggenheim convention enables the identification of the peaks related to
deep-rooted species (inner-sphere complexes), located in the interfacial region, as can be
seen in Figure 6.2. The peaks above this limit, but close to it, correspond to outer-sphere

complexes, while the species located far from it are considered to be desorbed. Therefore,
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the Guggenheim convention facilitates the classification of the cations according to their
adsorption configuration: inner-sphere adsorption, outer-sphere adsorption and desorbed

cations, which are described in the following subsection.

6.4.2. Adsorption configurations

The cations adsorbed in the inner-sphere configuration are directly coordinated to the solid
surface, generally trapped in cavities formed by pair and bridging silicate tetrahedrons,
located in the extended interfacial region (see Figure 6.3a). Thus, the interactions between
these cations and the C-S-H are expected to be very strong and stable. On the other hand,
the cations that form outer-sphere surface complexes are located farther from the surface
than inner-sphere complexes, but still close, just above the upper interfacial limit (see Figure
6.3b). The interaction of the cations in this configuration will be still strong, since they can
interact with the C-S-H surface, especially with bridging silicate groups. Nevertheless, the
interactions are not expect to be as good as in the former case due to the longer distances
between them. In addition to adsorbed cations, there are other cations which are not
adsorbed. Those cations are generally solvated by water molecules in the bulk liquid region

atz>> 0 A, and hereinafter, it will be known as pore species.

Figure 6.3. Snapshots of the MD simulation corresponding to the local structure of Cs ions adsorbed
(a) in inner-sphere sorption sites and (b) in outer-sphere sorption sites in C-S-H at low (above) and high
(below) Ca/Si ratios. The yellow and light blue balls represent Ca and Cs ions, respectively, the garnet
tetrahedrons correspond to the silicate chains, while hydroxyl groups and water molecules are

illustrated as simple and double blue sticks.
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6.4.3. Local structure of the adsorption sites

The local structure of Cs ions in the different sorption configurations is characterized by
means of the radial distribution functions (RDFs) and coordination numbers (CNs), which
are shown in Figure 6.4. These plots allow to define the coordination shell of Cs, exploring

the structural dissimilarities between the cations in different sorption configurations.

Inner-sphere

Pore

Outer-sphere

©
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Figure 6.4. Radial distribution functions (continuous lines) and coordination numbers (dashed lines) of
Cs ions in (a) inner-sphere sorption sites, (b) outer-sphere sorption sites and (c) desorbed in the pore.
Cs-surface oxygen (Cs-Os) g(r) and n(r) are shown in red, Cs-water molecules (Cs-Ow) in blue and

Cs-hydroxyl groups (Cs-Oh) in yellow.

Radial distribution functions show that the Cs-O distances do not vary substantially for the
different sorption configuration. The distances between Cs ions and water molecules are
about 3.1A, the same value than for Cs-Os pairs, while the Cs-Oh distance is just slightly
shorter, 3.05 A, due to the stronger electrostatic interactions between them. These values
matches experimental Cs-O distance, from 3.0A to 3.3A7677_ In contrast, the coordination
numbers reveal noticeable differences in the composition of the first solvation shells of Cs
ions in different sorption configurations. Cs ions in inner-sphere sorption sites are equally
coordinated to surface and water oxygen atoms (see Table 6.2), while in the outer-sphere
complexes the coordination to surface oxygen atoms decrease in favor of water
coordination, since Cs is located farther from the surface than in inner-sphere
configurations. In both cases, the coordination to hydroxyl groups is negligible for the first
solvation shell. This may be due to the strong repulsive forces between the hydroxyl anions
and the negatively charged C-S-H surfaces. Pore Cs ions exhibit no coordination to oxygen

atoms from the surface, as they are not adsorbed. These Cs ions are coordinated to almost
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one hydroxyl group and complete their solvation shell with up to eight water molecules (see
Table 6.2). It should be noted that the solvation shell of Cs ions is diffuse due to the low
density charge of these cations, making difficult to assign accurately its coordination
number. Despite this, a global coordination number about 8.8 is suggested based on the
results of MD simulated and in the line with the coordination number found by Hofer® (8)
for Cs in bulk water. Figure 6.5 shows the schematic representation of the average
coordination shell for Cs ions in each sorption configuration based on the data displayed in
Table 6.2.

Table 6.2. Coordination numbers for Cs ions in inner-sphere, outer-sphere, and pore configurations to

oxygen atoms from the surface (Os), water molecules (Oh) and hydroxyl groups (Oh).

CN Inner Cs Outer Cs Pore Cs
Os 44 3.2 0
Oow 4.3 54 7.8
Oh 0 0 0.9
Total 8.7 8.6 8.7
a b Y C ~ \'/
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Figure 6.5. Schematic representation of the coordination shell of Cs ions in (a) inner-sphere, (b) outer-
sphere and (c) pore configurations. The garnet tetrahedrons represent C-S-H chains and the yellow
and light blue balls are the Ca and Cs atoms. Simple and double blue sticks correspond to hydroxyl

groups and water molecules respectively.
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6.4.4. Diffusivity

The diffusivity of Cs ions should be strongly influenced by the type of sorption configuration
since the motion of inner- and outer-sphere complexes is more constrained than the motion
of pore Cs. In order to evaluate how the diffusion of the cation is affected by each type of
sorption configuration, the mean square displacement of Cs in each configuration is
computed, and through the Einstein realtionship’ (see Chapter 2, Equation 2.37) the

corresponding diffusion as obtained, see Figure 6.6.
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Figure 6.6. Average diffusion coefficients for inner-, outer-sphere and pore Cs complexes. Inset has
been included for a better visualization of the diffusion coefficients of Cs ions adsorbed in inner- and

outer-sphere configurations.

Figure 6.6 shows clearly that pore Cs ions have diffusion coefficients two orders of magnitude
higher than adsorbed Cs, since these ions are not bound to the C-S-H surface and can
move through the pore solution. As pointed out, Cs in inner- and outer-sphere sorption sites
are strongly bonded to the surface, which constrain their potential motion and reduce their
diffusivity. For comparison, the diffusion coefficients of confined Cs in clays, obtained from
experiments and simulations, are in between 1-107'° m%/s8%8 in the case of montmorillonite
and 8:107'2 m?/s8283 in bentonite, so Cs embedded in C-S-H gel are in the low range of

clays. Such diffusion coefficients of confined Cs in clays and C-S-H are one order of
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magnitude lower than in bulk water (2.1 10-°m? s-1)8 in the worst case (pore Cs) and three

orders of magnitude lower for adsorbed Cs.

It should be noted that the coefficients for inner-sphere complexes are almost half of that of
outer-sphere ones. This fact indicates that the motion of the cations in inner-sphere sorption
sites are more constrained than in outer-sphere ones. Indeed, the analysis of the trajectory
of these cations (Figure 6.7) shows that Cs ions in inner-sphere configurations barely move
from their sorption sites over the analyzed time. On the contrary, in outer-sphere
configurations, Cs atoms can travel short distances through the surface, searching a more
stable configuration. Occasionally, outer-sphere complexes can even leave the surface to
be solvated by water molecules in the nanopore. This in the line with the higher diffusion
coefficients assigned to species adsorbed in outer-sphere configurations.

Figure 6.7. Trajectory of the Cs ions adsorbed in (a) inner- and (b) outer-sphere sorption sites obtained
by overlapping their atomic positions during time-span of 1ns. The time scale is shown with a color
scale ranging from red for initial states to blue for final states of Cs. The yellow balls represent interlayer
Ca, the garnet tetrahedrons correspond to the silicate chains and the water molecules are illustrated

as blue sticks.

6.4.5. Residence time

The time autocorrelation function (ACF) can be used to determine the half-life time of the
adsorption configuration, which can be used to evaluate the stability of those interactions
(see Chapter 2, section 2.4). Figure 6.8 shows the time autocorrelation function of the Cs-

O and Ca-0O pairs, decomposed for each oxygen type.
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Figure 6.8. Autocorrelation functions of (a) Cs-O and (b) Ca-O. Cation-surface oxygens (M-Os) are

shown in garnet, cation-water molecules (M-Ow) in blue and cation-hydroxyl groups (M-Oh) in yellow.

It can be seen in Figure 6.8 that Cs-O bonds have considerable shorter half-life times than
Ca-O bonds, indicating that Ca-O bonds are stronger than Cs-O. This is due to the higher
charge density of Ca cations, which enables stronger electrostatic interactions. It is also
important to note that the half-life of interactions with the C-S-H surface is considerably
longer for Ca (3.88 ns) than for Cs (0.44 ns), not only because the higher charge density of
Ca atoms, but also because all Ca atoms are adsorbed in the surface, while Cs is partially
desorbed at moderate and high Cs concentrations. In both cases the smaller relaxation
times correspond to interactions with water molecules due its high mobility, 1.28 ns for Ca-

Ow against 0.04 ns for Cs-Ow pairs.

Furthermore, the residence time of Cs-O pairs in each sorption configuration can be
computed to evaluate the impact of the type of sorption on the Cs-O interactions. Figure 6.9
shows the time autocorrelation function for the Cs-Os, Cs-Ow and Cs-Oh pairs in each

sorption configuration.

150



Immobilization of radiocesium in C-S-H and C-A-S-H nanopores

o Inner-sphere Outer-sphere Pore
a i —Cs-Os b | —Cs-Os ¢ —Cs-Ow
08\ —Cs-Ow —Cs-Ow Cs-Oh
[0} Cs-Oh Cs-Oh
2
o 0.6
5
Q041!
O H
o |
0211
K 0 1 2 3
7 (ns)

Figure 6.9. Autocorrelation functions of (a) inner-sphere Cs-O, (b) outer-sphere Cs-O and (c) pore Cs-
0. Cs-surface oxygens (Cs-Os) are shown in garnet, Cs-water molecules (Cs-Ow) in blue and Cs-

hydroxyl groups (Cs-Oh) in yellow.

From the autocorrelation functions shown in Figure 6.9 it can be drawn that there are large
differences in the residence time of Cs-O pairs in each configuration. Cs ions adsorbed in
inner-sphere sites are strongly bound to C-S-H surface and it is reflected in high Cs-Os
residence times of 0.53 ns, while the residence times in the surface of Cs outer-sphere
complexes are nearly half, 0.30 ns, due to worse retention than the former configuration.
The Cs-Os residence time for pore Cs cannot be evaluated since they are not bound to the

surface.

It is remarkable that the relaxation times of pore Cs ions are at least one order of magnitude
lower than in the case adsorbed cations. This is due to the greater degree of freedom of
dissolved species with regard to the adsorbed ones, facilitating the water exchange in the
first solvation shell. Pore Cs ions exhibit larger half-life times for interactions with hydroxyl
groups (1T = 0.063 ns) than with water molecules (1 = 0.051 ns) due to the stronger
electrostatic interactions with the former. In inner-sphere sorption configurations, the
residence time the half-life times of Cs-Oh interactions in inner-sphere configurations (0.16
ns) are much lower than in outer-sphere configurations (0.78 ns) due to the repulsive forces
between the hydroxyl ions and the C-S-H surface, more intense in the former than in the
latter. Regarding water molecules, the relaxation times of Cs-Ow interactions are higher in
inner-sphere configurations (0.09 ns) than in outer-sphere (0.06 ns), as a consequence of
the more constrained motion of water molecules at shorter distances from the C-S-H
surface. These results are in line with the previous findings: pore Cs cation form the weakest

bonds with the oxygen atoms because they are the least retained Cs, which implies more
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freedom of motion and, consequently, pore Cs exhibits the highest diffusion coefficients.
For Cs ions in inner-sphere sorption sites the behavior is the opposite since they are the

most retained cations.

6.4.6. Summary and conclusions

In this section, the general behavior of Cs ions confined in C-S-H nanopores is presented.
The cations are classified into three categories according to the sorption configuration:
inner-sphere, outer-sphere and pore Cs complexes. In each configuration, the Cs ions have
a different local environment and diffusive behavior. The strength of the interactions and the

structure of the coordination shells also differ depending on the adsorption configuration.

Cs ions adsorbed in inner-sphere sites are located at very short distance from the C-S-H
surface, enabling the direct bound to it. In this way, their solvation shells reflect the higher
coordination to oxygen atoms from the surface. Moreover, the interaction between Cs atoms
and the surface is very strong, pointing out a good retention of the cations in inner-sphere
configurations. These Cs ions also exhibits the lowest diffusion coefficients, barely moving
from the inner-sphere sorption sites due to the restrained motion imposed by the surface

during the whole analyzed trajectory.

Cations in outer-sphere configurations are located farther from the surface than inner-
sphere complexes, but close enough to be able to interact with the surface. The larger
distance to the surface implies weaker interactions with the surface and lower coordination
to it than inner-sphere Cs complexes. This involves higher diffusion coefficients than in
inner-sphere, although they are still low. Therefore, the retention in outer-sphere

configurations is not as good as in inner-sphere sorption sites.

The pore species are Cs ions solvated by water and hydroxyl groups in the center of the
nanopores. They are not coordinated to the C-S-H surfaces, so they can move through the
pore space, exhibiting diffusion coefficients two orders of magnitude higher than the
adsorbed species. Furthermore, the higher mobility facilitates the formation and breakage
of bonds between Cs atoms and the oxygen atoms from water and hydroxyl groups,

resulting in weaker interactions.
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6.5. Effect of the Cs concentration

The impact of the Cs concentration in its binding capacity to the C-S-H surface is studied.
For that purpose, different concentrations of CsOH, ranging from 0.01 to 0.26 Cs atoms per
mol of C-S-H, are inserted in the nanopores of C-S-H gel with Ca/Si ratio of 1.1. The amount
of Ca in those nanopores is constant, 0.34 Ca atoms per mol of C-S-H. In these systems it
is explored the evolution of Cs adsorption configurations as its concentration grows,

characterizing as well the local environment and diffusive behavior of Ca and Cs ions.

6.5.1. Nanopore arrangement

The density profiles shown in Figure 6.10 allow us to evaluate the arrangement of Cs, Ca
and water molecules within the C-S-H nanopores as Cs concentration increases. It can be
clearly seen that all the peaks assigned to Ca ions correspond to inner- and outer-sphere
surface complexes. Therefore, at Ca/Si ratio of 1.1 there is no Ca ions desorbed in the pore
space at any of the Cs concentrations considered. For Cs ions, all cations are completely
adsorbed at the lowest concentration (0.01 Cs atoms per mol of C-S-H). Nevertheless, as
this concentration grows, the amount of desorbed Cs increases gradually, as can be seen

not only in the density profiles of Figure 6.10, but also in the corresponding snapshots.
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Figure 6.10. Density profiles and snapshots of the MD simulation corresponding to the C-S-H systems
with concentrations of (a) 0.01, (b) 0.09, (c) 0.18 and (d) 0.26 Cs/mol of C-S-H. The black dashed line
represents the interfacial boundary. The yellow and light blue balls illustrate Ca and Cs ions
respectively, and the garnet tetrahedrons correspond to the silicate chains. Water molecules and

hydroxyl groups are shown as double and simple blue sticks.

153



Chapter 6

The density profiles indicate that both Ca and Cs ions can be accommodated in inner- and
outer-sphere sorption sites. However, the number of sorption sites in the C-S-H surface is
limited, so when the amount of Cs increases, certain cations are not able to find sorption
sites stable enough, becoming more favorable to be solvated by water in the pore space
rather than adsorbed in the surface due to larger adsorption energies than hydration
energies. Moreover, these profiles suggest that Cs cannot displace Ca ions from the high-

affinity sites, since all Ca ions are adsorbed independently of the Cs concentration.

6.5.2. Adsorption enthalpies

The adsorption enthalpies for Cs and for the interlayer Ca are computed in order to
determine if Ca can be displaced by Cs atoms or not. The calculation of the adsorption

enthalpies of Cs and Ca ions has been done as indicated the Eq. 6.1.

AH 45 = AH sy — AH sy — AHyy p20 Eqg. 6.1

where AHcsHm is the enthalpy of the whole system, AHcsH the enthalpy of the substrate of
C-S-H without the cations under study and AHwmHz20 is the enthalpy of the corresponding
cation in bulk water. According to this definition, the more negative the enthalpy, the more
favorable the adsorption. It has been found that interlayer Ca has an adsorption enthalpy of
-6.73 kcal/mol against the adsorption enthalpy of -0.20 kcal/mol for Cs ions, so the
adsorption of Ca on the surface is much more favorable than the sorption of Cs. Therefore,
not only Ca ions are better retained than Cs ones, but also the latter are not capable of

displacing the former from the surface sorption sites.

6.5.3. Adsorption configurations

As before, the cations are classified in terms of sorption configuration, exploring the
evolution of the sorption of the cations as the Cs concentration varies. The relative amount
of Cs and interlayer Ca ions for each configuration as a function of Cs concentration is given
in Table 6.3. These data show that Cs is completely adsorbed in inner-sphere sites at very
low concentration (0.01 Cs atoms per mol of C-S-H), indicating that the surface have enough
sorption sites available to retain all Cs ions, besides all Ca ions. As the Cs concentration

rise, inner-sphere sorption sites become to saturate, resulting in a progressive increase of
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outer-sphere and pore Cs. With regard to Ca, all the cations are adsorbed in the high-affinity
sites, pointing out that Ca ions cannot be displaced by the increasing amount of Cs. This

may be caused by more favorable adsorption energies for Ca than for Cs.

Table 6.3. Percentage Cs (left) and interlayer Ca (right) ions in each sorption configuration.

Cs Ca
Cs/mol Inner Outer Pore Inner Outer Pore
0.01 100% 0% 0% 58% 42% 0%
0.09 33% 45% 22% 60% 40% 0%
0.18 23% 50% 27% 62% 38% 0%
0.26 16% 49% 35% 47% 53% 0%

Based on data from Table 6.3, it is possible to estimate the number of sorption sites per
area of the C-S-H surface. For this estimation, it is assumed that the sorption sites are
saturated as soon as there are Cs ions desorbed in the pore space, considering that the
sorption site occupancy is 100%. Taking the average sorption sites occupied by Cs when
there are Cs desorbed, it can be estimated that there are 1.1 sorption sites per nm? of C-S-

H surface for Cs ions approximately.

6.5.4. Diffusivity

The computed diffusion coefficients for the species located in the C-S-H nanopores are
given in Figure 6.11, plotted as a function of the Cs concentration. It can be seen in Figure
6.11a that the diffusion of Cs increases as its concentration grows. At the lowest
concentration, 0.01 Cs atom per mol of C-S-H, the diffusion coefficient registered for Cs is
very low, 2:10"'2 m?%/s, which matches with diffusivity of Cs adsorbed in inner-sphere
configurations, see Figure 6.6. Nevertheless, at higher Cs concentration the number of
outer-sphere and pore Cs complexes grows, provoking a severe increase of the diffusion

coefficients.
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The diffusion coefficients of Ca and water molecules have also been measured (Figure
6.11). It can be seen that the diffusivity of Ca ions is at least one order of magnitude lower
than for Cs ions. The fact that all Ca ions are well retained in inner-sphere and outer-sphere
sorption sites explains those very low diffusion coefficients. The diffusion coefficients of
water molecules have similar values (same order of magnitude) at any Cs concentration.
The average diffusion coefficient is ~2.6-10-'° m?/s, which is lower than the value for bulk
water (2.3-10° m?s experimental®® and 2.5-10° m?%s% simulated) due to the

nanoconfinement effect®’.87-89,
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Figure 6.11. Average diffusion coefficients of (a) Cs atoms, (b) Ca ions, and (c) water molecules at
different Cs concentrations. It should be noted that the scale of diffusion coefficients is different for the

cations and for water molecules.

6.5.5. Summary and conclusions

This section explored the effect of Cs concentration in its retention and diffusivity. For that
purpose, four C-S-H gel models with Ca/Si ratio 1.1 were developed, incorporating Cs at
concentrations ranging from 0.01 to 0.26 Cs atoms per mol of C-S-H. The analysis of the
molecular dynamics simulations has shown that the retention of Cs is worsened as its
concentration grows, while the interlayer Ca is well retained by the surface at any
concentration. The number of sorption sites for Cs remains constant, about 1.1 sites/nm?,
since the C-S-H model is the same. However, the increasing amount of Cs saturates those
sorption sites, leading to partial desorption of Cs ions since they cannot displace Ca from
the high-affinity sites since the adsorption enthalpies reveal that the adsorption of Ca ions

is more favorable than the adsorption of Cs.
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The increasing amount of desorbed Cs is reflected in their average diffusion coefficients,
since desorbed Cs ions have much larger diffusion coefficients than the cations adsorbed
in inner- and outer-sphere configurations. Hence, at high Cs concentrations, with large
amounts of desorbed Cs, the average diffusion coefficients are much higher that at low Cs
concentrations. Indeed, at the lowest Cs concentration, 0.01 Cs atoms per mol of C-S-H,
the diffusion coefficient is almost negligible in comparison with those at higher
concentrations. In any case, these diffusion coefficients are two and three orders of
magnitude lower than the values reported for Cs encapsulated in clays and in bulk water,
respectively. Moreover, It can be seen that the average diffusion coefficients of interlayer

Ca and water molecules do not vary significantly as the Cs concentration increases.

Finally, substantial differences have been found in the structure and stability of the
coordination shells of Cs and Ca ions. Ca is mainly coordinated to oxygen from the surface
and hydroxyl groups, while Cs is coordinate to more than four times water molecules than
Ca.

6.6. Effect of the Ca/Si ratio

The aim of this section is to evaluate the impact of the Ca/Si ratio of C-S-H gel on the
adsorption and dynamics of Cs ions. Four different C-S-H models with Ca/Si ratios ranging
from 1.1 to 2.0 were built in order to determine the relationship between Ca/Si ratios and Cs
retention. All the simulated systems contain 0.26 Cs ions per mol of C-S-H counterbalanced
with hydroxyl groups. It must be noted that a higher Ca/Si ratio involves a higher number of
charge defects on the C-S-H surface where cations can be adsorbed, but it also implies an
increase of Ca ions, which might saturate those high-affinity sites. By means of molecular
dynamics (MD) simulations, it has been analyzed the distribution of the ions in the different

sorption sites, their diffusivity and their hydrophilic character.

6.6.1. Nanopore arrangement

The atomic density profiles and the corresponding snapshots are given in Figure 6.12 for

Cal/Si ratios from 1.1 to 2.0. Employing to the Guggenheim convention allows the easily
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distinction of the peaks of the cations under the upper interfacial limit, which correspond to
inner-sphere complexes, and the peaks in the bulk liquid that are close to the upper
interfacial limit, which are attributed to cations in outer-sphere sorption sites. It should be
remembered that the amount of Ca in the nanopore grows as the Ca/Si ratio increases. The
higher amount of Ca provokes a rise of the non-adsorbed cationic species, located in the
bulk liquid region. For instance, the Ca ions are completely adsorbed by the C-S-H surface
at low Ca/Si ratios, but it can be seen in Figure 6.12 that the amount of desorbed cationic
species grows gradually as the Ca/Si ratio grows. Regarding water, there are strong peaks
corresponding to water molecules in the proximities of the upper interfacial limit, both above
and below. The intensity of those peaks grows as the Ca/Si ratio increases, which may
indicate a rising hydrophilicity of the C-S-H surface induced by the higher amount of defects.

VAW

-25 25 25

z A ‘ z(A)

Figure 6.12. Density profiles and their corresponding snapshots of the atomistic simulations of C-S-H
at Ca/Si ratios of (a) 1.1, (b) 1.3, (c) 1.67 and (d) 2.0 with a constant Cs concentration of 0.26 Cs/mol
of C-S-H. In the density profiles, the black dashed line represents the upper interfacial boundary, while
the profiles of Cs, Ca and water molecules are plotted in light blue, yellow and dark blue, respectively.
The garnet tetrahedrons of the snapshots correspond to silicate chains, whereas the light blue and
yellow balls are the Cs and Ca ions. Water and hydroxyl groups are illustrated as double and simple
blue sticks.
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6.6.2. Adsorption configurations

In order to evaluate the effect of the Ca/Si ratio on the retention of the cations, the relative
amount of Cs and Ca adsorbed in inner-sphere and outer-sphere sorption sites is
determined. The percentages of each cation adsorbed in those configurations, as well as

desorbed cations in the C-S-H pore are given in Table 6.4.

Table 6.4. Percentages of cations adsorbed in inner- and outer-sphere configurations and pore ions in
C-S-H for Cs and Ca ions. The total number of Cs is constant and equivalent to 0.26 Cs per mol of C-
S-H at any Ca/Si ratio. However, the total number of Ca grows with the Ca/Si ratio, from 0.34 to 0.71
Ca per mol of C-S-H.

Cs Ca
CalSi ratio Inner Outer Pore Inner Outer Pore
1.1 16% 49% 35% 36% 64% 0%
1.3 21% 41% 38% 31% 33% 36%
1.67 27% 19% 54% 32% 26% 42%
2.0 31% 4% 65% 33% 7% 60%

The data from Table 6.4 show clearly that the percentage of adsorbed cations decreases
as the Ca/Si ratio increases. On the one hand, there is a reduction of the number of the high
affinity sites on the surface as the Ca/Si ratio grows due to the decrease of bridging silicates.
On the other hand, the increase of the Ca/Si ratio involves a higher amount of Ca ions,
which may saturate the sorption sites. This is in the line of the findings reported by Glasser
and Hong®®', whose experiments indicated that the retention in C-S-H is higher at low
Ca/Si ratio. Another way to quantify the sorption configurations consists of assessing the

number of inner- and outer-sphere sorption sites per nm? of C-S-H (see Table 6.5).

Table 6.5. Number of inner- and outer-sphere sorption sites per nm? of C-S-H and the sum of them, for
Cs and Ca. The total number of Cs ions is constant and equivalent to 1.66 Cs per nm? of C-S-H surface
at any Ca/Si ratio. The total number of Ca ions increases from 2.07 Ca per nm? of C-S-H surface for
Cal/Si of 1.1 to 4.55 for a ratio of 2.0.
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Cs Ca
CalSi ratio Inner  Outer Sum Inner  Outer Sum
1.1 0.30 0.79 1.09 0.75 1.32 2.07
1.3 0.36 0.70 1.06 0.99 1.06 2.05
1.67 0.46 0.32 0.78 0.98 0.81 1.79
2.0 0.52 0.07 0.59 1.50 0.32 1.82

It can be seen that the total number of sorption sites in the C-S-H surface decreases as the
Cal/Si ratio rises, indicating a loss of retention capability. However, it is remarkable that
number of inner- and outer-sphere sites follow opposite directions: as the Ca/Si ratio grows,
the number of inner-sphere adsorption sites increases, while the number of outer-sphere
sorption sites is substantially reduced, for both Cs and Ca ions. This is due to decrease of
the bridging silicate groups, and their dangling oxygen atoms, the main responsible of

interaction between the C-S-H surface and outer-sphere complexes.

It is also interesting that the total number of sorption sites for Ca decline less than for Cs.
This is due to the high charge density of Ca ions, which enables a closer approach to the
surface and facilitates the formation of inner-sphere complexes. Conversely, Cs ions have
a high size and moderate charge that may hinder the approach to the surface. The moderate
increase of inner-sphere sorption sites for Cs cannot compensate the loss of outer-sphere
sorption sites, so the total amount of sorption sites for Cs at high Ca/Si ratios (2.0) is about

85% lower than at low ratios (1.1).

6.6.3. Diffusivity

The diffusion coefficients of Cs and water molecules have been calculated for the studied
Ca/Si ratios, as shown in Figure 6.13 as a function of the distance from the C-S-H surface.
For water (Figure 6.13a), it can be seen that the deep-rooted water of the interphase has a
low diffusion coefficient, whose value increases progressively until reaching the pore liquid
region. It is also remarkable the sharp decrease of the diffusion coefficients as the Ca/Si

ratio grows. Nevertheless, the diffusion coefficients of confined water molecules at any
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Ca/Si ratio are considerably small in comparison with the experimental®® (~2.3 10° m?s)
and simulated®® (~2.5 10 m2s™") values measured for bulk water. This is the result of the

structural and electrostatic confinement effect?!87-89,
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Figure 6.13. Average diffusion coefficients as a function of the distance from the C-S-H surface of (a)
water molecules and (b) Cs ions at the studied Ca/Si ratios. The black dashed line at z = 0 A represents
the upper interfacial limit, while the red, blue, yellow and green lines represent the coefficients at Ca/Si
ratios of 1.1, 1.3, 1.67 and 2.0.

Likewise, there is a decrease of the diffusivity of Cs ions as the Ca/Si ratio increases (Figure
6.13b). The reduction of the diffusion coefficients of Cs ions is not only due to the
electrostatic interactions between Cs ions and surface, but it is also related with decrease
of water diffusivity. The diffusion of confined Cs is up to three orders of magnitude lower
than in bulk water (2.1 10° m? s")8. It should be noted that this plot also allows the
visualization of the diffusion coefficient of Cs ions adsorbed in inner- (below the upper
interfacial limit) and outer-sphere (just above the upper interfacial limit) sorption sites as well
as the pore Cs in the bulk liquid region. The diffusion coefficients of non-adsorbed cations
are about two orders of magnitude higher than the coefficients of adsorbed Cs. In turn, there
is a difference of one order of magnitude between cations adsorbed in inner- and outer-
sphere sites. The lower diffusion in inner-sphere sorption sites is due to the stronger

interactions with the surface, which reduces their potential migration, as seen in Figure 6.7.

6.6.4. Hydrophilic character

The results of the cationic retention and diffusion seem to be contradictory. As the Ca/Si

ratio increases, the Cs retention is worsen, but their diffusion coefficients are reduced. In
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order to explain these apparent opposite behaviors, it has been considered the effect of
structural defects on the silicate chains and the impact of cationic content on the dynamical
properties of the species confined in the nanopore. The influence of structural defects in
silicate chains on the dynamics of water confined in clay pores has already been discussed
by Ockwig et al.%2. The authors indicated that the presence of defects is related to a higher
hydrophilicity of the clay. Youseff et al.? extrapolated this idea to C-S-H gel, suggesting that
the increase of the Ca/Si ratio implies more defects on the silicate chains and, consequently,
a higher surface charge. The higher number acceptor groups (dangling oxygen atoms)
facilitates the formation of a hydrogen bond network between the C-S-H surface and the

confined water molecules and contributes to increase the hydrophilicity of the C-S-H.

The fact that the peaks assigned to water molecules in the vicinities of the C-S-H surface in
the density profiles (Figure 6.12) become more intense as the Ca/Si ratio rises indicates
that hydrophilicity of the C-S-H substrate is growing. As a result of the increasing
hydrophilicity, the mobility of water molecules close to hydrophilic surface is more
constrained®. To prove it, the residence times of water molecules in the C-S-H surfaces at
different Ca/Si ratios are evaluate, as can be seen in Figure 6.14a. The results show that
the average residence time grows from 0.6 ns at the lowest Ca/Si ratio to 4.7 ns for the
highest ratio, indicating the motion of these molecules is more restrained as the Ca/Si ratio
increases, in the line of the diffusion coefficients. The deletion of bridging silicate
tetrahedrons at higher Ca/Si ratios provokes a higher electrostatic field in the nanopore that
can also induce a long-range ordering of the water molecules due to high water polarization.
It should be noted that the cations located in the nanopore, and particularly the Ca ions,
also contribute to the ionic force that polarizes the water molecules. The amount of Cs
remains constant, 0.26 Cs/mol of C-S-H, but the Ca concentration increases with the Ca/Si
ratios from 0.34 to 0.71 Ca per mol of C-S-H. Therefore, the water polarization due to the
cations should be more intense as the Ca/Si ratios rises, improving the ordering of water
molecules and decreasing their diffusion coefficients. The induced polarization results in an
upshift of the confined water dipole moments to larger values than in bulk water®*. Figure
6.14b shows the average dipole moments for bulk water, 2.44 D, calculated using the SPC
flexible model®®, and for confined water in C-S-H with Ca/Si ratios of 1.1 (2.48 D) and 2.0
(2.52 D). The upshifting of the dipole moment confirms the intensification of the

hydrophilicity of the C-S-H gel as the Ca/Si ratio grows.
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Figure 6.14. (a) Autocorrelation functions of water-surface oxygen atoms for the C-S-H at the studied
Cal/Si ratios. (b) Water dipole moments for bulk water and confined water in C-S-H with Ca/Si ratio of
1.1 and 2.0. (c) Hydrogen bond lifetimes for bulk water and water confined in C-S-H at the studied Ca/Si
ratios. Red, blue, yellow and green lines correspond to the C-S-H systems with Ca/Si ratios of 1.1, 1.3,

1.67 and 2.0, respectively, whereas the black line is referred to bulk water.

It should be noted that the increase of water polarization as the Ca/Si ratio grows may result
in a stronger hydrogen bond network that causes the decrease of the diffusivity of the
species in the nanopore. The strength of the hydrogen bond network is analyzed by means
of the lifetime of their hydrogen bonds for confined and bulk water, shown in Figure 6.14c.
This Figure shows the half-life times of hydrogen bonds in confined water range from 44 ps
for C-S-H with Ca/Si ratio 1.1 to 60 ps at Ca/Si ratio of 2.0. In bulk water, the half-life of the
hydrogen bonds is 40 ps, lower than for confined water at any Ca/Si ratio. This indicates
that the increase of the electrostatic force due to more defects in the silicate chains and
higher cationic content strengthens the hydrogen bond network. This strengthening implies
that the motion of the water molecules is more restrained, which also reduces the diffusivity

of the cations dissolved in the nanopore.

6.6.5. Summary and conclusions

In this section, the impact of the Ca/Si ratio on the retention and diffusion of Cs was
explored. For this study, four C-S-H systems with Ca/Si ratios between 1.1 and 2.0 and a
constant amount of Cs, 0.26 Cs atoms per mol of C-S-H were built.

The analysis of the retention has revealed that the number of high-affinity sites in the C-S-
H surface decreases as the Ca/Si ratio increases for both Cs and Ca. The number of outer-

sphere complexes decreases as the Ca/Si ratio rises due to the omission of bridging silicate
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groups. Conversely, there is a moderate increase of number of inner-sphere sorption sites
at higher Ca/Si ratios. Nevertheless, the increase in inner-sphere sorption sites cannot
compensate the decrease of outer-sphere sorption sites, resulting in a global decline of
high-affinity sites as the Ca/Si ratio rises. The decrease for Cs ions is remarkable, about
45%.

Despite the lower retention, the diffusion coefficients of the confined species decrease
progressively as the Ca/Si ratio grows. Indeed, the diffusion coefficients for Cs are about
90% lower at the highest Ca/Si ratio than at the lowest one. The drastic reduction of the
diffusivity at higher Ca/Si ratios has been attributed to the increasing hydrophilicity of the C-
S-H nanopore due to the higher electrostatic field caused by omission of bridging silicates.
This field induces a long-range ordering of water molecules as can be seen in the upshifted
dipole moment, strengthening the hydrogen bond network between water molecules and
with the C-S-H surface. In this way, the mobility of water molecules is reduced, decreasing

their diffusivity, and consequently, reducing the diffusivity of the cations solvated in the pore.

6.7. Effect of the counterion

This section explores the effect of the counterion that accompanies the radiocesium in its
retention and dynamics. Three different counterions that commonly counterbalance alkali
and alkaline earth cations have been studied: hydroxyl groups, chlorides and sulfates. For
this study, three C-S-H systems with Ca/Si ratio of 1.67 were built, each one of them
incorporates Cs at a concentration of 0.26 Cs ions per mol of C-S-H. This concentration is
equivalent to the maximum Cs/Ca ratio of 0.85 found experimentally for Cs occluded in 14A-
tobermorite3®, which is expected to be similar for C-S-H due to the discussed structural
resemblance*>%, The Cs cations are counterbalanced with hydroxyl groups, chlorides or
sulfates in order to maintain the electroneutrality of the systems. It should be noted that,
apart from the hydroxyl groups introduced as counterions, there are also hydroxyl originated
by the water dissociation due to the chemical relaxation induced by ReaxFF force field.
Molecular dynamics simulations allow the study of the distribution of the ionic species in the
interlaminar space, its sorption in the high-affinity sites of the C-S-H surface and its

diffusivity as a function of the counterion.
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6.7.1. Nanopore arrangement

The atomic density profiles of water molecules, cations and counterions are shown in Figure
6.15. It can be seen that there are clear differences in the arrangement of the counterions.
Hydroxyl groups can be found both above and below the upper interfacial limit, extended
through the whole interlaminar space. Sulfates are mainly located above the upper
interfacial limit and chloride ions are exclusively located in the bulk liquid region. There are
also remarkable differences in the distribution of the cations, although it is possible to find
both Cs and interlayer Ca above and below the upper limit. On the one hand, the distribution
of Ca and Cs is similar when the charge is counterbalanced with hydroxyl groups and
chloride ions, more or less homogenously distributed through the interphase and bulk liquid
regions. However, there is a remarkable decrease of the amount Ca in the interphase when
the counterions are sulfates, indicating a worsening in the retention of Ca ions.
Consequently, the amount of Cs in the bulk liquid region is considerably lower than when is
counterbalanced with hydroxyl or chloride ions. Therefore, these results indicate that the
sulfates pull Ca ions from the surface to the bulk liquid region and Cs cations occupy the
empty high-affinity sites from the surface, enhancing the retention of Cs atoms. The affinity
of sulfate counterions for Ca ions might be due to the divalence charge of these cations,
enabling the formation of stronger electrostatic interactions than with Cs, a monovalent

cation.
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Figure 6.15. Density profiles and their corresponding snapshots for the systems that incorporate Cs at
constant concentration of 0.26 Cs/mol of C-S-H counterbalanced with (a) hydroxyl groups, (b) chloride
ions, and (c) sulfates. The black dashed line of the density profiles represents the upper interfacial
boundary, while the profiles of Cs, Ca, water molecules and counterions are plotted in light blue, yellow,
dark blue and orange, respectively. The garnet tetrahedrons of the snapshots correspond to silicate
chains, whereas the light blue and yellow balls are the Cs and Ca ions. Water and hydroxyl groups are
illustrated as double and simple blue sticks. Chloride and sulfate ions are represented as orange balls

and purple tetrahedrons, respectively.
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6.7.2. Adsorption configurations

To analyze the impact of the counterions on the sorption configuration of Cs and interlayer
Ca, it has been evaluated the relative amount of these cation in inner-sphere, outer-sphere

and pore configuration, as shown in Table 6.6.

Table 6.6. Percentages of Cs and interlayer Ca adsorbed in inner- and outer-sphere configurations and
pore ions in C-S-H as a function of the type of counterion. The total amount of Cs and Ca are constant
and equivalent to 0.26 Cs per mol of C-S-H and 0.49 Ca per mol of C-S-H.

Cs Ca
Counterion Inner Outer Pore Inner Outer Pore
OH" 27% 19% 54% 33% 26% 41%
CcI 20% 38% 42% 22% 32% 46%
S0%~ 31% 38% 31% 15% 21% 64%

The data displayed in Table 6.6 show that the number of Cs forming inner- and outer-sphere
complexes on the C-S-H surface is higher when the charge is counterbalanced with sulfates
than with chlorides ions, and even higher than with hydroxyl ions. The trend for Ca is the
opposite. The divalent negative charge of the sulfate counterions enable the establishment
of a strong interaction with the cations, even more intense than the electrostatic interactions
with the C-S-H surface. This may facilitate that Ca ions leave the surface to interact with
sulfate counterions in the pore. As a result, Cs ions can occupy high-affinity sites on the C-
S-H surface where the Ca ions were initially adsorbed. These results are in the line with the

findings obtained from the atomic density profiles of these species.

The total number of inner- and outer-sphere sorption sites per unit area of C-S-H surface

for both cations, Cs and Ca, is shown in

Table 6.7. These values indicate the number of sorption sites per area for each cation, being

independent of the amount of desorbed cations in the pore space.
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Table 6.7. Number of inner- and outer-sphere adsorption sites per nm? of C-S-H and the sum of them,
for Cs and Ca. The total numbers of Cs and Ca ions are constant and equivalent to 1.66 Cs per nm? of
C-S-H surface and 3.07 Ca per nm? of C-S-H surface.

Cs Ca
Counterion | Inner  Outer Sum Inner  Outer Sum
OH" 0.45 0.32 0.77 0.96 0.78 1.74
cI 0.33 0.64 0.97 0.65 0.97 1.62
S0Z%- 0.51 0.64 1.15 0.45 0.64 1.09

From these data, it can be drawn that the highest number of sorption sites for Cs is
registered when the charge is counterbalance with sulfates, while with chloride and hydroxyl
as counterions this number decreases up to 18% and 49%, respectively. On the contrary,
the highest number of sorption sites for Ca corresponds to system counterbalanced with
hydroxyl ions, while when the counterions are sulfates this number decrease a 60%. This
opposite trend in the number of sorption sites for Cs and Ca is due to higher amount of
sorption sites available for Cs ions when Ca is more desorbed. Thus, the presence of sulfate
provokes a higher desorption of Ca ions, decreasing the number of sorption sites occupy
by Ca and allowing to more Cs ions to take them.

6.7.3. Local structure of the adsorption sites

The changes in the sorption configuration induced by the different counterions should also
be reflected in their local structure. In order to evaluate their solvation shell, the radial
distribution functions (RDFs) of Cs and Ca, are computed, as well as their coordination
numbers, see Figure 6.16.
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Figure 6.16. Radial distribution functions (continuous lines) and coordination numbers (dashed lines)
for Cs (above) and interlayer Ca (below) ions with (a) hydroxyl, (b) chloride, and (c) sulfate counterions.
M-surface oxygen (M-Os) g(r) and n(r) are shown in red, M-water molecules (M-Ow) in blue, M-hydroxyl

groups (M-Oh) in yellow, and M-chloride/sulfate (M-CI/M-SO,) in green.

Figure 6.16 shows clear differences between Cs and Ca ions. The radial distribution
functions of Cs ions exhibit broad peaks and their coordination numbers not well defined.
This is caused by the diffuse charge of Cs ions due to the large size and moderate charge.
Conversely, Ca ions have high charge density because these ions are divalent and have
small size. This translates to very well defined solvation shell, with sharp peaks and clear
coordination numbers. Moreover, M-O distances are higher for Cs ions than for Ca. The
smaller size of Ca ions enables a better approach to oxygen atoms and its higher charge

allow to establish stronger electrostatic interactions than in the case of Cs cations.

It should be noted that the counterions do not modify the distances between the cations and
the oxygen atoms from water, hydroxyl groups and the surface. Cs-O distances are about
3.1A, in good agreement with the experimental values, ranging from 3.0A to 3.3A7677and
Ca-O distances are about 2.5A, also matching the experimental values (2.4A-2.5A%-9),
The M-CI pairs have longer distances, about 3.6A for Cs-Cl and 2.8A for Ca-Cl, in good

agreement with the experimental values of 3.7A% and 2.9A'%, respectively.
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With regard to the coordination numbers, Figure 6.16 does not show significant variations
of the coordination shell of the cations with the counterion. Thus, the global coordination
numbers of Cs and Ca ions are 8.5 and 7.0, in good agreement with the values found in the
literature for Cs (7.8-8.77678) and Ca (7.0-7.478%) in bulk water. The higher coordination

number of Cs is due to its higher size in comparison with Ca, despite its lower charge.

6.7.4. Diffusivity

The average diffusion coefficients of the cations have been computed in order to evaluate
if the presence of counterions modifies their diffusivity. These diffusion coefficients, along

with the ones of the counterions and water molecules are displayed in Figure 6.17.
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Figure 6.17. Average diffusion coefficients of (a) Cs atoms, (b) Ca ions, (c) counterions, and (d) water
molecules as a function of the counterion. It should be note that the scale of diffusion coefficients is

different for the cations and counterions and for water molecules.

Cs ions counterbalanced with sulfates have the lowest diffusion coefficients. This is due to

the increase of the retention of Cs ions in inner- and outer-sphere sorption sites. It should
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be recalled that inner- and outer-sphere Cs complexes exhibits much lower diffusion
coefficients than pore Cs (see Figure 6.6). Similarly, the higher number of Cs in inner-sphere
sites may explain the lower diffusion of Cs counterbalanced with hydroxyl groups than with
chloride ions, despite having more desorbed Cs in the former system. Regarding the
diffusion coefficients of interlayer Ca ions, it is remarkable that they are one order of
magnitude lower than Cs ions due to their high charge density, which allow to establish
stronger interactions. Furthermore, there are minor differences in their diffusion coefficients

depending on the counterion.

Figure 6.17 also shows the diffusion coefficients of the different counterions differs
significantly due to the nature of these species. For instance, the high mobility of chloride
ions can be attributed to its low size and the no possibility of establishing hydrogen bonds
as the other counterions analyzed. Water also exhibits diffusion coefficients of the same
order of magnitude, but it should be noted that average diffusion coefficient, ~3.3-10-'" m?/s,
is much lower than the value for bulk water (2.3-10°° m?/s experimental®® and 2.5-10° m?/s8

simulated) due to the nanoconfinement effect®87-89,

6.7.5. Summary and conclusions

The impact of the counterion in the retention and diffusion of Cs and Ca ions has been
explored in this section. Three C-S-H samples with Ca/Si ratio of 1.67 were built, in which
Cs at a concentration of 0.26 ions per mol of C-S-H was introduced counterbalanced with
hydroxyl, chloride, and sulfates, respectively. The study of the arrangement of Cs and
interlayer Ca, their adsorption configuration and diffusive behavior show several differences

depending on the counterion.

When Cs is counterbalanced with sulfates, Ca is partially desorbed, leaving high-affinity
sites on the C-S-H surface available. These sites are occupied by Cs ions, enhancing
considerably their retention with respect to the other counterions. Indeed, the number of
sorption sites per nm? for Cs ions are a 50% higher with sulfates (1.15) than with hydroxyl
(0.77). Conversely, for Ca ions this number decreases a 60%, from 1.74 with hydroxyl to
1.09 with sulfates.

The diffusivity of Cs ions are also affected by the counterions due to the changes in the
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adsorption configuration of the cations. Thus, the higher retention of Cs counterbalanced
with sulfates results in the lowest diffusion coefficients, while the worst retention

corresponds to Cs ions counterbalanced with chlorides.

6.8. Aluminum incorporation

The incorporation of aluminum in the structure of C-S-H to form C-A-S-H (calcium alumina
silicate hydrate) is tackled in this section. This incorporation occurs by partial replacement
of Si by Al in the bridging sites, as explained in section 6.2 and Chapter 5. Many studies
have pointed out that the presence of moderate amounts of Al enhances the retention
capability of the substrate?63°, On the one hand, the effect of the aluminum incorporation
on retention and dynamics of the confined cations is analyzed. On the other hand, the
differences between alkali cations with different ionic size, Cs and Na, are evaluated’01.102,
For that purpose, two C-S-H and two C-A-S-H, which incorporates Cs or Na, respectively,
at a constant concentration of 0.26 cations per mol of C-S-H or C-A-S-H. Hereinafter, the
notation C-(A-)S-H will be employed to refer to C-S-H and C-A-S-H systems in a general
way. The C-S-H system has a Ca/Si ratio of 1.1. Similarly, the Ca/(Si+Al) ratios of C-A-S-H

samples are 1.1, while the Al/Si ratio is 0.15.

6.8.1. Nanopore arrangement

Figure 6.18 shows the density profiles and snapshots of C-S-H (left) and C-A-S-H (right)
systems that incorporate Cs and Na at concentrations of 0.26 cations per mol of C-(A-)S-H.
It can be seen that the distribution of Cs and Na is different due to their different nature, but
in both cases, the incorporation of aluminum to the C-S-H structure provokes the reduction
of the amount of the cation in the bulk liquid region. It is interesting that all interlayer Ca ions
are completely adsorbed in inner- and outer-sphere sorption sites, both in C-S-H and C-A-
S-H, no matter which cation has been incorporated. This indicates that the adsorption
energy of interlayer Ca is more favorable than for the other cations, reason why it cannot

be displaced, as it will be shown in section 6.8.4.
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Figure 6.18. Density profiles and its corresponding snapshots of the MD simulation for C-S-H (left) and
C-A-S-H (right) which incorporate (a) Cs and (b) Na at concentrations of 0.26 cations per mol of C-(A-
)S-H. In the density profiles, the black dashed line corresponds to the upper interface boundary, while
Cs, Na, Ca and water are represented in light blue, purple, yellow and dark blue, respectively. In the
snapshots, Cs, Na and Ca are represented as light blue, purple and yellow balls, respectively, whereas
the garnet and blue tetrahedrons correspond to the silicate and aluminum chains and the water

molecules and hydroxyl groups are illustrated as blue sticks.

Figure 6.18 shows big differences in the uptake of Cs and Na in the C-(A-)S-H nanopores.
Indeed, it is possible to find Cs ions not only adsorbed in C-(A-)S-H surface, but also
solvated in the bulk liquid region, while there is hardly any Na desorbed, especially in C-A-
S-H. The density profiles also indicate that Na ions can penetrate deeper into the defective
silicate chains than Cs. It is remarkable that Na is more retained than Ca ions, despite the
higher charge and similar size of the latter. This might be due to the smaller size of Na with

respect to Cs (see Table 6.8).

Table 6.8. Atomic and ionic radius of Cs and Na.

Cation Atomic radius'® (pm) lonic radius'® (pm)
Cs 260 181
Na 180 116
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The aliovalent substitution of Si** by Al** implies an increase of the negative charge in the
surface of C-A-S-H, creating new high-affinity sites for the cations. This is reflected in the
density profiles, in which it can be seen clearly that the retention is enhanced, decreasing
the amount of cations desorbed in the pore of C-A-S-H in comparison with C-S-H

nanopores.

6.8.2. Adsorption configurations

The amount of cations adsorbed in inner- and outer-sphere sorption sites is quantified in
see Table 6.9, as along with the amount of desorbed cations, both in C-S-H and C-A-S-H.
These data enable to evaluate the impact of the charge and size of the cations and the

effect of aluminum incorporation in the cationic uptake.

Table 6.9. Percentage of Cs and Na adsorbed by inner- and outer-sphere sorption sites, along with the
percentage of desorbed cations in C-S-H (left) and C-A-S-H (right).

C-S-H C-A-S-H
Cation Inner Outer Pore Inner Outer Pore
Cs 16% 49% 35% 31% 42% 27%
Na 52% 39% 9% 54% 42% 4%

Table 6.9 shows lower amount of desorbed cations in C-A-S-H with respect to C-S-H for
both Cs and Na, indicating that the retention is enhanced by the aluminum incorporation.
The amount of non-adsorbed Cs decreases up to 30% in C-A-S-H with respect to C-S-H.
Moreover, the adsorption of Cs in inner-sphere configurations, the most stable retention,
grows about 50%. For Na ions, the impact of aluminum incorporation is more limited,
inasmuch as the amount of desorbed Na is minimum in both C-S-H and C-A-S-H. The better
retention of Na ions with respect to Cs ions is probably due to the ability of Na atoms to
penetrate deeper into the defects of the silicate chains due to its small size (see Table 6.8).
Indeed, most of adsorbed Na are in inner-sphere sorption sites, whereas Cs is mainly
adsorbed in outer-sphere sorption sites since its high size hinders its approach to the

surface and therefore to inner-sphere sites.
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The number of sorption sites for Cs and Na per unit area of C-(A-)S-H surface (see Table
6.10) has been computed based on the values of Table 6.9. These values show a notable
rise of the inner sorption sites and slightly decrease of the outer ones for Cs in C-A-S-H
systems. Then, the global number of sorption sites for Cs is higher in C-A-S-H than in C-S-
H, in the line with the enhancement of the retention as indicated before. Na has similar
number of sorption sites in C-S-H and C-A-S-H, but considerably higher than for Cs, 45%
more in C-S-H and 30% in C-A-S-H. The slight variation between C-S-H and C-A-S-H is

due to the low amount of desorbed Na in both systems.

Table 6.10. Number of inner- and outer-sphere sorption sites per nm? of C-(A-)S-H and the sum of
them for the systems that incorporate Cs and Na. The total number of cations, 100%, is equivalent to

1.70 cations per nm? of C-(A-)S-H surface.

C-S-H C-A-S-H

Sorption

sites/nm? Inner Outer Sum Inner Outer Sum
Cs 0.3 0.8 1.1 0.6 0.7 1.3
Na 0.9 0.7 1.6 0.9 0.8 1.7

6.8.3. Local structure of the adsorption sites

The local structure of Cs and Na has been characterized in order to compare the M-O
distance and their solvation shells both in C-S-H and C-A-S-H. In this way, it is possible to
explore how the binding to the surface and their coordination shells are affected by the
aluminum incorporation and the cationic size. The radial distribution functions and

coordination numbers of the studied cations are studied (see Figure 6.19).
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Figure 6.19. Radial distribution functions, g(r), (continuous lines) and average coordination numbers,
n(r), (dashed lines) of Cs (in pink) and Na (in blue) in (a) C-S-H and (b) C-A-S-H.

It should be pointed out that neither the distances nor the coordination numbers are
substantially affected by the aluminum incorporation, as can be seen in Figure 6.19. This
fact suggests that the cations tend to fill their stable coordination shell independently of the
environment. Nevertheless, there are appreciable differences between Cs and Na. The
radial distribution functions (RDFs) of Na exhibit sharp peaks related to well defined
solvation shells due to the high charge density of Na due to its small size. In contrast, Cs
has low charge density, leading to diffuse solvation shell, which is reflected in the broad
peaks of its RDF. Another appreciable difference is the M-O distances. Na-O distances
(2.4A) are much shorter than Cs-O (3.1A). These values are in good agreement with the
simulated and experimental M-O distances reported in the literature for Cs (3.0-3.3A76.77)
and Na (2.3-2.5A77.1%5), Figure 6.19 also reveals large differences in the solvation shell of
Cs and Na. Na cations are coordinated to ~5.5 oxygen atoms in total in our models, in the
line with the values reported in the literature, between 4.4 and 7.177-19%, The solvation shell
of Cs is larger due to its higher size and more diffuse due to its low charge density. This
makes difficult to assign a number, yet it could suggest a value between 8 and 9, which is

in the range of the coordination numbers reported for Cs, from 6.5 to 9.07677.

To obtain a better characterization of the solvation shell of Cs and Na ions, their radial
distribution functions and coordination numbers have been decomposed for the contribution

of each oxygen type: surface, water and hydroxyl oxygen atoms, as shown in Figure 6.20.
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Figure 6.20. Radial distribution functions (continuous lines) and coordination numbers (dashed lines)
of (a) Cs and (b) Na decomposed for the contribution of each oxygen type. Cation-surface (M-Os) g(r)
and n(r) are shown in red, cation-water molecules (M-Ow) in blue and cation-hydroxyl groups (M-Oh)

in yellow.

It should be noted that Cs-O and Na-O distances are constant, independently of the oxygen
type. The coordination numbers of the cations to each oxygen type are given in Table 6.11.
Both cations are coordinated as average to about 2 oxygen from the surface an
approximately 1 hydroxyl group, yet Cs completes its hydration shell with almost twice the
amount of water molecules than Na since the size of Cs is much higher (see Table 6.8).
Based on these coordination number, the average solvation shell of Cs and Na are
schematically represented in Figure 6.21. The presence of Al in C-A-S-H does not modify

substantially the composition of the solvation shell.

Table 6.11. Average coordination numbers (CNs) for Cs, Ca and Na with surface (Os), water (Ow) and

hydroxyl (Oh) oxygen atoms.

CN Os Oow Oh Total
Cs 2.1 5.2 1.2 8.5
Na 2.1 2.8 0.6 5.5

177



Chapter 6
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Figure 6.21. Schematic representation of the solvation shell of (a) Cs and (b) Na. Garnet tetrahedrons
represent C-(A-)S-H chains and the yellow balls the intralaminar calcium atoms. Blue simple and double
sticks correspond hydroxyl groups and water molecules respectively, whereas the light blue and purple

balls represent Cs and Na.

6.8.4. Adsorption enthalpies

The adsorption enthalpies of Cs and Na (see Table 6.12) are calculated and compared with
the adsorption enthalpy of the interlayer Ca. The expression employed for the calculation of
adsorption enthalpy is given in Eq. 6.1. According to the definition of this equation, the more
negative the enthalpy, the more energetically favorable the adsorption of the cation. The
values exhibit a clear trend: AHca < AHna < AHcs, indicating that adsorption of Ca is the
most favorable, followed by the adsorption of Na. The adsorption of Cs is by far the least
favorable. The fact that Ca has the most favorable adsorption enthalpy explains the
incapacity of Cs and Na to displace the Ca from the surface. Moreover, these adsorption
enthalpies match the observed retention, which is much better for Ca and Na than for Cs. It
should be noted that Ca is a small divalent cation, which may result in stronger electrostatic
interactions with the surface, favoring its adsorption with respect to monovalent cations as
Na and Cs.

Table 6.12. Adsorption enthalpies for the added cations, Cs and Na, and for the interlayer Ca of the C-
(A-)S-H.

‘ Cs Na ‘ Ca

AHadsorption (kcal/mol) ‘ -0.20 -5.35 ‘ -6.73
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6.8.5. Diffusive behavior

After studying the retention, it is explored the diffusivity of the confined Cs and Na. The
average diffusion coefficients for Cs and Na in each sorption configuration, obtained by

means of the mean square displacement, are shown in Figure 6.22.

0 ( [ [
Cs Na

Figure 6.22. Average diffusion coefficients for Cs (in blue) and Na (in purple) in C-S-H (dark colors)
and C-A-S-H (light colors).

The values shown in Figure 6.22 evidence that Cs ions have diffusion coefficients two orders
of magnitude higher than Na, in the line with the tendency of the intrinsic diffusivity of Cs
(20.7-107° m?/s)8 and Na (13.3-10-'° m?/s)® in bulk water. Nevertheless, it is remarkable
that the diffusion coefficients of the cations in bulk water are up to three orders of magnitude
higher than confined in the C-(A-)S-H nanopores. This is due to the combination of the
nanoconfinement effect’87-89 that reduces the water diffusivity with the electrostatic

interactions of the cations with the C-(A-)S-H surfaces.

Figure 6.22 shows the impact of aluminum incorporation in the diffusion coefficients. There
is a clear reduction of the diffusivity in C-A-S-H with respect to C-S-H. The increase of
negative charge in C-A-S-H surfaces not only enhances the retention, it also involves a
decrease of the diffusion coefficients due to stronger electrostatic interactions between the
cations and the surface. For instance, the incorporation of aluminum provokes a strong

reduction of the diffusion coefficients of Cs ions, about 40% lower in C-A-S-H than in C-S-
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H. In the case of Na atoms, this decrease is less marked, a 16%, because the retention in
C-S-H is already very good.

The decline of the diffusion coefficients of Cs and Na is also related to the changes produced
in the sorption configurations. For instance, the amount of Cs cations adsorbed in inner-
and outer-sphere configurations, the ones with low diffusion coefficients (see Figure 6.6)
increases significantly in C-A-S-H. To evaluate this effect, it has been computed the
diffusion coefficients of Cs and Na decomposed for each sorption configuration (see Figure
6.23).
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Figure 6.23. Diffusion coefficients for inner-sphere, outer-sphere and pore adsorption for (a) Cs (blue
bars) and (b) Na (purple bars) in C-S-H. It should be noted that the scale of the diffusion coefficients of
Cs is one order of magnitude higher than. Insets for ions adsorbed in inner- and outer-sphere

configurations have been included for a better visualization.

As expected, Figure 6.23 shows that the cations adsorbed in inner-sphere configurations
have considerably smaller diffusion coefficients than when they are adsorbed in outer-
sphere sorption sites. In turn, the diffusion coefficients of the adsorbed species are two
orders of magnitude smaller than for non-adsorbed cations. Hence, the more ions adsorbed
in inner- and outer-sphere configurations, the lower the global diffusion coefficients.
Therefore, the reduction of diffusivity in C-A-S-H is also due to the higher amount adsorbed

species in inner- and outer-sphere sorption sites.

It has been compared the diffusion coefficients for Cs and Na confined in C-(A-)S-H
nanopores with the diffusivity reported for these cations confined in clays. For Na the

diffusivity in C-(A-)S-H is two orders of magnitude lower than in clays, which ranges from
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6-107"° m?/s to 13-10-'° m?/s81197, This is caused by higher charge in C-(A-)S-H surfaces
with respect to the ones of clays, whose surface charge is not only lower, but also more
diffuse. Contrary to C-(A-)S-H, in clays, the diffusivity of Cs is lower than the diffusion of Na,
exhibiting diffusion coefficients between 1:10-1° m?/s8281 in the case of montmorillonite and
8:10-12 m?/s8283 in bentonite. This is due to tendency of Na to stay in the middle of the
interlayer spaces in clays'%1%, being surrounded by water molecules, whereas Cs tends
to remain close to the clay surfaces®'. Therefore, the Cs diffusion coefficients for C-S-H are

in the low range of coefficients found for Cs in clays.

6.8.6. Residence time

Finally, it has been computed the half-life times of the Cs-O and Na-O bonds by means of
the autocorrelation function (see Figure 6.24). It is remarkable that the time autocorrelation

functions remain practically unchanged with the Al incorporation.
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Figure 6.24. Autocorrelation functions of (a) Cs-O and (b) Na-O. Cation-surface (M-Os) is shown in

garnet, cation-water molecules (M-Ow) in blue and cation-hydroxyl groups (M-Oh) in yellow.

Figure 6.24 shows that longest relaxation time for all the cations corresponds to metal-
surface oxygen bonds, while the bonds between cations and water molecules have the
shortest relaxation time. This indicates that the interactions between the cations under study
and oxygen from the surface are the most stable. Figure 6.24 also shows that the half-life
time of Na-O interactions are considerably higher than for Cs-O. The half-life time of Cs-Os
bonds is 0.4 ns against the 3.0 ns of Na-Os ones. These results are in the line with the
retention and diffusivity of these cations. Thus, the lower half-life time of the interactions

between Cs and the C-(A-)S-H surface results in lower retention and higher mobility.
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6.8.7. Summary and conclusions

In this section, it has been compared the retention and diffusivity of Cs and Na in C-S-H and
C-A-S-H. For that purpose, C-S-H and C-A-S-H models with a Ca/Si ratio of 1.1 and Al/Si
ratio of 0.15 for C-A-S-H were built, in which Cs and Na are introduced at a constant
concentration of 0.26 cations per mol of C-(A-)S-H. With these models, the affinity of the
cations under study for the sorption sites was evaluated, as well as study their diffusion

behavior and the impact of aluminum incorporation to form C-A-S-H.

Notable differences has been found between Cs and Na; high adsorption and low diffusivity
for Na ions against poor retention of Cs with diffusion coefficients up to two orders of
magnitude higher in comparison. These differences between cations may be attributed to
their size and consequently, charge density. The higher the charge density, the stronger the
electrostatic interactions with the surface. A high cationic size as the one of Cs, with large
solvation shells, makes difficult the approach to the sorption sites of C-(A-)S-H surfaces.
Likewise, Na has much more favorable adsorption enthalpy and residence times in high
affinity sites than Cs. It is also remarkable the great impact on diffusivity of the aluminum
incorporation, particularly significant for Cs, whose diffusion coefficient is reduced up to
40%, due to increase of the electrostatic interactions f. Nevertheless, these substitutions do
not alter the composition of the solvation shell of the cations, suggesting that they tend to

fill their stable coordination shell independently of the environment.

The number of sorption sites for Cs increases up to 18% in C-A-S-H, from 1.1 to 1.3
sites/nm?. Therefore, the retention is enhanced in presence of aluminum due to the higher
number of sorption sites, since it does not modify substantially the adsorption enthalpies of
the cations. Even if the retention of Cs is not as good as the retention of Na, there is a
drastic reduction of the diffusivity of Cs with respect to these cations in bulk water and
inserted in clays. This is due to the combination of the effect of nanoconfinement and the

interaction of the cations with the high-affinity sites of C-(A-)S-H surfaces.
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6.9. Summary and conclusions

Throughout this chapter, the adsorption of Cs ions in C-S-H and C-A-S-H has been studied,
exploring the contribution to the Cs uptake of different parameters. It was analyzed the effect
of the counterion, the Ca/Si ratio, the Cs concentration, the incorporation of aluminum in the
C-S-H structure. To this effect, several C-S-H and C-A-S-H models were built with Ca/Si
ratios ranging from 1.1 to 2.0 and Al/Si ratio of 0.15 for C-A-S-H. They incorporate Cs at
concentrations between 0.01 and 0.26 Cs ions per mol of C-(A-)S-H, counterbalanced with
hydroxyls, chlorides or sulfates. In addition, C-S-H and C-A-S-H models, including Na ions

at a concentration of 0.26 ions per mol of C-(A-)S-H were built.

First, it was characterized the sorption configurations of Cs in C-S-H, finding three
possibilities: inner-sphere, outer-sphere and pore (desorbed) Cs complexes. Molecular
dynamics simulations have revealed that the retention of Cs ions in inner- and outer-sphere
sorption sites is excellent, resulting in very low diffusion coefficients for the adsorbed
cations, especially in the inner configuration. Pore Cs ions do not interact with the surface
and they can move through the bulk liquid region, yet the diffusion coefficients are still one
order of magnitude lower than in bulk water due to the structural and electrostatic
confinement effect?’87-89_ As the Cs concentration rises, the high-affinity sites of the C-S-H
surface begin to saturate and the amount of desorbed Cs increases, which leads to the

higher diffusion coefficients.

The study of the impact of the Ca/Si ratio of C-S-H has proven that the retention is worsened
as the Ca/Si ratio rises, while the diffusion coefficients of the cations declines. One the one
hand, the retention of Cs decreases at high Ca/Si ratios due to loss of bridging silicate
groups and their dangling oxygen atoms, which are the main responsible of the formation
of outer-sphere complexes. On the other hand, the rise of acceptor groups in the C-S-H
surface due to the omission of bridging silicates facilitates the formation of hydrogen bond
network, inducing long-range ordering of the water molecules that reduces the water

diffusivity and consequently the diffusion of the cations.

The incorporation of different counterions (hydroxyl groups, chloride, and sulfates) shows
large differences in the retention and dynamics of the cations. Sulfate counterions pull Ca

ions out from the C-S-H surface, leaving the sorption sites that are occupied by Cs cations.
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Thus, the presence of sulfate counterions enhances the retention of Cs, while lowering their

diffusivity.

Finally, it has been studied the effect of the aluminum incorporation to form C-A-S-H and
the differences in the retention and dynamics of Na and Cs ions. The aluminum
incorporation enhances notably the adsorption of the cations, especially for Cs, which
exhibits a 30% lower amount of desorbed species in C-A-S-H with respect to C-S-H. The
better retention of the cation involves a decrease of their diffusion coefficients in C-A-S-H.
The diffusion coefficients of Cs ions decrease up to 40% in C-A-S-H due to a higher amount

of sorption sites in C-A-S-H (1.3 sites/nm?) with respect to C-S-H (1.1 sites/nm?).
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Chapter 7. Hybrid
composites based on C-S-H
gel and organic compounds.

This chapter is devoted to the study of hybrid nanocomposites of C-S-H and organic
compounds, focusing on their mechanical properties. The aim of the incorporation of the
organic phase to the C-S-H is the development of hybrid materials with improved
performance. For that purpose, hybrid nanocomposite models have been built in order to
evaluate their mechanical properties and compare them with a reference C-S-H gel. The
molecular dynamics simulations of these nanocomposite also allow the study at molecular
scale the strengthening mechanisms. Two polymer/C-S-H composites have been
considered. On the one hand, the first hybrid system incorporates a silane-based polymer,
3-aminopropyltriethoxylsilane (APTES), which is covalently bound to the C-S-H structure.
On the other hand, the second composite is obtained by intercalation/adsorption of
poly(ethylene glycol) (PEG) to the interlayer space of C-S-H, without covalent interactions

between them.
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71. Introduction

As pointed out in previous chapters, cement and concrete are the largest manufactured
materials!, and the cement industry is responsible for a large portion of the global CO2
emissions2. Hence, it is critical to develop more sustainable construction materials to
reduce the carbon footprint. Cement with enhanced durability and mechanical properties
can be achieved through the modification of the microstructure and composition of C-S-H
gel, inasmuch as it is the main hydration product of cement paste, and therefore it is the
responsible of most of the mechanical behavior. One approach to achieve it is the
incorporation of organic additives to obtain composites. Polymers have shown to improve
the performance of clay-based composites®-5, which have a similar lamellar structure as
C-S-H gel. There are also some studies of polymer incorporation to the C-S-H gel®'3, in
which the authors highlight that the interactions between the polymers and the C-S-H
depends on several factors, such as the molecular weight of the polymers, the presence of

functional groups, and the Ca/Si ratio of C-S-H, among others®7.

The incorporation of polymers within the C-S-H matrix occurs commonly by adsorption
and intercalation processes'®'214-18 However, it is also possible the covalent anchorage
of the polymers to the C-S-H structure' 1519, For instance, the incorporation of silane
groups to the polymer structure enables the formation of covalent bonds between the
polymer and the C-S-H. In this chapter, it is presented the study of two polymer/C-S-H
composites. In the first one, the polymer incorporated is 3-aminopropyltriethoxylsilane or
APTES, which is an aminosilane that can be covalently bonded to the C-S-H by
silanization processes. The second composite embeds in the pores of C-S-H
poly(ethylene glycol) or PEG, a polyether that does not form covalent bonds with the C-S-
H gel. Hereinafter, the unmodified C-S-H and the composites that incorporate APTES and
PEG will be referred as C-S-H_Ref, C-S-H/APTES and C-S-H/PEG systems, respectively.

The studies described in this chapter have been done in collaboration with Dr. Orozco, Dr.
Geng and Prof. Monteiro from University of California, Berkeley (USA) and Dr. Zhou, Dr.
Feng and Prof. Miao from Southeast University (China). They have synthetized a
reference C-S-H gel with Ca/Si ratio of 1.3 and the hybrid composites, in which they have

intercalated the organic phase, APTES and PEG molecules. The samples were
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characterized by X-ray diffraction (XRD), 2°Si nuclear magnetic resonance (NMR) and
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS)
techniques. Finally, they measured the bulk modulus of these samples using a
synchrotron radiation-based high-pressure X-ray diffractometer (HP-XRD). Based on the
provided structural and compositional information it has been developed representative
models for the reference C-S-H and the nanohybrid composites. Then, the bulk modulus is
computed, comparing the experimental and simulated results and proposing an

interpretation at the atomic scale of the experimental results.

7.2. C-S-H/APTES hybrid composite
7.2.1. Construction of the model

Guided by the experimental structural information, the C-S-H models were developed
following the procedure proposed by Pellenq et al.?’ and Qomi et al.?", and considering the
restrictions imposed by Kovacevi¢?? and Kumar?® for Q°, as described in detail in Chapter
6. The C-S-H/APTES hybrid system was built assuming that the final state of the C-S-H
gel is the same with and without the organic phase, since the experimental observation do
not show significant modifications of the C-S-H structure by the incorporation of the
polymer aminopropyltriethoxysilane (APTES). According to the experimental observations,
the amount of APTES introduced is 6.2% w/w of APTES, which corresponds with an
approximate APTES/Si ratio of 1/27. This amount of APTES is incorporated randomly in
the surface of the C-S-H model by bonding the silanol group of the polymer to two reactive
points (Q' silicons) of the C-S-H surface, as seen in Figure 7.1. To balance the charge after

the addition of the polymer, Ca?* ions were included in the interlaminar space.
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Figure 7.1. Molecular dynamics simulation snapshot of the C-S-H/APTES model, in which the organic
phase is covalently bonded to the silicate chains of C-S-H. The yellow tetrahedrons represent the
silicate groups, while the blue ones are the silane groups of APTES, covalently bonded to the silicate
chains by Q' sites. Blue balls illustrate Ca ions and simple and double red sticks are hydroxyl groups

and water molecules, respectively.

All molecular dynamics simulations were performed with the LAMMPS (26Jan2017
version)?*. The ReaxFF force field®® has been used to relax the structure and volume of
the reference C-S-H system, allowing as well the water speciation in the Q1 sites of the
silicate chains. The system has been relaxed in the isobaric-isothermal (NPT) ensemble at
300K and 1 atm for 1 ns using a thermostat and barostat coupling constants of 10 fs and
100 fs, respectively. At this point, the APTES is incorporated. The final equilibration and
production stage of C-S-H_Ref and C-S-H/APTES systems were done with a combination
of the CSHFF?¢ force field for the C-S-H substrate, the CHARMM? force field for the
organic phase and the flexible simple point charge (SPC) model®® for water molecules. An
initial equilibration in the isobaric-isothermal (NPT) was done at room conditions (300K
and 1 atm) for 1 ns with a time step of 1 fs. Then, a canonical (NVT) ensemble simulation
was performed at 300K for another 1 ns. In order to calculate the mechanical properties of
the systems, the models were subjected to an increasing pressure, from 1 to 10 GPa, at

constant rate of 1 GPa-ns™.

7.2.2. Validation of the models

The validation of the models were done by comparison between the simulated model and

experimental is shown in Table 7.1.
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Table 7.1. Experimental and simulated lattice parameters and final properties for the C-S-H_Ref and
C-S-H/APTES systems.

C-S-H_Ref C-S-H/APTES

Exp. Sim. Exp. Sim.

x (A) 6.70 6.56 6.70 6.47
y (A) 7.32 7.63 7.26 7.47
z (A) 20.81 22.10 22.10 2340
Y (°) 123.29 123.25 123.47 123.35

CalSi 1.3 1.3 1.3 1.3
MCL 2.44 2.48 3.62 3.44
Q! 82.1% 81.7% 55.2% 58.1%
Q? 17.9% 18.3% 44.8% 41.9%
Q4Q! 0.22 0.22 0.81 0.72
Q™ 60.1% 58.4% 37.3% 35.0%
Q1ca 21.9% 23.3% 17.9% 23.1

The Table 7.1 shows that the lattice parameters obtained from HP-XRD measurements
match with the ones obtained from the simulations, with an overestimation of the z
parameter by about 6%. Nevertheless, the MD simulations reproduce accurately the
expansion of basal distance in the C-S-H/APTES system due to the incorporation of the
organic phase, which is about 1.3A for both experimental and simulated samples. The low
correlation between the expansion of the interlaminar space and the effective diameter of
the silane-based polymer (2.8A) can be explain by the accommodation of the polymers in
linear conformation and in 2D fashion in the omitted bridging silicates of the C-S-H

structures (see Figure 7.1). It should be noted that the Ca/Si ratio, mean chain length

199



Chapter 7

(MCL) and Q%Q" relation were defined ad hoc during the model construction to reproduce
the experimental sample, while relative amount of Q™ and Q'®@ are outputs from the

simulations.

The pair distribution functions (PDFs) of the experimental and simulated reference system
are also compared in order to reassure the reliability of the C-S-H model. As it can be
seen in Figure 7.2 and Table 7.2, there is a good agreement between the experimental and
simulated pair distribution functions. It is interesting that the simulated PDF shows a band
splitting for O-O and Si-Ca pairs which is not assigned in the experimental one because

they are overlapped with other peaks that hide them.

25

20 A

15 1

Exp.
10 A

Sim.

Figure 7.2. Experimental (in red) and simulated (in black) pair distribution function of the C-S-H_Ref

system.

Table 7.2. Experimental and simulated pair distances for the C-S-H_Ref system.

r (A) Si-O Ca-O Si-Si Ca-Ca 0-0 Si-Ca
Exp. 1.62 2.39/4.48 3.06 3.06/3.72 4.88 3.72
Sim. 1.61 2.44/4.44 2.92 292/3.72 263/4.86 3.06/3.63
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7.2.3. Mechanical properties

The bulk modulus of the samples can be obtained applying a hydrostatic pressure to the
reference and composite systems, from 10 to 10 GPa, at a constant rate of 1 GPa-ns™.
Experimentally, the bulk modulus, Ko, is usually obtained by fitting the cell volume against

the applied pressure by means of the third order Birch-Murnaghan equation (Eq. 7.1).

7 5

p=210|() (9|1 2w | - o,
=2%\y, Vo gt Vo Q-1

being V the volume of the unit cell at a given hydrostatic pressure P, Vo the initial volume
at ambient pressure, and K, the derivative of the bulk modulus. However, the Birch-
Murnaghan equation can be also expressed in terms of internal energy, E(V), by

integration of the pressure, as it shown in Eq. 7.2.

2

WoKo ||/ V7 vy Vi
E(V) = Bo +—= (—) ~1 K0+(—) -1 6—4(—) Eq. 7.2

where Ep is the minimum binding energy. The energy is an accessible quantity in the
simulation, so it can be used to obtain the bulk modulus by fitting the variation of the
relative volume, V/Vo, with the energy, E(V), as described in Eq. 7.2 and shown in Figure
7.3. It is assumed that the derivative of the bulk modulus Kg, is constant and equal to 4

GPa in the rage of pressure explored®.
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Figure 7.3. Bulk modulus fitting by means of the third order Birch-Murnaghan equation for the
reference C-S-H (shown in black) and C-S-H/APTES (in red) samples.

The values of the bulk modulus Ko for the C-S-H_Ref systems obtained from HP-XRD
(45.6 £ 0.4 GPa) and MD simulations (45.9 £ 0.5 GPa) are in excellent agreement, as well
as the experimental (62.0 + 0.5 GPa) and simulated (62.3 £ 1.0 GPa) bulk modulus of the
C-S-H/APTES composite. Therefore, the simulations predict an increase of 36% in bulk
modulus of the C-S-H/APTES composite regarding the reference C-S-H, in good
agreement with growth observed experimentally. These findings evidence that the
intercalation of APTES molecules in the interlaminar space of C-S-H causes the stiffening

of the composite.

During the application of increasing pressure in the simulations, the six components of the
stress tensor are uncoupled. In this way, the compressibility of the lattice parameters of
the samples under hydrostatic pressure is different for each direction and can be

compared with the experiments, as can be seen Figure 7.4.
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Figure 7.4. Deformation of the lattice parameters (a) a/ao, (b) b/by and (c) c/co, and of (d) lattice
volume under hydrostatic pressure for the C-S-H_Ref (black squares) and C-S-H/APTES (red
triangles) systems. The filled and empty squares and triangles correspond to the simulated and

experimental values, respectively.

Figure 7.4 shows that the deformation along the c-direction is twice higher than along a-
and b-directions for both the reference C-S-H and C-S-H/APTES systems. This indicates
that the c-axis constitutes the softer direction, the one which contributes the least to the

bulk modulus. Therefore, the increase of the stiffness depends on the direction.

Along the a- and b-axes, the stiffness increases modestly (see Figure 7.4a and b), despite
the significant increase of the length of the silicate chains in C-S-H/APTES (MCL = 3.44)
with respect to C-S-H_Ref (MCL = 2.48). Some authors have proposed that the
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deformation of the silicate chains can occur throughout rigid body rotations of silicate
tetrahedra®®-32 (see Figure 7.5). In this way, longer chains would not provide extra stiffness
in the ab plane. Nevertheless, it has been observed an increase of the stiffness in that
plane in the composite, so it is possible that the amino groups of APTES molecules form
hydrogen bonds with the C-S-H surface®3334, besides the covalent bonds formed by the
silane group. This may result in a reduction of the rigid body rotations of the silicate

tetrahedra, increasing the overall stiffness in ab plane.

sz\“\‘, Qr Q \ " 4 H

v.y‘?/ |» ng"/“\,,

é s }/k\v TS oy

2.9

Figure 7.5. Schematic representation of the rotation and displacement movements of the silicate

tetrahedra induced by the hydrostatic pressure.

To study the rigid rotations around of the silicate tetrahedra, the evolution of the Si-Si
radial distribution functions in C-S-H_Ref and the C-S-H/APTES are analyzed as a
function of the pressure (see Figure 7.6). The Si-Si radial distribution functions before
deformation for both the reference and the composite systems are very similar, exhibiting
a nearly symmetric distribution in the range from 2.6A to 3.4A, with a maximum at about
3.0A (see Figure 7.6a). Short Si-Si distances are related to Q'-Q% pairs, while the high
ones correspond to Q?*-Q? pairs. It can be seen that as the pressure increases, the Q'-
Q% distances become shorter. This shortening must be due to rotations over the bridging
oxygen, since the Si-O distances remain constant, as it can be seen in Figure 7.6b.
Therefore, the Si-O-Si angle is reduced by bellows-like movements in which the bridging
oxygen atoms move out of the plane, as shown in Figure 7.5. This distribution of the Q-
Q2 distances is similar in both the reference and composite systems. However, there are

appreciable differences between both systems for the Q?*-Q?® distances, especially above
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7 GPa. Q?%-Q? distances do not suffer significant differences until 7 GPa both in C-S-
H_Ref and C-S-H/APTES, probably because Q'-Q% deformations are enough to relax all
the stress in the system. Above these pressure, the Q?*-Q? distances in the C-S-H_Ref
increase as a consequence of the bellows-like movements of the whole bridging silicate
tetrahedrons. Conversely, the Q?-Q? distances decrease above 7 GPa for the C-S-
H/APTES composite. The rotation of the bridging silicate tetrahedrons may be favored
respect to out of plane displacements due to the hydrophobicity of the organic phase,
tending to remain close to the C-S-H surface in order to minimize the interactions between
the water molecules and the organic phase. These rearrangements of the silicate chains
should require higher energy, especially those involving the Q? sites, in the composite
than in the reference C-S-H due to the steric hindrances imposed by the APTES. In this

way, the a- and b-directions could be strengthened.
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Figure 7.6. (a) Average temporal evolution of the Si-Si radial distribution function (RDF) under
hydrostatic pressure for the reference C-S-H (above) and the composite (below). The Si-SI RDF at
low and high pressures are included in blue and red, respectively, in the right lateral. (b) Radial
distribution function of Si-O bonds under low (0-0.5 GPa) and high (9.5-10 GPa) hydrostatic pressure
for C-S-H_Ref (left) and C-S-H/APTES (right) systems.
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Regarding the deformations along the c-direction, it can be seen in Figure 7.4 that the
stiffness is significantly higher in the composite than in the reference C-S-H system. It is
known that the densification of the interlaminar space contributes to strengthen the c-
direction30-3235  However, it has been observed higher stiffness in the C-S-H/APTES in
spite of having a larger basal spacing (1.3A higher). Moreover, it is interesting to note that
the lattice deformation along the c-direction for C-S-H/APTES system (Figure 7.4) shows a
bilinear behavior after 3 GPa, which is also observed experimentally. This variation in the
stiffnress may be caused by the organic phase, which is constrained enough at that

pressure and resists to further deformation.

The comparison of the deformation of the lattice parameter c/co under hydrostatic and
uniaxial pressure for the C-S-H/APTES system is shown in Figure 7.7. This plot shows
that the deformation under hydrostatic pressure induces a strengthening of the systems in
the c-direction with a bilinear trend, while under uniaxial pressure this bilinear behavior is

not observed.
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Figure 7.7. Lattice parameters deformation c/c, under uniaxial (in red) and hydrostatic (in blue)
pressure for C-S-H/APTES system.
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This bilinear behavior has also been found in synthetic C-S-H gel at different Ca/Si ratios32
and in ettringite crystal®, attributing it to a densification of the interlaminar space, and
more specifically to the densification of the hydrogen bond network. In order to evaluate
this effect, the evolution of the hydrogen bond distances and angles under hydrostatic
pressure was computed, see Figure 7.8. This plots show narrower hydrogen bond
distance distributions and wider angle distributions under high pressure. The initial
deformation of the hydrogen bond network can occur by broadening their angle 6 due to
the lower energy required®”. The decrease of the hydrogen bond distances needs higher
energy, and takes place when the angles cannot deviate further from the equilibrium. It is
not easy to assign accurately the threshold for the change in the hydrogen bond network

due to the intrinsic disorder of the confined water in C-S-H?38.

604
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Figure 7.8. Distribution of hydrogen bond distances and angles at (a) low and (b) high hydrostatic

pressures.

Therefore, under uniaxial deformation in the c-direction (see Figure 7.7) the bilinear
behavior does not appear since the relaxation of water molecules is not constrained in the
ab plane and there is no significant hydrogen bond densification. Conversely, this
relaxation is not possible under hydrostatic pressure, leading to a densification of the

hydrogen bond network that results in a stiffening with a bilinear trend.
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In addition to the calculation of the bulk modulus, the uniaxial Young’s modulus, E, were
also computed for all the lattice directions (see Table 7.3) in order to assess the
strengthening effect in each direction. The Young’s modulus has been calculated dividing

the tensile stress, o(¢), by the extensional strain, ¢:

o(s) F/A
& AL/L, Eq.7.3

E

where F is the exerted force, A is the cross-section area, AL is the lattice parameter

change and Lo is the initial lattice parameter before deformation.

Table 7.3. Uniaxial Young’'s modulus, E, of the reference C-S-H and C-S-H/APTES samples for a-, b-

and c-directions.

E (GPa) Ea (GPa) Eb (GPa) E. (GPa)
C-S-H_Ref 52.4+2.0 57.3+24 55.8+ 1.9
C-S-H/IAPTES 64.6+1.9 68.2+1.8 68.5+1.9

These data show the Young’s modulus increases about a 22% for the C-S-H/APTES
composite with respect to the reference C-S-H in all crystallographic directions. The
reinforcement in the a- and b-directions might be due to the inhibition of the rotation and
displacement of silicate tetrahedra needed to compress the silicate chains, while in c-

direction may be caused by the organic phase intercalation.

7.2.4. Summary and conclusions

For this study, a reference C-S-H system and a C-S-H/APTES hybrid composite were
developed based on experimental compositional and structural information. The
composite was obtained by intercalation of APTES molecules in the interlaminar space of
C-S-H, being covalently bonded to the Q' sites of the silicate chains. Both the C-S-H_Ref
and C-S-H/APTES models reproduce accurately the structural parameters and

composition of the experimental samples.

In order to study their mechanical properties, an increasing hydrostatic and uniaxial
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pressures were applied to the samples, from 10 to 10 GPa. Then, their bulk modulus
were computed by means of the third order equation of Birch-Murnaghan (Eq. 7.2),
reproducing with high accuracy the experimental bulk modulus. The results denote an
appreciable increase of the stiffness in the composite regarding the reference C-S-H. The

Young’s modulus also reflects an increase of the stiffness in all the directions.

Moreover, the analysis of the lattice parameter deformation under hydrostatic pressure
shows that all directions are stiffened, although not in the same degree. A modest
strengthening along the a- and b-direction has been reported, caused by the steric
hindrances imposed by the APTES molecules, which hinders the relaxation of the silicate
chains by rigid body rotations of the silicate tetrahedra. The stiffness along the c-direction
is more significant, showing a bilayer behavior, which is attributed to the densification of

the hydrogen bond network of the interlaminar space in C-S-H/APTES.

7.3. C-S-H/PEG nano-hybrid composites

7.3.1. Construction of the models

The same samples of C-S-H gel with Ca/Si ratio of 1.3 has been used to study the impact
of the addition of poly(ethylene glycol) or PEG on the mechanical properties. Compared to
APTES molecules, PEG molecules are very big, with average molecular weight of 2000
g/mol, and have no silane groups, so these molecules are not covalently bound to the
silicate chains of the C-S-H gel. It is remarkable that the experiments show that PEG
intercalation does not alter significantly either the structure or the composition of the C-S-
H gel. Hence, the bulk properties of the C-S-H samples match with the C-S-H_Ref shown
in Table 7.1.

For the construction of the C-S-H/PEG composite models, it has been employed the same
C-S-H_Ref model than in the previous section. The procedure to develop the C-S-H/PEG
hybrid system is schematically shown in Figure 7.9. First, the structures of the polymer
and the C-S-H gel were equilibrated independently. Then, it was applied a tensile strain

perpendicular to the calcium silicate layers in order to open the interlaminar space. The
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equilibrated PEG molecules are introduced in the open pore and the hybrid system is
relaxed in the isothermal-isobaric (NPT) ensemble for 1 ns. In this way, the PEG chains

are accommodated in the interlaminar space of the C-S-H gel, which is closed freely.

LBt

a ,»\,‘M"?.’, e

Xx
WP

Figure 7.9. Schematic procedure of the construction of C-S-H/PEG hybrid composite. (a) The
structure of PEG molecules structure is independently equilibrated from (b) the structure of the C-S-H
model. (c) A tensile strain is applied to the C-S-H model in order to create a vacuum space in which
(d) the PEG molecules are incorporated. (e) Finally, the system is relaxed, adsorbing the PEG into

the interlayer space, which is progressively close to form C-S-H/PEG composite.

As for the previous simulations, LAMMPS (26Jan2017 version)?* was employed to perform
molecular dynamics, using the Verlet integration scheme3® and the Nose-Hoover
thermostat and barostat*®-2. The structure and the volume of the simulated systems were
relaxed with ReaxFF force field?®, which also allows the speciation of water. The systems
were initially relaxed in the isobaric-isothermal (NPT) ensemble during 1 ns room
conditions (300K and 1 atm) with thermostat and barostat coupling constants of 10 fs and
100 fs, respectively. After this equilibration, the PEG molecules were inserted within the C-
S-H to create the C-S-H/PEG composite. A combination of CSHFF?® force field,
CHARMM?’ force field and flexible simple point charge (SPC) model?® were used to
simulate the C-S-H substrate, the PEG molecules and the water molecules, respectively,
of the reference C-S-H and the composite. Both systems were equilibrate in the isobaric-
isothermal (NPT) ensemble for 1 ns at 300K and 1 atm, using a thermostat and barostat
coupling constants of 0.1 ps and 1 ps, respectively. Non-bonding interactions between C-
S-H and PEG have been determined using the Lorentz-Berthelot combination rules. The
systems were further relaxed in the canonical (NVT) ensemble at 300K for another 1 ns.
The mechanical properties of the samples were computed by increasing the pressure from
103 to 10 GPa at constant rate of 1 GPa-ns™.
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7.3.2. Intercalation of PEG molecules

It has been previously reported that the intercalation of PEG molecules in the C-S-H
involves an expansion of the interlaminar space of about 0.5A716.8_ However, XRD
measurements of the experimental C-S-H_Ref and C-S-H/PEG samples done by our
collaborators show that the intercalation of PEG molecules within the interlaminar space of
C-S-H only provokes an expansion of 0.16A (see Table 7.4), which is quite low.
Conversely, the simulations predict much larger expansion, about 0.57A, in the line with
the reported values by other authors™'¢'8. In the view of this, it seem unlikely that PEG

molecules occupy the interlaminar space of C-S-H in the experimental systems.

Table 7.4. Basal spacing, doo2, for the experimental and simulated C-S-H_Ref and C-S-H/PEG

systems. The expansion of the interlaminar space is also included.

doo2 (A) C-S-H_Ref C-S-H/PEG Expansion
Exp. 9.51 9.67 0.16
Sim. 10.38 10.95 0.57

Nevertheless, the adsorption enthalpy, AHags, of PEG molecules within the interlaminar
space of C-S-H has been computed in order to determine if this intercalation is

energetically favorable. For that estimation, the expression given in Eq. 7.4 is employed.

AHyq5 = AH sy peg — AHcsy — AHpgg Eq.7.4

where AH csHpec the enthalpy of the whole hybrid composite, AH csH the enthalpy of the
C-S-H gel without the organic phase, and AH rec is the enthalpy of the polymer. According
to this definition, the more negative the value of the adsorption enthalpy, the more
favorable the adsorption of the polymer. The total adsorption enthalpy obtained from Eq.
7.4 was -2.28 kcal/mol, which means that the adsorption of PEG molecules in the
interlaminar space of C-S-H is favorable. Therefore, the intercalation of PEG molecules in

C-S-H cannot be ruled out from an energetic point of view.
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7.3.3.

Mechanical properties

The mechanical properties have been calculated just as for the C-S-H/APTES system,

applying an increasing pressure from 10 to 10 GPa at a constant rate of 1 GPa/ns with

the components of the stress tensor decoupled. As a consequence, the compressibility of

the lattice parameters is different depending on the direction under hydrostatic pressure,

as can be seen in Figure 7.10 along with the lattice volume deformation.
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Figure 7.10. Deformation of the lattice parameters (a) a/ao, (b) b/by and (c) c/co, and of (d) lattice

volume under hydrostatic pressure for the C-S-H_Ref (black squares) and C-S-H/PEG (red triangles)

systems. The filled and empty squares and triangles correspond to the simulated and experimental

values, respectively.
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Figure 7.10 show that there are compressibility of the lattice parameters in a- and b-
directions is quite similar for the C-S-H_Ref and C-S-H/PEG samples, with deformations
at 5 GPa about 1.9% and 2.2% in a- and b-directions respectively. The deformation along
the c-direction is considerably higher and there is a clear decrease of the stiffness in the
C-S-H/PEG systems regarding the C-S-H_Ref. Therefore, the c-direction is the softer one,
as seen for the C-S-H/APTES. Like in the case of C-S-H/APTES, the C-S-H/PEG
composite show a bilinear behavior in the deformation along the c-direction that can be
attributed to the densification of the interlaminar space. It should be noted that the
deformation of the simulated C-S-H_Ref system fits perfectly with the experimental
reference sample. However, the simulated and experimental hybrid composites differ
substantially. This can be attributed to the possibility of not having PEG molecules in the

interlaminar space of the C-S-H in the experimental sample.

The bulk modulus has also been computed using the third order Birch-Murnaghan
equation, fitting the relative volume, V/Vo, with the energy, E(V), as described in Eq. 7.2
and shown in Figure 7.11. From this fitting, it is obtained the values of the bulk modulus,
Ko, for C-S-H and C-S-H/PEG systems, which are given in Table 7.5 along with the

experimental values.
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Figure 7.11. Bulk modulus fitting by means of the third order Birch-Murnaghan equation for the

reference C-S-H (black squares) and C-S-H/APTES (red triangles) samples.
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Table 7.5. Bulk modulus of C-S-H samples obtained from HP-XRD and MD simulation using the fitted

Birch-Murnaghan equation.

Ko (GPa) Exp. Sim.
C-S-H_Ref 456 +04 459+ 0.5
C-S-H/PEG 52.7+0.5 347+1.2

It can be seen in Table 7.5 that the experimental and simulated values of the bulk modulus
of C-S-H_Ref match perfectly, while there are a big difference in the bulk moduli for C-S-
H/PEG. While the experiments show an improvement in the mechanical properties of the
composite with respect to the reference, the simulations predicts a worsening. Therefore,
the structure of the simulate composite should be different from the experimental one.
These results rule out the intercalation of the polymer in the interlaminar space of C-S-H in
the experimental samples. Based on experimental nanoindentation measurements, it is
suggested that PEG molecules are located between C-S-H particle rather than in the

interlaminar spaces.

7.3.4. Summary and conclusions

In this subsection, it is studied the effect of the incorporation of PEG molecules on the
mechanical properties of C-S-H. For that purpose, the mechanical properties of a
reference C-S-H with Ca/Si ratio 1.3 are compared with the ones of a C-S-H sample with
the same structure and composition, but with PEG molecules intercalated in the
interlaminar space. In turn, the results obtained from the simulated systems have been

compared with the experimental ones.

The comparison between the experimental and simulated systems for the reference C-S-H
are in great agreement, but in the case of the system that incorporates PEG molecules
there are significantly differences. On the one hand, the intercalation of PEG molecules
seems improbable in the experimental systems since the expansion of the basal distance
when PEG is added is quite low (0.16A) to accommodate them. This expansion is much
larger in the simulated samples (0.57A), in line with the values reported by other

authors”-'8.18 Furthermore, according to the MD simulations, the intercalation of PEG into
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C-S-H did not increase the mechanical properties, whereas in the experiments it is
registered an increase of the bulk modulus with respect to the reference C-S-H. Therefore,
even if the molecular dynamics simulations predict that the incorporation of PEG
molecules in the interlaminar space of C-S-H is energetically favorable, it is concluded that
experimentally PEG molecules cannot be located in the interlaminar space. The increase

of the stiffness registered experimentally when PEG is suggested to take place in a higher
length scale.
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Appendix 1. Dye/clay hybrid
materials

1.1. Simulation details of pyronin Y

The atomic charges of the pyronin Y molecules are derived from electrostatic potential
(ESP) by analysis of DFT results using the ChelpG scheme'. The partial charges
employed in the simulation of the pyronin molecules are given in Table App. 1.1, while

the atomic labels are defined in Figure App. 1.1.

H18

Figure App. 1.1. Schematic representation of pyronin Y. The atom labels are related to Table App. 1.1.
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Table App. 1.1. CHELPG charges of the pyronin Y molecule obtained by DFT calculations??.

Atom Charge Atom Charge Atom Charge
C1 -0.30 Cc14 -0.23 H7 0.20
Cc2 -0.16 C15 -0.25 H8 0.09
C3 0.044 C16 -0.14 H9 0.09
C4 0.40 c17 -0.15 H10 0.13
C5 -0.47 N1 0.0063 H11 0.13
C6 0.28 N2 0.10 H12 0.10
c7 -0.24 (o] 0.33 H13 0.10
C8 0.070 H1 0.17 H14 0.18
C9 -0.19 H2 0.15 H15 0.083
c10 -0.23 H3 0.21 H16 0.083
C11 0.29 H4 0.18 H17 0.094
C12 -0.46 H5 0.16 H18 0.094
C13 0.40 Hé 0.16 H19 0.18

The parameters employed to describe the non-bonding and bonding interactions in
the pyronin Y molecules were obtained from CHARMM*, and are given in Table App.
1.2, Table App. 1.3, Table App. 1.4 and Table App. 1.5. The C1 label corresponds to
aromatic carbon atoms, while C2 and C3 are the carbons bonded to N2 and N3, the

aniline and ammonium nitrogen atoms. H1, H2 and H3 are the hydrogens bonded to

C1, C2 and C3 atoms.
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Table App. 1.2. Non-bonding parameters.

speci spec; ¢ (kCal/mol) o (A)
Cc1 C1 0.0700 1.9924
C2 Cc2 0.1100 2.0000
C3 C3 0.0700 1.9700
H1 H1 0.0300 1.3582
H2 H2 0.0240 1.3400
H3 H3 0.0280 1.2800
N1 N1 0.2000 1.8500
N2 N2 0.0352 2.0000
o1 (o) ] 0.1554 3.1655

Table App. 1.3. Bond stretch parameters.

speci spec; | ki (kCal/mol-A?) ro (A)
Cc1 C1 305.0 1.38
Cc1 H1 340.0 1.08
C1 N2 230.0 1.38
C1 N3 470.0 1.28
C1 01 280.0 1.35
C2 H2 311.0 1.1
C2 N2 235.0 1.45
C3 H3 284.0 1.10
C3 N3 300.0 1.45
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Table App. 1.4. Angle bend parameters.

224

speci spec; speck k2 (kCal/mol-6?) 6o (°)
Cc1 Cc1 C1 40.0 120.0
C1 C1 H1 30.0 120.0
Cc1 Cc1 N2 48.0 122.0
Cc1 C1 N3 80.0 118.5
Cc1 Cc1 o1 40.0 120.0
Cc1 N2 Cc2 62.3 120.0
Cc1 N3 C3 67.0 123.6
Cc1 o1 C1 40.0 120.0
C2 N2 C2 53.0 110.9
C3 N3 C3 62.3 120.3
H2 C2 H2 35.5 108.4
H2 C2 N2 35.0 120.0
H3 C3 H3 24.0 109.5
H3 C3 N3 42.0 110.1
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Table App. 1.5. Dihedral angle parameters.

speci spec;j speck Speci Ks (kCal/mol) n 0o (°)
c1 c1 c1 c1 3.100 2 180
c1 c1 c1 H1 4.200 2 180
c1 c1 c1 N2 3.100 2 180
c1 c1 c1 N3 0.820 2 180
c1 c1 c1 o1 3.100 2 180
c1 c1 N2 Cc2 0.500 2 180
c1 C1 N3 C3 7.000 2 180
c1 c1 o1 C1 1.200 2 180
H1 c1 C1 H1 2.400 2 180
H1 c1 c1 N2 2.400 2 180
H1 c1 c1 N3 1.000 2 180
H1 c1 c1 01 2.400 2 180
H2 C2 N2 c1 0.000 3 180
H2 C2 N2 Cc2 0.420 3 0
H3 C3 N3 c1 0.150 3 180
H3 C3 N3 C3 0.000 6 180
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1.2. Simulation details of LDS-722

The atomic charges of the pyronin Y molecules are derived from electrostatic potential
(ESP) by analysis of DFT results using the ChelpG scheme'. The partial charges
employed in the simulation of the pyronin molecules are given in Table App. 1.6, while

the atomic labels are defined in Figure App. 1.2.

H18

Figure App. 1.2. Schematic representation of LDS-722. The atom labels are related to Table App. 1.6.
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Table App. 1.6. CHELPG charges of the LDS-722 molecule obtained by DFT calculations?®.

Atom Charge Atom Charge Atom Charge
C1 -0.11 Cc16 -0.21 H10 0.13
C2 0.34 c17 -0.35 H11 0.13
C3 0.64 c18 -0.28 H12 0.13
Cc4 -0.48 Cc19 -0.28 H13 0.16
C5 -0.29 N1 0.22 H14 0.17
C6 -0.45 N2 -0.032 H15 0.16
c7 -0.43 HA1 0.16 H16 0.16
cs8 0.039 H2 0.15 H17 0.17
C9 0.0043 H3 0.15 H18 0.17
c10 0.99 H4 0.16 H19 0.16
Cc11 -0.78 H5 0.13 H20 0.17
C12 -0.31 H6 0.13 H21 0.16
Cc13 -0.36 H7 0.13 H22 0.16
C14 -0.12 H8 0.13 H23 0.17
C15 -0.23 H9 0.13

The parameters employed to describe the non-bonding and bonding interactions in
the pyronin Y molecules were obtained from CHARMM*, and are given in Table App.
1.7, Table App. 1.8, Table App. 1.9 and Table App. 1.10. The C1 label corresponds to
aliphatic sp? carbon atoms, C2, C3 and CN are aliphatic sp® carbons for CH2, CH3
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and CH3 bonded to nitrogen, while C6 are aromatic carbons that forms 6-members
rings. H1, H2, H3, HN and H6 are the hydrogen atoms bonded to C1, C2, C3, CN

and C6 respectively. N1 and N2 are the pyridinium and aniline nitrogens.

Table App. 1.7. Non-bonding parameters.

Speci spec; € (kCal/mol) o (A)
Cc1 Cc1 0.0680 1.8620
Cc2 C2 0.0560 1.7907
C3 C3 0.0780 1.8263
Cé6 C6 0.0700 1.7750
CN CN 0.7000 1.7551
H1 H1 0.0310 1.1136
H2 H2 0.0350 1.1938
H3 H3 0.0240 1.1938
H6 H6 0.0300 1.2100
HN HN 0.0280 1.1404
N1 N1 0.6000 1.6838
N2 N2 0.0350 1.7818
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Table App. 1.8. Bond stretch parameters.

speci spec; | ki (kCal/mol-A?) ro (A)
Cc1 C1 440.0 1.340
Cc1 C6 365.0 1.450
Cc1 H1 360.5 1.100
C2 C3 222.5 1.528
C2 H2 309.0 1.111
C2 N1 400.0 1.456
C3 H3 322.0 1.111
(o} C6 305.0 1.375
(o} H6 340.0 1.080
C6 N1 450.0 1.305
C6 N2 400.0 1.390
CN HN 311.0 1.111
CN N2 235.0 1.454
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Table App. 1.9. Angle bend parameters.

230

speci spec; speck k2 (kCal/mol-6?) 6o (°)
Cc1 Cc1 C1 42.0 122.0
C1 C1 C6 29.0 122.0
Cc1 Cc1 H1 42.0 119.0
C1 C6 C6 36.0 120.0
C2 C3 H3 34.6 110.1
Cc2 N1 C6 70.0 120.5
C3 C2 H2 34.6 110.1
C3 C2 N1 43.7 112.2
C6 Cc1 H1 32.0 120.0
C6 C6 C6 40.0 120.0
C6 C6 H6 30.0 120.0
C6 C6 N1 20.0 124.0
C6 Cé6 N2 60.0 121.0
C6 N1 C6 20.0 112.0
C6 N2 CN 65.0 114.0
CN N2 CN 53.0 110.9
H2 C2 H2 35.5 109.0
H2 C2 N1 33.4 110.0
H3 C3 H3 35.5 108.4
H6 C6 N1 30.0 116.0
HN CN HN 24.0 109.5
HN CN N2 40.0 109.5
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Table App. 1.10. Dihedral angle parameters.

speci spec;j speck Speci Ks (kCal/mol) n 0o (°)
c1 c1 c1 c1 1.000 3 0
c1 c1 c1 C6 1.000 3 0
c1 c1 c1 H1 1.000 2 180
c1 c1 (o]} C6 0.750 2 180
c1 C6 Cé C6 3.100 2 180
c1 C6 Cé H6 2.400 2 180
c3 c2 N1 C6 0.750 2 0
(o1 c1 c1 H1 3.500 2 180
C6 C6 Ccé C6 3.100 2 180
C6 C6 Ccé Hé 4.200 2 180
C6 C6 (o]} N1 1.200 2 180
C6 C6 (o] N2 5.000 2 180
C6 C6 N1 C2 1.200 2 180
C6 C6 N1 C6 1.200 2 180
(o1 (o1 N2 CN 1.350 2 180
H1 c1 C1 H1 5.200 2 180
H1 c1 Ccé C6 0.600 2 180
H2 C2 Cc3 H3 0.160 3 0
H2 C2 N1 C6 0.000 3 0
H6 C6 (o]} Hé 2.400 2 180
H6 C6 Cé N1 2.800 2 180
H6 C6 Cé N2 2.400 2 180
Hé (o1 N1 Cc2 5.800 2 180
Hé (o1 N1 C6 5.800 2 180
HN CN N2 C6 0.315 3 0
HN CN N2 CN 0.315 3 0
N1 C2 c3 H3 0.160 3 0
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Appendix 2. C-S-H and C-A-S-H

2.1. Topological analysis

As a consequence of the chemical and structural relaxation done with the reactive force
field ReaxFF' the local environment of the atoms changes. To transfer the systems to a
non-reactive environment, it is necessary to carry out a topological analysis. On the one
hand, in the C-(A-)S-H structure there are 1 type of silicon (Si), 1 type of aluminum (Al), 2
types of calcium (Ca1 and Ca2), 4 types of oxygen (O1, O2, O3 and O4) and 1 type of
hydrogen (H1) for the C-(A)-S-H models, as represented in Figure App. 2.1. Ca1 and Ca2
correspond to the intralaminar and interlaminar Ca ions. O1 and H1 are the oxygen and
hydrogen atoms of silanol groups, O2 corresponds to the bridging oxygen atoms of silicate
chains, while O3 and O4 are terminal oxygen atoms from the inner and outer faces of the
silicate chains. On the other hand, in the interlaminar space of C-(A-)S-H it can be found:
05 and H5 are the oxygen and hydrogen atoms of hydroxyl groups, whereas O6 and H6

are the oxygen and hydroxyl atoms of water molecules.

HS 05 H6 0g  Cs/Na
Ca2, " 7 :

A N o ?<> o v

A

')')')°)‘)') A
02 04 ch H1 g4 03 Si

Figure App. 2.1. Schematic representation of a C-S-H layer with the label of the different atom types

after the topological analysis.
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2.2. Simulation details of C-S-H and C-A-S-H

The atomic charges C-S-H and C-A-S-H systems are provided by CSHFF' and
ClayFF?2 (for the aluminum), as can be seen in Figure App. 2.1. Water and hydroxyl groups
are defined by flexible simple point charge (SPC) model®. The charges and parameters for
the cations studied in Chapter 6, Cs* and Na®, and its counterions, chlorides® and sulfates®,
are also included. The sulfur and oxygen atoms from the sulfates counterions are labeled
as S, O7 and O8.

Table App. 2.1. Atomic charges for the C-(A-)S-H substrate and the studied cations and counterions

in Chapter 6.

Atom type Charge Atom type Charge
Al +1.575 03 -1.07016
Ca1 +1.430 04 -1.07016
Ca2 +2.000 05 -0.950
Cs +1.000 06 -0.410
Na +1.000 Si +1.720
H1 +0.290 cl -1.000
H5 +0.425 ) +1.482
Hé +0.410 o7 -0.812
o1 -1.000 08 -0.929
02 -1.140

The non-bonding and bonding parameters employed for the simulation of C-(A-)S-H, the
cations and the counterions are given in Table App. 2.2, Table App. 2.3, Table App. 2.4.
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Table App. 2.2. Non-bonding parameters for the C-(A-)S-H substrate and the studied cations and

counterions in Chapter 6.

speci spec; ¢ (kCal/mol) o (A)
Al Al 0.0000018405 3.302
Cal Cal 0.0000050298 5.567
Ca2 Ca2 0.1000 2.872
Cs Cs 0.1000 3.831
Na Na 0.1301 2.350
H1 H1 0.0000 0.000
H5 H5 0.0000 0.000
H6 H6 0.0000 0.000
o1 o1 0.0618 3.448
02 02 0.0618 3.448
o3 03 1.2430 2.735
04 04 1.2430 2.735
05 05 0.1554 3.166
06 06 0.1554 3.166
Si Si 0.0000018405 3.302
(o] Cl 0.1001 4.400
S S 0.4700 0.8709
o7 o7 0.1200 3.448
(0]] 08 0.1000 3.318
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Table App. 2.3. Bond stretch parameters for the C-(A-)S-H substrate and the studied cations and

counterions in Chapter 6.

Speci spec; | ki (kCal/mol-A?) ro (A)
H1 o1 554.135 1.000
H5 05 554.135 1.000
H6 06 554.135 1.000
S o7 540.000 1.448
S 08 250.000 1.575

Table App. 2.4. Angle bend parameters for the C-(A-)S-H substrate and the studied cations and

counterions in Chapter 6..

speci spec;j speck k2 (kCal/mol-6?) 0o (°)
Hé 06 H6 45.770 109.47
o8 S 08 130.00 109.47
o8 S 09 85.00 98.00
09 S 09 85.00 98.00
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Appendix 3. Organic additives:
APTES and PEG

3.1. Simulation details of APTES

The atomic charges of the APTES molecules derived by electrostatic potential (ESP)
analysis of DFT results, using the ChelpG scheme'. The partial charges employed in the
simulation of the APTES molecules are given in Table App. 3.1, while the atomic labels

are defined in Figure App. 3.1.

H2 H3

C1

H1©

H9

Figure App. 3.1. Schematic representation of APTES. The atom labels are related to Table App. 3.1.
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Table App. 3.1. Atomic charges of the APTES molecules obtained by DFT calculations?®.

Atom type Charge
Si +1.26447
(o) -0.570970
N -1.029455
C1 +0.244961
c2 +0.278108
c3 +0.244961
C4 +0.273591
C5 +0.294628
H1 +0.043904
H2 +0.039292
H3 +0.037799
H4 +0.004303
H5 +0.007620
H6 +0.020909
H7 +0.020104
H8 +0.023575
H9 +0.024489

H10 +0.028313
H11 +0.023820
H12 +0.381511
H13 +0.386076

The parameters employed to describe the non-bonding and bonding interactions in
the APTES molecules were obtained from CHARMM*, and are given in Table App. 3.2,
Table App. 3.3, Table App. 3.4 and Table App. 3.5. The silicon, oxygen and nitrogen atoms
of the APTES are named Si2, OC and N. The terms C2, C3 and CN are referred to
the aliphatic sp® carbons for CH2, CHz and CH2 bonded to nitrogen, respectively,
while H2 and H3 correspond to aliphatic hydrogen atoms from CH2 and CH3 groups.
HN are the hydrogen atoms bonded to the nitrogen.
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Table App. 3.2. Non-bonding parameters for the species in APTES.

speci spec; ¢ (kCal/mol) o (A)
C2 C2 0.0560 1.9707
C3 C3 0.0780 1.8263
CN CN 0.0560 1.7907
H2 H2 0.0350 1.1938
H3 H3 0.0240 1.1938
HN HN 0.0400 1.1225

N N 0.0600 1.7729
oC ocC 0.1000 1.4700
Si2 Si2 0.0000018405 3.3020
Table App. 3.3. Bond stretch parameters.

speci spec; | ki (kCal/mol-A?) ro (A)
C2 C2 222.50 1.530
C2 C3 222.50 1.528
C2 CN 263.00 1.474
C2 H2 309.00 1.111
C2 ocC 360.00 1.415
C2 Si2 119.50 1.840
C3 H3 322.00 1.111
CN H2 309.00 1.111
CN N 263.00 1.474
HN N 453.10 1.014
ocC Si2 387.17 1.630
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Table App. 3.4. Angle bend parameters.
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speci spec; speck k2 (kCal/mol-6?) 6o (°)
C2 C2 CN 26.50 110.1
C2 C2 H2 26.50 110.1
C2 C2 Si2 45.00 109.45
C2 C3 H3 34.60 110.1
Cc2 CN H2 26.50 110.1
Cc2 CN N 43.70 110.0
C2 oC Si2 95.00 109.7
C2 Si2 ocC 4550 109.47
C3 C2 H2 34.60 110.1
C3 Cc2 ocC 45.00 111.5
CN Cc2 H2 26.50 110.1
CN N HN 41.00 1121
H2 C2 H2 35.50 109.0
H2 C2 ocC 45.90 108.9
H2 C2 Si2 26.50 110.1
H2 CN H2 35.50 109.0
H2 CN N 32.40 109.5
H3 C3 H3 35.50 108.4
HN N HN 42.00 105.85
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Table App. 3.5. Dihedral angle parameters.

speci spec;j speck Speci Ks (kCal/mol) n 0o (°)
C2 C2 CN H2 0.195 3 0
C2 C2 CN N 0.200 3 0
C2 C2 Si2 ocC 0.800 3 180
Cc2 CN N HN 0.000 1 0
c2 ocC Si2 c2 0.490 3 0
c3 c2 ocC Si2 0.001 3 0
CN Cc2 C2 H2 0.195 3 0
CN Cc2 C2 Si2 0.195 3 0
H2 Cc2 C2 H2 0.220 3 0
H2 C2 c2 Si2 0.195 2 180
H2 C2 c3 H3 0.160 3 0
H2 C2 CN H2 0.220 3 0
H2 C2 CN N 0.195 3 0
H2 C2 ocC Si2 0.284 3 0
H2 C2 Si2 ocC 0.190 3 180
H2 CN N HN 0.000 1 0

3.2. Simulation details of PEG

The atomic charges of the PEG molecules derived by electrostatic potential (ESP) analysis
of DFT results, using the ChelpG scheme'. The partial charges employed in the
simulation of the PEG molecules are given in Table App. 3.6, while the atomic labels

are defined in Figure App. 3.2.
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Figure App. 3.2. Schematic representation of APTES. The atom labels are related to Table App. 3.6.

Table App. 3.6. Atomic charges of the PEG molecules obtained by DFT calculations?®.

Atom type Charge
Cp +0.100000
Hp +0.071348
Op -0.500000

The parameters employed to describe the non-bonding and bonding interactions in
the PEG molecules are given in Table App. 3.7, Table App. 3.8, Table App. 3.9 and Table App.
3.10. These parameters were obtained from CHARMM?*.

Table App. 3.7. Non-bonding parameters for the species in APTES.

speci spec;j & (kCal/mol) o (A)
Cp Cp 0.056 1.7907
Hp Hp 0.035 1.1938
Op Op 0.100 1.4700
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Table App. 3.8. Bond stretch parameters.

speci spec; | ki (kCal/mol-A?) ro (A)
309.00 1.110
222.50 1.530
360.00 1.474
Table App. 3.9. Angle bend parameters.
speci spec; speck k2 (kCal/mol-82) 0o (°)
Cp Cp Hp 26.50 110.5
Op Cp Hp 45.90 108.9
Hp Cp Hp 35.50 109.0
Cp Op Cp 95.00 109.7
Cp Cp Op 45.00 111.5
Table App. 3.10. Dihedral angle parameters.
speci spec;j speck Speci Ks (kCal/mol) n 0o (°)
Hp Cp Cp Op 0.190 3 0
Hp Cp Op Cp 0.284 3 0
Hp Cp Cp Hp 0.220 3 0
Op Cp Cp Op 0.250 1 0
Cp Cp Op Cp 0.570 1 0
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