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Abstract

Concrete is the most used man-made material, while cement is the most manufactured product
on earth by mass. Due to this colossal amount of cement being produced it accounts for 7-8%
of anthropogenic CO2 emission. The most viable way to reduce the CO2 impact is to substitute
part of cement with supplementary cementitious materials, which results in degradation of
early age properties. Concrete is a composite material, which results from mixing water, cement
and mineral aggregates. The main hydraulic phases of Portland cement are tricalcium silicate
and dicalcium silicate, followed by aluminium- and iron-containing clinker phases, and calcium
sulfate. The impure tricalcium silicate phase (alite) makes up 50% to 80% of Portland cement,
and its hydration dominates the setting and strength development, forming the main hydration

phase calcium silicate hydrate (C-S-H).

The C-S-H structure has been studied for decades. Today the bulk C-S-H structure is
reasonably understood. C-S-H can be described as a highly defective tobermorite 14 A. The
structure is composed of stacked calcium-silicate layers which are separated by water and ion
holding interlayers. The calcium-silicate layer is a calcium oxide sheet sandwiched between
silicate chains. A silicate chain is composed of units which are assembled by interlinked silicates.
These units follow the 3n-1 Dreierketten rule, meaning the lowest chain unit is a silicate dimer,
the next longest is a pentamer which is composed of two dimers and a bridging silicate which
links the dimers. In applied cement systems the silicate chains are mainly composed of dimers,

which are linked by Ca?". The interlayer is filled with water, Ca?>t and OH- ions.

This thesis addresses the yet unresolved C-S-H structural features. These features are the
random assembly of different defects and how they give rise to the nanocrystalline nature of
C-S-H, the incorporation sites of zinc in C-S-H and the structure of the C-S-H nanofoil,

including its basal (001) surface.

A newly developed force field is presented, which is tailored for carrying out molecular
dynamics studies of cementitious systems. The force field was validated on tobermorite 14 A
due to its resemblance to C-S-H. The force field predicts a wide variety of properties

(structural, energetical, mechanical and vibrational density of states) with good accuracy.



A new Python program for C-S-H structure generation was developed. The program allows for
manual generation of structures as well as automated generation. Approximately 200 C-S-H
bulk structures with Ca/Si = 1.5 and 1.7 were generated simulated and analyzed. The
generated structures were in excellent agreement with experimentally measured C-S-H
properties (Ca/Si, mean chain length, Si-OH/Si, Ca-OH/Ca and 2H/Si). The very close
similarities of local structural features and defect energies across these 200 structures clarify
the nanocrystalline nature of C-S-H, i.e., there are many different arrangements of defects but
the local atomistic structures are very similar and have very similar energies (within 0.02 eV

at room temperature)

Due to the potential of minor elements as means of controlling the reactivity of cement, the
incorporation of zinc in C-S-H was investigated. By combining ?’Si NMR, molecular dynamics
and density functional theory modeling the incorporation of two sites for zinc were elucidated.
The first site corresponds to the newly observed chemical shift at -72 ppm and is attributed to
zincate substitution of silicate in the dimer pair. The second incorporation site is zincate
substituting the Q' silicates which interlinks different dimers (bridging site). The Q(20%»)
silicate which shares one oxygen with the zincate and one with another silicate in the dimer

has a chemical shift of -79 ppm which overlaps with the Q' shift.

Finally, the culmination of 10 years of atomistic modeling and experimental progress is reflected
in the first ever atomic-level description of the C-S-H nanofoil. A systematic procedure to
generate atomistic model C-S-H nanofoils, which precisely match experimentally measured C-
S-H properties is shown. Contrary to current beliefs, it is shown that the C-S-H surface is
mostly calcium terminated, whereby the surface silanol density decreases with an increase in
the Ca/Si ratio, which is an experimentally known characteristic for early age hydration.
Further a calcium and hydroxide co-adsorption mechanism is proposed, which is in agreement
with the surface charge densities observed in previous experimental and modelling studies.
These findings will be of great benefit to the cement community. They will allow for the
construction of atomistic modelling studies which are in close resemblance to the
experimentally observed systems. With this it will be possible to conduct studies which have

an applicability to real world cementitious systems.

Keywords: calcium silicate hydrate, C-S-H, cement chemistry, atomistic modeling



Zusammenfassung

Beton ist das am héufigsten verwendete menschengemachte Material und Zement ist
gleichzeitig das, an der Masse gemessen, am meisten Hergestellte Produkt auf der Erde.
Aufgrund der enormen Menge an produziertem Zement, entfallen schitzungsweise 7-8 % der
anthropogenen CO2-Emissionen auf dessen Herstellung. Die praktikabelste Moglichkeit zur
Verringerung der anfallenden COos-Emissionen besteht darin, einen Teil des Zements durch
zusétzliche zementartige Materialien zu ersetzen, was aber zu einer Verschlechterung der
Eigenschaften im friihen Alter fiihrt. Beton ist ein Verbundwerkstoff, der durch das Mischen
von Wasser, Zement und mineralischen Schotter entsteht. Die wichtigsten hydraulischen
Phasen von Portlandzement sind Tricalciumsilikat und Dicalciumsilikat, gefolgt von
aluminium- und eisenhaltigen  Klinkerphasen und Calciumsulfat. Die unreine
Tricalciumsilicatphase (Alit) macht 50 bis 80 % des Portlandzements aus, und ihre Hydratation
dominiert das Abbinden und die Festigkeitsentwicklung, wobei sie die Haupthydratationsphase

Calciumsilicathydrat (C-S-H) bildet.

Die C-S-H Struktur wird bereits seit Jahrzehnten untersucht und die Bulkstruktur ist
heutzutage verhéltnisméfig gut charakterisiert. C-S-H kann als ein stark defekter Tobermorit
14 A beschrieben werden. Die C-S-H Struktur besteht aus gestapelten Calcium-Silikat
Schichten, welche durch Zwischenschichten getrennt werden. Die Zwischenschichten bestehen
aus Wasser und Ionen. Die Calcium-Silikat Schicht ist aufgebaut aus einer Calcium-Oxid
Schicht, welche in Silikatketten eingebettet ist. Eine Silikatkette ist aus verkniipften Silikat-
Einheiten zusammengesetzt. Der Aufbau dieser Silikat-Einheiten folgt der 3n-1-Dreierketten-
Regel, d. h. die kleinste Ketteneinheit ist ein Silikatdimer, die nichstléngste ist ein Pentamer,
das aus zwei Dimeren und einem Briickensilikat besteht, das die Dimere verbindet. In reellen
Zementsystemen bestehen die Silikatketten hauptsichlich aus Dimeren, die durch Ca?'

verbunden sind. Die Zwischenschicht ist mit Wasser, Ca?! und OH- Ionen besetzt.

Diese Arbeit befasst sich mit den bislang ungeldsten Strukturmerkmalen von C-S-H.
Es werden dabei die zufillige Anordnung verschiedener Defekte untersucht und wie sie die
Nanokristallinitdt von C-S-H verursachen. Dariiber hinaus sind die Einbaustellen von Zink in
C-S-H und die Struktur von C-S-H-Nanofoils, einschlieflich ihrer Basalt (001)-Oberfliche

untersucht.



Diese Arbeit umfasst die Entwicklung eines neuen Kraftfelds welches speziell fiir
Molekulardynamik Simulationen von zementartigen Systemen zugeschnitten ist. Das Kraftfeld
wurde an Tobermorit 14 A getestet, da es dem C-S-H System #hnelt. Das Kraftfeld sagt eine
Vielzahl von FEigenschaften (strukturelle, energetische, mechanische und Schwingungs-

zustandsdichte) mit guter Genauigkeit voraus.

Ergénzend zu dem Kraftfeld, wird ein Python Programm zur Erzeugung von C-S-H Struktur
Modellen entwickelt. Das Programm ermdoglicht sowohl die manuelle als auch die automatische
Generierung von Struktur-Modellen. Mithilfe des Programms, wurden 200 C-S-H-Bulk-
Strukturen mit Ca/Si = 1,5 und 1, generiert, simuliert und anschliefend analysiert. Die
Eigenschaften der generierten Strukturen stimmten hervorragend mit experimentell
gemessenen C-S-H Eigenschaften (Ca/Si, mittlere Kettenldnge, Si-OH/Si, Ca-OH/Ca und
2H/Si) iiberein. Die sehr grofe Ahnlichkeit der lokalen Strukturmerkmale und Defektenergien
in diesen 200 Strukturen verdeutlicht die nanokristalline Natur von C-S-H. Das heifst, es gibt
viele verschiedene Anordnungen von Defekten, aber die lokalen atomistischen Strukturen sind

sehr &hnlich und haben sehr dhnliche Energien (innerhalb von 0.02 eV bei Raumtemperatur).

Aufgrund des Potenzials von Nebenelementen als Mittel zur Steuerung der Reaktivitdt von
Zement wurde die Aufnahme von Zink in C-S-H untersucht. Durch die Kombination von 2Si-
NMR Spektroskopie, Molekulardynamik und Dichtefunktionaltheorie-Modellierung wurde die
Aufnahme von Zink in zwei Positionen aufgeklért. Die erste Position entspricht einer neu
beobachteten chemischen Verschiebung bei -72 ppm und wird der Zinkat-Substitution von
Silikat im Dimerpaar zugeschrieben. Die zweite Einbaustelle ist die Substitution der Q-
Silikate durch Zinkat, das verschiedene Dimere miteinander verbindet (Briickenstelle). Das
Q(2»Zn)_Sjlikat, das einen Sauerstoff mit dem Zinkat und einen mit einem anderen Silikat im
Dimer teilt, hat eine chemische Verschiebung von -79 ppm, die sich mit der Q'-Verschiebung

iiberlagert.

Das Ergebnis von 10 Jahren atomistischer Modellierung und experimentellem Fortschritt
miindet schlussendlich in der ersten Beschreibung des C-S-H-Nanofilms auf atomarer Ebene.
Es wird ein systematisches Verfahren zur Erzeugung atomistischer Modelle von C-S-H-
Nanofilmen gezeigt, deren simulierte Eigenschaften genau experimentell gemessenen C-S-H-

Eigenschaften entsprechen.



Im Gegensatz zu géngigen Annahmen wird gezeigt, dass die C-S-H-Oberfliche grofstenteils mit
Kalzium terminiert ist, wobei die Oberflichensilanoldichte mit einem Anstieg des Ca/Si-
Verhéltnisses abnimmt, was ein experimentell bekanntes Merkmal fiir die Hydratation im
frithen Alter ist. Ferner wird ein Mechanismus der Koadsorption von Calcium und Hydroxid
vorgeschlagen, der mit den in friitheren experimentellen und Modellierungsstudien beobachteten
Oberflachenladungsdichten tibereinstimmt. Diese Ergebnisse werden fiir die Zementindustrie
von grofem Nutzen sein. Sie ermoglichen die Erstellung atomistischer Modelle, die den
experimentell beobachteten Systemen sehr dhnlich sind. Damit wird es moéglich sein, Studien

durchzufiihren, die auf reale zementhaltige Systeme anwendbar sind.

Stichworter: Calciumsilicathydrat, C-S-H, Zementchemie, atomistisch Modellierung
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1 Introduction

1.1 Cement and Concrete

The oldest evidence of what could be called concrete dates from 10 to 20,000 years ago [1].
An early peak in usage was reached in the Roman Empire. After the fall of the empire around
476 CE the technology was somehow forgotten for a millennium. It was in 1414 CE in a Swiss
library that a Roman manuscript from 30 BCE written by the architect and engineer Vitruvius
was discovered. The manuscript contains information about pozzolan cement [2|, which was
then used to build the pier of the Pont de Notre Dame in Paris in 1499 [3]. It was later in 1824
that Joseph Aspdin obtained the patent for Portland cement, also called ordinary Portland

cement (OPC), which is the most common type of cement in general use on the planet.

Concrete is a composite material, which results from mixing water, cement and mineral
aggregates. One third of the total materials extracted from earth are for cement based
materials, where cement is the most manufactured product on earth by mass (in 2015 the total
production of cement was 4.6 billion tones [4]), while concrete is the second most used material
after water. In more recent years, the cement industry has become highly energy efficient and
adopted the use of alternative fuels and clinker (technical term used for cement that is produced
in high temperature furnaces from a mixture of limestone and clays) substitutions, which has
resulted in a significant CO2 reduction. Nevertheless, due to the colossal amount of cement
being produced, this low impact material per kg, still accounts for 7-8% of anthropogenic CO2

emission, which is the highest industry share of emissions after power production [4].

Most of the CO2 in cement production (» 60%) comes from the breakdown of limestone [4]
(CaCO3 - Ca0 + CO2), which represents 80% of the raw material needed for Portland cement
production. This, so called “chemical” CO2, cannot be reduced with the use of renewable
energies in the production process. To reduce the CO» impact a different material is needed,
which could fully or partially replace Portland cement, although the new material would
potentially have different properties and behavior under given conditions, which could present

a new challenge.

Since large amounts of cement are required, the limitation already occurs in the availability of

raw materials on Earth. Oxygen, silicon, aluminum, iron, sodium, potassium and magnesium
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account for 98% of Earth’s crust. Portland cement is a hydraulic binder, thus dissolves in water
and forms insoluble hydroxides. The incorporated water in those hydroxides increases the solid
volume and fills the space previously occupied by mixing water. The elements calcium, silicon
and aluminum oxides only are suitable for the base of hydraulic cements. The alkali hydroxides
are too soluble, while the iron and magnesium oxides are very poorly soluble in alkaline
solutions. The hydraulic phases tricalcium silicate (C3S) and dicalcium silicate (CaS) are the
basis of Portland cement. The calcium aluminates and calcium sulfo aluminates form the basis
of calcium aluminate (CAC) and calcium sulfo aluminate (CSA) cements. The aluminum-based
cements are not suitable as “Portland cement” replacement, since their production is limited
by the need of raw materials [4], therefore the most realistic way of lowering the CO2 impact
is by replacing part of Portland cement with other materials, so called SCMs, supplementary

cementitious materials.

Today’s average of substituting the Portland cement with SCMs is at 20%, which is done with
slag and fly ash, both byproducts of other industries. The limitation occurs for two reasons,
firstly, there is a limitation in supply, and secondly, the degradation of early age properties due
to slower reactivity in comparison to Portland cement. The first limitation can be overcome
by substituting Portland cement with limestone and calcined clay, which are globally widely
available in almost unlimited amounts [5,6]. The second problem could be resolved with the
use of minor elements and/or additives, which can drastically increase the amount of reaction

in the first day (main hydration peak observed in calorimetric studies) [7,8].

While Portland cement (PC) has been in use for centuries, several aspects of its hydration
when mixed with water are still not known. PC is composed of several phases, which are, in
decreasing amount, alite (impure tricalcium silicate — C3S), belite (impure dicalcium silicate —
C»S), aluminate (tricalcium aluminate - CsA), and ferrite (tetracalcium aluminoferrite —
C4(A,F)). Each phase contains up to 5% impurities. Alite accounts for 50-70% of PC and forms
the main hydration phase calcium silicate hydrate (C-S-H), which has a complex

nanocrystalline structure.

1.1.1 Calcium Silicate Hydrate

A typical hydration curve of PC is shown in Figure 1, where the heat flow from calomietry

corresponds to the reaction intensity. The initial reaction occurs very rapidly between CsS and
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water, after which a period of slow reaction occurs, known as the induction period and lasts

until the acceleration period.
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Figure 1-1. Rate of hydration as a function of time given by isothermal calorimetry measurements [9].

The acceleration period is the first half of the main hydration peak. This period is related to
nucleation and growth mechanisms, whereby the rate controlling step is related to the
nucleation and growth of calcium silicate hydrate (C-S-H) [9]. It was shown that hydration
rate of C3S is proportional to the surface area of C-S-H [10]. C-S-H is the main hydration
product of C3S, forming around 50-60% by volume of hardened cement paste [11], along with
smaller quantities of portlandite (CH):

CsS + HoO - C-S-H + CH

To be able to engineer the reactivity of cement in early stages, a detailed understanding of the
mechanisms in the acceleration period is needed. A limitation of doing so is the poor knowledge
of the underlying atomistic structure of C-S-H. For example, with X-ray diffraction and selected
area diffraction only two weak signals are seen [4], since C-S-H has no long-range 3D order,
and consequently the atomic structure cannot be resolved using standard diffraction methods.
Despite all these limitations some information about the structural features are known. It has
a varying chemical composition inside the sample, where on a distance of 100nm the Ca/Si
ratio varies between 1.2 and 2.1, with an average of 1.75 in early age OPC. C-S-H is composed
of a dreierketten structure with silicate dimers, which can be linked with bridging silicate

tetrahedra, as in the mineral tobermorite. The length of chains follows this dreierketten rule
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of 3n-1 (i.e. dimers, pentamers, octamers etc.) [12]. Over recent decades, nuclear magnetic
resonance (NMR) techniques became remarkably useful for exploring the nanoscale structure
of cementitious materials [11,13-15]. With use of NMR it was discovered that no connectivity
larger than 2 can exist between the different silicate tetrahedra, and that the ratio between
non-bridging tetrahedra Q? and bridging tetrahedra Q2" equals 2:1, which confirms the 3n-1
silicate chain length [16]. Other studies concluded the presence of Ca-OH groups [17], and the
decrease of Si-OH groups with increasing Ca/Si ratio [14]. XRD and Raman spectroscopy
measurements indicate a resemblance of the C-S-H structure to tobermorite [18,19] All this
experimental evidence suggests that C-S-H is composed of defective, nanocrystalline
tobermorite with missing bridging silicate tetrahedra, which leads to a decreased silicate chain
length and deprotonated silanol groups, the charge of which is compensated by additional

calcium ions in the water-interlayer and with additional Ca-OH groups [20].

In previous years many different atomistic models of C-S-H were proposed and were reviewed
by Duque-Redondo et al. [21]. When compared with experimental data none of them is entirely
satisfactory and several unresolved questions remained regarding the properties and behavior
of C-S-H. Kunhi Mohamed et al. [20] has developed the brick model, an atomistic building
block description of C-S-H. The model is based on introducing defects to the tobermorite 14A
structure and can construct a variable C-S-H model with a large number of local arrangements,
which give rise to the overall C-S-H properties observed experimentally. The construction of
the model starts with the unit cell of tobermorite 144, in which defects are introduced. Those
defects can be deprotonated silanol groups, for which the charge is compensated by additional
Ca ions in the interlayer, a missing bridging silicate, where the silanol groups are transferred
to the neighboring silicate groups, the missing bridging silicate can be replaced by a calcium
[11], which is compensated by a hydroxyl group, or by substituting a silicate dimer by two
Ca(OH)2 units, and changing the number of water molecules in the interlayer [19]. With this
method it is possible to target a specific Ca/Si ratio, while maintaining a charge neutral unit
cell, which was often an issue with previous models. Previous models relied on random
generation of defects, while the brick model offers a systematic approach, which allows the
control every type of defect and its location. Once different or the same unit cells of C-S-H are
constructed, it is possible to unite them and mimic the bulk C-S-H structure. The brick model
also allows construction of surfaces, such as the (100) and (001), which is of great interest,
since due to the nanosized nature of C-S-H, surfaces are likely to play an important role.

Molecular modeling studies on the brick model [20] indicate that defective structures with
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deprotonated silanol groups are preferred as first observed in [14], and that protonated silanol

groups for higher Ca/Si ratio structures do not seem to be energetically favorable.

1.1.2 Minor Elements

Research on the impact of minor elements on stabilizing different clinker phases and the
composition of clinker started in the 70s and 80s [22]. Later in the 90s the focus was on the
role of minor elements as potential contaminants [23], concerned over the possible leaching of
elements such as Zn, Cr, and Ni out of hydrated cement and the possible contamination of the
environment. All these investigations were limited by the lack of adequate analytical methods.
It was only in the last two decades that the focus turned to engineering the reactivity of cement
with the use of minor elements [24]. The study of minor elements is a complicated task, since
different concentrations result in different effects, as seen with zinc, where depending on the
concentration, and at which stage of the production process zinc is added, retardation or

acceleration can occur [24,25].

One of the first reports of the impact of zinc in solid solution with alite on hydration was from
Odler and Abdul-Maula [4], where the focus was mainly on the limits of the solid solution
composition and the effect on the C3S crystal structure. Later the focus shifted to incorporation
of zinc into calcium silicate hydrates, as means of storing heavy metals [26,27]. The
incorporation of heavy metals into C-S-H was mostly investigated with techniques such as
XRD and XPS, while those techniques are not best suited, they still gave some important
insights. It was observed that C-S-H can incorporate up to 6 wt.% Zn [26], and that this
incorporation does not appear to influence the Ca and Si content [27|. While it was first
theorized that zinc replaces calcium in C-S-H [23|, it was later concluded that zinc is
incorporated into C-S-H in tetrahedral coordination, and according to measured Ca-Zn
distances indicates that the zinc tetrahedra substitutes the silicon tetrahedra [28], which was
also observed with 2*Si NMR [29]. The ?Si NMR suggests a Zn-O-Si linkage, where a Si
tetrahedra is linked to Si and Zn tetrahedron. Rose et al. [29] also performed Ab initio
simulations on possible zinc sites, where they concluded that zinc is probably in the dimer site
and not in the bridging site. However, the initial C-S-H configuration is of questionable origin,
and the simulation by itself was heavily simplified, for instance, most of the atoms were fixed

in space, therefore without movement.
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As mentioned, it was just recently that the focus shifted to the minor elements as a mean of
controlling the reactivity of cement. Bazzoni et al. [30] studied the effect of magnesium and
zinc ions on the hydration kinetics of C3S, where they observed that zinc has an accelerating
effect from 2 to 10 hours after mixing, where the maximum heat flow is at least twice that of
pure C3S, also the peak is wider. It appears that zinc only plays an important role at the start
of hydration, since after 24 hours the reaction rate for doped and undoped samples was the
same. The visual examination of the samples showed that the samples containing zinc have a

thicker layer of C-S-H around grains and that the length of the C-S-H needles is twice as long.
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Figure 1-2. Impact of Zn and Mg in alite solid solution on hydration kinetics as measured by

isothermal calorimetry [30].

Today’s analytical methods, such as STEM-EDX, NMR, SAXS and other characterization
techniques, in combination with numerical modeling offer a great combination for resolving the
underlying atomic configuration, which would be otherwise unknown, and thus restrict the

advances in material design.

1.1.3 Calcium Silicate Hydrate Surface

In contrast to the bulk of C-S-H the surface is poorly understood and barely explored.
Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) images (figure 3) show a nanofoil morphology of C-S-H [11,30]. It is known that C-S-
H has a high specific surface area, although the exact value is hard to determine, since there

is a high inconsistency between surface area measurements, due to different Ca/Si ratios,
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water/cement ratios, drying procedures, and/or hydration degrees [31,32], with most values
ranging between 200 and 300 m?/g [31,33,34]. Although not exactly defined, the high specific
surface area underlines the importance of the C-S-H surface in the process of cement hydration

[35]. The structure of C-S-H surfaces is as of yet not greatly explored.

a) b)
100 nm
& : 500 nm
STEM: Hydrated C,S TEM: C-S-H nanofoils,

Ca/Si=2.0

Figure 1-3. STEM (a) image of C-S-H formation around a CsS grain (AN) [30] and TEM image of
synthetic phase pure C-S-H [11].

1.2 Methods

The highly defective structure of C-S-H restricts the usage of experimental techniques in the
quest of elucidating the atomic-level structure of C-S-H. In the past decade tremendous
advances in the fundamental understanding of cementitious materials were achieved due to
atomistic modeling [36]. Particularly, the synergy of experimental and modeling techniques
contributed significantly to elucidating the local structural features in C-S-H [11] and C-A-S-
H [15].

The following simulation methods are used in the thesis to investigate C-S-H. The molecular
dynamics part of the work was carried out with the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) [37], while for the density functional theory calculations
Quantum ESPRESSO [38] was used.
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Alder and Wainwright introduced the molecular dynamics (MD) method in the 1950s [39].
With advances in computational power the method gained in popularity to study different
systems, from ideal gases to complex materials such as proteins and cement phases. With MD
one can calculate the time dependent behavior of a molecular system, whereby one evolves the
system of interacting atoms with time by solving Newton’s law of motion, obtaining position
and velocity of each particle in a given time step. The interactions in such a virtual system are

described by the force field.

A force field is a collection of empirical equations which describe the interatomic interactions
between different and same atomic species. An accurate force field is designed to reproduce

molecular geometry and mimic the partial or all properties of a given system [40,41].

While MD considers the atom as the smallest particle in the system, density functional theory
(DFT) includes the role of electrons explicitly. To achieve this the wave nature of the electrons
is considered, which is outside the realm of classical mechanics. The Schrodinger equation in
quantum mechanics is analogous to Newton’s law of motion in classical mechanics, and by
solving the time-independent Schrodinger equation we obtain the ground state electronic
structure [42]. Because of higher computational costs, compared to MD, DFT is only suitable

for smaller systems, with shorter simulation times.

For a short review on molecular modeling of cementitious systems the reader is referred to a
recently published paper titled Molecular modelling of cementitious materials: current progress

and benefits [36].

1.3 Thesis Objective and Structure

The objective of the thesis was to elucidate the atomic structure of C-S-H and the incorporation
of minor elements, particularly zinc, into it. The thesis is divided into 8 chapters, including the
introduction, conclusions, bibliography and appendix, the other chapters deal with force field
development, bulk C-S-H, incorporation of zinc into the bulk C-S-H structure and the atomic-
level structure of the C-S-H nanofoil, including the surface termination of its basal (001)

surface.
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The thesis is written as a series of publications with a brief general introduction and a final
summary chapter. Some of the chapters have been published or submitted and the others are

all close to submission.

In the second chapter an improved force field is presented. The force field is an improved
version of the previously published Erica FF2 [43]. The force field is extended by zinc
interactions with which zinc incorporation into C-S-H (chapter 4) can be studied. Further, the
Lennard-Jones potential form is adopted for the key ionic species Ca?" and OH-, which will
enable the study of surface phenomena at the C-S-H surface. The force field is validated on a

wide range of properties (structural, mechanical, energetical).

The third chapter introduces a new Python code for the automated generation of bulk C-S-H
structures which match experimentally measured properties (Ca/Si, 2H/Si, mean chain length,
Si-OH/Si and Ca-OH/Ca). The code works on the principles of the brick model [20] and it was
used to generate approximately 200 bulk C-S-H structures with Ca/Si of 1.5 and 1.7. The

structures were analyzed on their structural features and defect stabilities.

In the fourth chapter the incorporation of zinc into the C-S-H structure is investigated [44].
By combining ?Si NMR and DFT calculation it was possible to elucidate the exact
incorporation sites of zinc in C-S-H. Altogether four unique incorporation sites are introduced,
from which two appear as a new peak in the 1D NMR spectrum (around —72 ppm), while the
remaining two overlap with the Q' chemical shift (-79 ppm).

The fifth chapter introduces the structure of the C-S-H nanofoil. It is shown how the brick
model [20] can be used to generate representative C-S-H nanofoil structures with the (001)
basal surface that match the experimentally measured properties (Ca/Si, mean chain length,
Si-OH/Si, Ca-OH/Ca). It is shown that the bulk and surface cannot be separated when
investigating C-S-H. The surface termination, and therefore the surface charge, are correlated
with the mean chain length. In order to match the model and experimentally measured
properties a co-adsorption of Ca?*and OH- is proposed with which also an excellent agreement

with previously reported surface charges is achieved.

The thesis ends with a summary chapter with conclusions and future perspectives and a series

of annexes with technical and detailed results sections to supplement each chapter.
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Abstract

A general-purpose formal charge polarizable force field for cementitious systems (weFF) is
presented. The force field includes the following atomic species: Ca, Si, O, H, Al, Zn, OH- and
H>O. The force field is validated by comparison of structural features, elastic constants,
reaction enthalpies and vibrational density of states to experimental and ab initio values for

known crystals. Particular attention is given to the tobermorite 14 A structure, due to its
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similarity to the main hydration phase, calcium silicate hydrate. The results are in excellent

agreement with experimental and ab initio data over the entire range of simulated properties.

2.1 Introduction

The cement and concrete industry is responsible for 7-8% of anthropogenic CO2 emissions [1].
While there are solutions on the horizon, they result in reduced early age strength of concrete
[1,2]. The realization of those solutions is limited by the understanding of atomistic scale
mechanisms of cement hydration, particularly of hydrated and anhydrous phases and their
interactions with the complex high pH solution [3,4]. In the past 10 years considerable effort
has been made in furthering our knowledge of the atomic scale structure of cementitious
materials, particularly due to the use of molecular modelling techniques [5]. A persisting
challenge is the study of the main hydration phase, calcium silicate hydrate (C-S-H). Due to
its nanocrystalline structure the studied C-S-H computational models need to be of nanometer

size [6], which hinders the use of ab initio methods, such as density functional theory.

The framework of classical molecular dynamics (MD) provides a good approximation of the
physical world to explore the bulk [6-9] as well as the surface [3,10] properties of cementitious
materials at the molecular level. However, the accuracy of MD simulations is determined by
the accuracy of the underlying force field (FF), which is a collection of empirical interatomic
potentials that describes the forces between atoms. For a detailed review of interatomic
potentials, we refer the reader to the excellent review of Miiser et al. [11|. In cementitious

systems, several FFs are used, each with its advantages and limitations [12].

No FF is truly versatile, transferable and without limitations. For example, the popular general
FFs ClayFF [13] and CSH-FF [14] do not predict the structure of C-S-H accurately (see Results
section). Further, due to the lack of bond and angle parameters in silica parametrization the
required partial charges are higher, which can lead to unphysically strong electrostatic
interaction, consequently overpredicting adsorption phenomena on surfaces [15]. Due to the
lack of accuracy in structural prediction the common practice is to use rigid surfaces or frozen
bulk structures when investigating interfacial phenomena [16-19] This limits the mobility
induced by the vibration of surface atoms, which again influences adsorption phenomena as
well as slip along a surface [20,21]. On the other hand, the non-general FFs such as the Interface

Force Field (IFF) [22] are precisely fitted to a small set of structures, therefore limited in
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transferability. The shared disadvantage of all those FFs is the lack of polarization, which is

discussed in section 2.1 below.

Valavi et al. [23] published the Erica FF2, a formally charged polarizable FF, which is
developed from the CementFF family, with which portlandite and C-S-H structures were
successfully investigated. [6,9,12,24,25]. Erica FF2 predicts the bulk properties of cementitious
materials with high accuracy. The main advantage of this force field is the inclusion of the
polarization of silicate oxygens, due to which the correct structural properties of the calcium
silicate hydrates are achieved. The FF uses mainly the Buckingham interatomic potential,
which is appreciated as a more stable function in comparison to the Lennard-Jones potential,
due to the exponential-6 term [26]. The disadvantages of the Erica FF2 are the small time-
step required due to the adiabatic core-shell (ACS) model for polarization [27], the use of the
flexible SPC/Fw water model [28,29] and the Buckingham interatomic potential. Most
empirical FFs are of Lennard-Jones format, which allows for the use of mixing rules, therefore
allowing good transferability. Since there are no mixing rules between Buckingham and

Lennard-Jones potentials, the transferability of Erica FF2 is thus limited.

In this paper we present further development and refinement of Erica FF2 [23], named weFF,
to address the previously mentioned shortcomings. We present a systematic procedure to
include metals based on potential parameters from Lewis and Catlow [30]. The procedure is
demonstrated with the development of zinc interatomic potentials, which are validated on
known structures and successfully predict the local atomic environment of zinc incorporated
into the C-S-H structure |7]. The adiabatic core-shell model [27] for polarization is refined and
results in energetically more stable structures over longer simulation times. In the spirit of
transferability, the key interacting ionic species of C-S-H (Ca?' and OH") are fitted to the
Lennard-Jones potential form, which will enable the use of mixing rules when studying
interphase phenomena at the solid-liquid C-S-H interface [Casar2023|. Finally, the TIP4P /2005
water model [31] is adopted as in the original CementFF [9], due to its superior ability to

predict bulk solution properties as well as interactions at the surfaces [28,32].

2.2 weFF Parametrization

The predecessors of weFF (the CementFF family) were developed by carefully combining
parameters from existing FFs. The calcium hydroxide parametrization was adopted from

Freeman et al. [33] while the silica parametrization was previously used by Tilocca et al. [34]
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and de Leeuw et al. [35]. Both FFs use the Buckingham potential form (E;; = A;je™"/Pij —
Cij/r®) to describe the short-range van der Waals (vdW) interactions between negative-
negative and negative-positive ionic species. In addition to the Buckingham potential form
Freeman et al. uses the Lennard-Jones 9-6 potential form (E;; = 4¢;; [(al-j/r)g — (aijs/r)6]) for

the oxygen-hydrogen interactions.

The resulting CementFF FFs combined the above mentioned interatomic potentials and were

extended by the addition of different water models [9,23,24], which are parametrized with the
Lennard-Jones 12-6 (LJ) potential form (E;; = 4¢;; [(ai]-/r)lz - (aijs/r)S]), and aluminium
interactions of Buckingham potential form. In weFF the latest set of interatomic potentials of

the CementFF family was adopted, further developed and validated as described in following.

The atomic species included in weFF are listed in table 1.

Table 2-1. List of atomic species in weFF. More details on sources of species parametrization are listed

in SI section 1.

Atomic species Charge Description

Ca +2.0 Calcium

Si +4.0 Silicon

O +0.84819 Core oxygen

O(S) -2.84819 Shell oxygen

Ow -1.1128 Water oxygen

Hw +0.5564 Water hydrogen
On -1.4 Hydroxide oxygen
H +0.4 Hydroxide hydrogen
Al +3.0 Aluminium

Zn +2.0 Zinc

2.2.1 Polarizability

Polarizability is the tendency of matter to acquire an electric dipole moment [36]. The induced
dipole moments arise due to the electric fields emanating from nearby atom clusters. All atoms

and molecules are polarizable. When subjected to an electric field the electron cloud of an
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atom or molecule is distorted as response. The negatively charged electrons and positively
charged atomic nuclei are subjected to opposite forces and undergo charge separation.

Polarizability is responsible for a material’s dielectric properties.

Typically, the effects of electronic polarizability and screening of electrostatic interactions are
implicitly incorporated in the effective charges and other empirical parameters of the FF [37].
Non-polarizable FFs are drastically simplified, but still very successful in modeling many
complex molecular systems. However, the incorporation of polarizability is particularly crucial
for structures in which highly polarizable atoms or ions, most notably anions, are located in
sites that deviate strongly from inversion symmetry. This particularly concerns oxygen in
water, as well as in low-temperature tetrahedral network formers like silica [11]. As explained
by Miiser et al. [11], polarizability is necessary to accurately reproduce bond-angle distributions
and the infrared absorption spectra of silica, as well as capturing the o-3 transition in quartz.
Further, polarizability is essential in obtaining accurate energetics in the vicinity of highly
polar moieties, small ions, and anisotropic nonpolar environments. Including polarization in
the studied systems can also accommodate the local disruption of hydrogen bond networks by
anions, such as chloride, as well as to more accurately reproduce the induced dipole moment
of the cation-molecule dimers and describe interfacial systems with better accuracy [38]. Lack
of polarizability can result in unreliable results for defects [27], therefore it is crucial to include
it when investigating C-S-H, which is a highly defective variation of the tobermorite crystal

family:.

2.2.1.1 Adiabatic Core-Shell Model

Mitchell and Finchman [27] developed the adiabatic core-shell (ACS) model, a simple method
for adding polarizability to a system. The model falls under classical Drude oscillator models,
where a pair of point charges represents dipoles of finite length [38]. Contrary to the Drude
model, where the electronic induction is represented by the displacement of a charge-carrying
massless particle attached to a polarizable atom [39], in ACS the mass of the atom is divided
between the core and the shell, which are connected by a harmonic spring (bond). It is expected
that the shells respond quickly to the changing electric field experienced by the ions and are
allowed to freely oscillate around the core. This way the shells are polarized by the field of the
surrounding ions and the local environment of each ion affects its charge distribution [34]. Due
to the small shell mass (approximately 1% of oxygen mass in Erica FF2 [23]|) no energy

exchange between core-shell spring and other degrees of freedom should occur as the frequency
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of the spring is well above the ionic frequencies [34]. However, a drift in the total energy can
occur, if the system is not controlled properly [27,34]. The core and the shell each carry their
own charge and the sum of charges equals the formal atomic charge [30] (in Erica FF2 the core
has a charge of +0.84819 e, while the shell has -2.84819 e). Short range forces only act on

shells. There are no Coulombic interactions between cores and shells.

The parametrization of silicates in weFF and the CementFF family [9,23] was adopted from
Tilocca et al. [34] and de Leeuw et al. [35], who used the ACS model to add polarizability to
the silicate oxygens for studying pure silica, sodium silicate, and soda-lime silicate glasses. The
potentials were validated on experimental and ab initio structural data, such as density, radial
and angular atomic distributions, coordination environments, and network connectivity. Their
results show that inclusion of polarization effects improves the description of the tetrahedral
connectivity and of the local environment surrounding modified Na and Ca cations. With this
they obtained an improved Q®* distribution of the sodium silicate glass. Valavi et al. [23]
observed that inclusion of polarizable silicate oxygens drastically improves the local
environment surrounding Ca cations in the tobermorite 14 A structure. The pairwise
interactions were described by Buckingham potentials. Short-range forces between Si and other
cations are excluded, since Si ions are shielded by oxygen atoms surrounding them. In addition
to the two-body terms, the three-body forces and harmonic angle terms were included to
control the O-Si-O angle. Due to the three-body term, partial covalence effects are

approximately accounted for.

2.2.2 Water Model

For water, the predecessor of Erica FF2, namely CementFF3 [9], uses the rigid, 4-point
TIP4P /2005 water model [31]. In Erica FF2 the water model was changed to SPC/Fw, which
is a flexible 3-point model [29]. The first reason for the change in the water model was due to
its good agreement of experimental data on dielectric constant, the relaxation times and
thermal properties, as well as good results for transport properties [29,40,41|. The second

reason being the much easier implementation of this model in LAMMPS [42,43].

The TIP4P /2005 water model is a rigid 4-point model which consists of three fixed point
charges and one Lennard-Jones center [31]. The model was parametrized to fit the temperature
of maximum density, the stability of several ice polymorphs and other commonly used target

quantities. The model gives an impressive performance for a variety of properties and
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thermodynamic conditions, positioning itself as one of the best water models [28,31,32,44,45].
Due to its excellent performance, it became widely popular for the development of FFs
describing ions in aqueous solutions [32,46,47|. Further, Dopke et al. [32] compared the
transferability of ion parameters from various water models to the TIP4P /2005 model. They
showed that many parameters are easily transferable (most notably from the TIP4P/Ew
model), which further confirms the wide usefulness of the TIP4P /2005 water model in
molecular dynamics simulations. Since cementitious systems have ubiquitous solid-liquid
interfaces, where the aqueous solution is composed of a wide variety of ionic species, we decided

to re-adopt the TIP4P /2005 water model in weFF.

2.2.3 Lennard-Jones 12-6 Parametrization

The Buckingham potential form is considered more stable than the LJ potential form [26].
However, the LJ 12-6 potential form is the most widely used pair-potential [48]. One of the
main reasons for this is that the individual atomic LJ parameters can be directly used without
the need to derive the cross-interaction terms, which are obtained from suitable mixing rules
are easily obtained from one of the mixing rules . This enables a wide range of well

parametrized interatomic potentials which can be easily adapted and used.

In weFF, Ca?" and OH- ions were fitted to the LJ 12-6 potential form, as described below.
These two ionic species are key ionic species in C-S-H and cementitious systems and are
expected to play a significant role at the interface between the solid phase and the complex
solution(see chapter 5). Further, the LJ 12-6 potential form for AI** was adopted from the
literature [32,49] and is used to model the Al-On and Al-Ow interactions. With this, an
improved description of the local environment of aluminates was achieved. The Zn*' LJ

potential was adopted from literature [50] and is used to model the Zn-Ow interaction.

The Zn-On and all interactions with the silicate oxygens O(S) were kept in Buckingham
potential form. The Zn-On Buckingham potential form predicted the structural features of
known crystals with better accuracy than the LJ 12-6 potential form which can be obtained
by the mixing rule for Zn?>" and Og'*. The silicate oxygen interactions were kept in the
Buckingham potential form since they would require a completely new reparameterization of

the ACS model, pairwise interactions and harmonic angle terms.
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2.3 Methods

Force field development can be classified into two categories: top-down and bottom-up [11]. In
the bottom-up approach any electronic structure calculation is used to provide analytical
results and/or small-scale data, such as forces on individual atoms as a function of the atomic
configuration. Interatomic potentials are developed with the goal to replicate this information.
In the top-down approach no atomic-scale information is provided. The properties to which
the interatomic potentials are fitted are collective, macroscopic properties, such as unit cell
parameters and pair distribution functions of known crystal structures, elastic properties,

surface energies or phase transitions.

Both approaches are complementary to each other. By using both simultaneously, it is possible
to minimize the risk of overfitting [11]. Thus, we employed both approaches. For top-down
validation we compare the weFF predictions to structural parameters and elastic properties of
known crystals. To validate weFF from the bottom-up approach we compare the calculated
vibrational density of states (v-DOS) to the ab initio calculated one. All weFF parameters are

listed in SI section 1.
2.3.1 Fitting of Parameters

2.3.1.1 Lennard-Jones 12-6 Potentials

In order to fit a LJ 12-6 potential function to the Buckingham one, a starting point had to be
selected. Firstly, the mixing rule must be selected, for which we chose the Lorentz-Berthelot
rule (&; = m and g;; = (0; 4+ 07)/2) [51,52]. This rule is widely used in the literature and
as long as the o parameters are similar, the choice of the mixing rule has minimum effect on
the result [53]. Afterwards the Ca?' LJ parameter was selected. We chose the parametrization
(ecq and oa¢g) from Mamatkulov et al. [54], since it predicts the experimental hydration free
energy, coordination number, ion-oxygen distance and self-diffusion coefficient of Ca?" in water
with good accuracy [32]. At this stage we used the SciPy Python library [55], to fit the LJ
potential function (adjustable parameters: €cq_gn and g¢q_gp) to the Buckingham potential
form (Aca—ons Pca—on and Ceqa_on) from Freeman et al. [33]. The fitting resulted in gy, and

Oon, Which were further refined in order to correctly predict the portlandite crystal structure.
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With the obtained &y, and gy, the Al-On and Ow-On were calculated using the Lorentz-

Berthelot mixing rule (see SI section 1).

2.3.1.2 Potentials for Metals

Lewis and Catlow [30] published a systematic approach for the derivation of empirical potential
parameters for binary oxides. For fitting of the potential parameters, they used the top-down
approach, where they fit the experimental data to replicate the structural, elastic, dielectric
and lattice dynamical crystal properties. In their parametrization, they used the ACS model
to add polarizability. While they used it for cations and anions, the cation polarizability is less
strongly influenced by the crystal environment. The cation-cation interactions are purely
Coulombic since cations are shielded by anions in oxides. The cation-anion interactions are

described with the Buckingham potential form.

While the Zn-O(S) Buckingham interaction was adopted from Lewis and Catlow [30], the Zn-
Ow Lennard-Jones 12-6 interaction was calculated by the mixing rule, the Zn-Oy Buckingham
interaction had to be developed separately. To derive the Zn-On Buckingham interaction, we
kept the p parameter fixed to the value found for in the Zn-O(S) interaction of Lewis and
Catlow [30]. The starting A parameter was chosen as A = Azn_q(s) * don/qo, Where q; is the
charge of the respected oxygen species (qpis the combined charge of the core-shell pair, -2 e).
In an iterative process the interatomic potential was used in structure prediction of a reference
crystal structure. In each iteration the A parameter was adjusted until the radial distribution
function of Zn-On agreed with the experimental data. Additionally, a harmonic angle term was
considered for the Oj-Zn-O; (where i and j can be O(S) or Om, respectively) connectivity in the
zincate tetrahedra. This harmonic angle improved the structural prediction and prevented
spontaneous 5-fold coordination of zinc. The parameters for the harmonic angle description

were also found by a trial and error iteration.

2.3.2 Molecular Dynamics

All simulations were carried out with LAMMPS [42]. If not otherwise stated in the text the
simulation duration was at least 10 ns, whereby the reported results are the average of the last
3 ns, when an equilibrium was reached. The system was considered in equilibrium if the energies
and unit cell parameters fluctuated around constant values for 3 ns. All calculations were

carried out at constant pressure and temperature (1 atm and 300 K), Noose-Hoover thermostat
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and barostat, with flexible angles and simulation cell parameters in the case of solids
(anisotropic NPT ensemble) and with constant cell geometry in the case of liquids (isotropic
NPT ensemble). The time step was 0.28 fs. The kspace solver was the pppm/tip4p solver with
a cutoff of 10 A and an accuracy of le, as implemented in LAMMPS.

Simulations of structures which included the ACS model started with a pre-step to equilibrate
the core-shells to prevent the drift of total energy, as described in by Mitchel and Fichman
[27]. The detailed implementation is given in the LAMMPS documentation [42], is explained
by Valavi et al. [23] and can be seen in the provided LAMMPS input files in the SI. The

duration of this pre-equilibration can be as short as 1000 steps.

When calculating the enthalpy of the given system a few corrections need to be considered.
LAMMPS calculates the enthalpy as H = Epytq; + P+ V. In their calculations the contribution
of the core-shells is not added, as well as the energy of the hydroxide bond. Therefore, the

enthalpy used for the energetical validation is computed as follows:

Heorr = H+ PotEngcore-snent + Non * D (1)

where PotEngcore—snen is the sum of the potential energy which arises due to the bonding of

individual core-shell pairs, Ny, is the number of hydroxyls and D is the depth of the potential

well in the Morse potential form (E;; = D[1 — e‘“(r_rO)]z). The last contribution in equation 1
represents the energy correction for each Oh-H bond needed in the LAMMPS implementation
of the Morse bond. Historically, the force field was developed in conjunction with the DL Poly
molecular simulation package [56]. Since the Morse potential description of DL Poly is slightly

different (Ej; = D[1- e‘“(T_TO)]Z — D), the correction is used to enable the comparison of the

force fields.

The elastic constants calculations were carried out at finite temperature as implemented in
LAMMPS. First the structures were equilibrated for 10 ns. The final atomic configuration of
the equilibration was used as the initial configuration for the elastic constant calculation. For
the calculation small deformations in the linear regime to the simulation box in the canonical
NVT ensemble are applied. For a detailed description of the simulation protocol, we refer the

reader to the Erica FF2 paper of Valavi et al. [23].
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The vibrational density of states (v-DOS) was calculated with the TRAVIS software [57,58].
The structures were first equilibrated for 20 ns. Afterwards the trajectories were saved every
0.84 fs over a period of 14 ps, from which the spectra were calculated. The autocorrelation
function for the v-DOS calculation was weighted by atomic mass. The frequency shift of the
Verlet integrator was not corrected, since with and without the correction gave identical results.
Global and projected v-DOS were calculated. To exclude the influence of the time step, the
length and saving interval of trajectories, the time step was reduced to 0.15 fs, the trajectories
were saved every 0.3 fs and the duration was increased to 30 ps. The input files for TRAVIS

are provided as part of SI.

2.3.3 DFT Elastic Constants Calculation

The crystal structures of e-Zn(OH)2 and clinohedrite were obtained from materials project [59]
(ID: mp-625830 and mp-696853, respectively). All computations were carried out using the
plane-wave density functional theory (DFT) software Quantum ESPRESSO, version 6.5
[60,61]. All computations were performed at the PBE level of theory [62] using Grimme D2
dispersion correction [63] and projector augmented wave [64] scalar relativistic
pseudopotentials obtained from PSlibrary version 1.0.0 [65]. Wavefunction and charge density
energy cutoffs were set to 100 Ry and 800 Ry, respectively. 4x3x2 and 3x3x1 Monkhorst-Pack
grids of k-points [66] were used for e-Zn(OH)2 and clinohedrite, respectively.

Elastic constants were obtained using the ElaStic software [67]. The atomic positions and
lattice parameters of the initial crystal structures were first optimized while retaining the space
group of the crystal structure, then 21 distorted structures with a maximum absolute
Lagrangian strain of 0.08 were generated for each deformation type using the ElaStic software.

The energy of each distorted structure was obtained after optimization of atomic positions.

For each deformation type, the strain-energy relationship was fitted using 4-th or 6-th order
polynomial functions, discarding points deviating from the expected harmonic behavior at
large strain values when required, as described in [67]. All energy-strain curves are shown in

SI section 6.
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2.4 Results

In this section, we summarize the results of weFF validation. First, the improved equilibration
of the ACS model is introduced. Second, the newly developed parameters of weFF are validated
on known crystal structures. Third, weFF is tested and compared to other FFs in predicting
the adsorption of Ca2" at the SiOs surface and predicting the tobermorite 14 A structure, a
crystalline calcium silicate hydrate. Finally, weFF is tested on a hypothetical C-S-H structure

with incorporated zinc, which was relaxed with density functional theory.

2.4.1 Core-Shell Equilibration

The original parametrization of the silicates in Erica FF2 uses the ACS model for oxygen
atoms. The distribution of mass is 15.79 g/mol on the oxygen core and 0.2 g/mol on the oxygen
shell. The calculations were carried out for 1 ns, whereby a drift in the total energy was not
noticed (sm0.2 in figure la). From longer calculation times (20 ns production run in NPT
ensemble) it is evident that an increase in the total energy occurs, roughly at 0.75 eV /ns for
tobermorite 14 A. While the kinetic energy of the system remains constant, the potential
energy increases which contributes to the increase of the total energy of the system. When
monitoring the movement of the cores and shells an increase in the potential energy of the
core-shell pairs is observed (figure 1b). This increase can be related to the increase of the
kinetic energy (shown as velocity in figure 2), since shells which are oscillating around the cores

keep gaining momentum, therefore moving further away from the cores.

While it is possible to regulate the system by adjusting the damping parameters of the
thermostat and barostat, this had a minimal effect, and it did not solve the problem of the
energy drift (see SI figure S1). The drift in energy is related to the increase of the core-shell
potential energy and can be prevented in one of two ways. First, with a lower time step. If the
timestep is decreased from 0.2 fs to 0.1 fs the energy drift does not occur. However, due to the
already small time-step (in comparison to nonpolarizable force fields) the further decrease in
the time step is not desired. The second approach is by adjusting the mass distribution between
the core and the shell. The mass of the core was decreased to 15.59 g/mol, while the mass of
the shell was increased to 0.4 g/mol. With this, the potential energy of the core-shell pairs and
the kinetic energy of the shells remained constant (figure 1b and 2). No structural changes
between the different ACS parametrizations in the tobermorite structure were observed (see

SI section 3).
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Figure 2-1: a) change of total (TotEne) and kinetic (KinEne) energy of tobermorite 14A during the 20
ns production run for shell mass 0.2 g/mol (sm0.2) and 0.4 g/mol (sm0.4); b) total potential energy

of all core-shell pairs normalized to the initial value during

2.5 Validation

2.5.1 Structural Validation

weFF was used to simulate 12 structures which are relevant for cementitious systems. The
structures were chosen based on the local atomic arrangement, which are similar to those in
cementitious systems. The deviation in unit cell parameters between the MD predicted
structures and experimental references is given in table 2 and the exact values are given in SI
section 4. While it is beyond the scope of this manuscript to discuss the structural details of

all compounds considered, some of them will be addressed.
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Figure 2-2. The relative velocity of the shell to the core. a) shell mass 0.4 g/mol and b) shell mass 0.2
g/mol. The left side of each graph is the relative velocity of the shell at the start of the equilibration

run and on the right side the relative velocity of the shell at the end of the production run.

As seen in table 2, compounds not containing hydroxyl groups are successfully predicted by
weFF. Except for CazAloO¢ which deviates from the experimental reference by roughly 5.5%.
This is attributed to the overestimation of the first shell Al-O distance of the aluminium
tetrahedra (calculated 2.00 A versus experimentally determined 1.75 A). Other distances (Ca-
O, Al-Ca) are in good agreement with the experiments (deviation below 2%). However, the
octahedral Al polyhedra in ALOj3 are accurately modeled (Al-O distance calculated 1.91 A

versus experimental 1.91 A)

Since the tobermorite structure has a close resemblance to the C-S-H structure it is discussed

in a separate section.

2.5.1.1 Hydroxides

The first hydroxide of interest is portlandite (Ca(OH)2), due to its importance in cement
hydration. The crystalline structure of portlandite is today very well-known [68]|. As seen in
table 2, the unit cell expands 2.24% in the a and b-direction, while shrinks by 4.12% in the c-
direction. This is comparable to Erica FF2 where the expansion in a and b-direction measured

2.18% and the shrinkage in c-direction 3.85%. The closer examination of the radial distribution
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functions (RDF, see SI section 3) reveals an excellent match of the first peaks of Ca-Og RDF
(2.41 A for MD, and 2.38 A experimental) and Ca-H RDF (2.98 A for MD and experiment).
The calcium atoms are octahedral coordinated to six oxygen atoms, which is captured by the
FF. The structural difference becomes evident after analyzing the Op-On RDF, where the FF
predicts the first peak at 3.2 A, while the experimental Op-On distance is 3.05 A. This peak
corresponds to the smallest distance of two oxygens inside the same calcium octahedra. The
structure of portlandite consists of stacked [Ca(OH)g| layers lying in the (001) plane. The layers
interact mainly through weak H-mediated dispersive forces [68]. The second peak (3.3 A) of
the experimental On-On corresponds to the oxygen atoms of neighboring layers and is missing
from the computed RDF. This also explains the rather large deviation in the c-direction. While
the FF accurately predicts the distances of the first coordination shell, it less accurately
describes the interactions between the hydrogen and oxygen atoms. This becomes more evident

after analyzing the other hydroxides from table 2.

Table 2-2. Structural validation of weFF. The deviation of unit cell parameters between MD predicted

structures and references is given. The exact values are given in table S&.

Structure a dev b dev cdev adev [Bdev v dev
CaO 0.18% 0.19% 0.19% 0.00% 0.00% 0.00%
Ca(OH)2 2.24% 2.24% -4.12%  0.00% 0.00% 0.00%
Al(OH)3 9.58% 8.38% 10.10%  0.00% 1.34% 0.00%
CazAl2012H12 7.87% 7.87% 7.87% 0.00% 0.00% 0.00%
SiO2 0.05% 0.05% 2.58% 0.00% 0.00% 0.00%
CasAl20¢ 5.18% 0.04% 5.47% -0.08%  -0.10%  0.04%
CaSiZnOsHs 2.06% 0.76% 0.07% 0.00% 1.98% 0.01%

CaZnsSi2O7-H20  2.33% -1.46%  0.17% -2.66%  -0.02%  0.50%

CasSixZnO7 2.50%  2.50%  -0.52%  0.01%  0.00%  0.00%
Zn5Si04 -1.14%  -1.14%  1.31%  0.00%  0.00%  0.00%
7n0 -1.00%  -1.00%  -0.89%  0.00%  0.00%  0.01%
e-Zn(OH)s 9.53%  4.40% = -5.74%  -0.01%  -0.03%  -2.24%
B-Zn(OH)s 1L57%  157%  442%  0.00%  0.00%  0.00%
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Now considering gibbsite (Al(OH)3). The resulting deviation of unit cell parameters is roughly
10%. The predicted structure with the Erica FF2 for gibbsite deviates in the a, b and c-
direction by 15%, 19% and 19%. weFF predicts the Al-Ox distance at 2.1 A, while Erica FF2
predict 1.87 A. The experimentally measured distance of Al-On of the aluminium octahedral
is 1.93 A. While Erica FF2’s first shell distance is more accurately described, it predicts a 4-
fold aluminium oxygen coordination. Gibbsite’s aluminium atoms are 6-fold coordinated, which

is captured by the Lennard-Jones potential form of weFF.

There are two different zinc hydroxide (Zn(OH)2) crystals. First is the e-Zn(OH)2 where zinc
is tetrahedrally coordinated to four oxygens, and second is the B-Zn(OH)2, where zinc is in
octahedral coordination with six oxygens. Similarly, as for gibbsite weFF predicts the e-
Zn(OH)2 structure with relatively large deviations (9.53%) in the unit cell parameters.
However, weFF accurately predicts a 4-fold coordination with an average first shell Zn-On
distance deviation of 5%. The structural ordering of the zinc tetrahedra comes from hydrogen
bonds between the hydroxyl groups of neighboring tetrahedra. Today it is known that the
origin of the hydrogen bond arises from quantum mechanics and that the classical type
(exchange free) London dispersion and electrostatic ‘dipole-dipole’ forces play only a secondary
role [69]. Therefore, it is of no surprise that classical empirical force fields have limited
capabilities in correctly describing structures, which strongly depend on hydrogen bonding.
weFF successfully predicts the 3-Zn(OH)2 with 6-fold coordinated zinc. The deviation of the
Zn-Oh first shell distance is 2.5%.

2.5.1.2 Energetical Validation

A unique but an essential validation that is carried out for CementFF family of FFs is the
energetical validation on certain relevant chemical reactions for cementitious systems [23]. This
not only gives us a way to estimate the error associated with weFF in calculating energies but
also ensures the transferability of weFF to a wide range of systems. As classical FFs cannot
simulate bond breakage, a correction has to be added for any reactions involving the conversion
of water and oxide ions into hydroxyl ions or vice versa. This correction is calculated using the
reactions listed in table 3. The average correction for each reaction per water molecule is taken
as the correction factor for water splitting and is equal to -2.82 eV /H20O. All the reactions we
have selected for the energetic validation are listed in table 4. The error estimation for these

reactions are according to the methodology developed for CementFF1 [70].
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Table 2-3. Reaction for calculated water splitting correction. All values are in eV.

Reaction Hsim Hexp [71] Hecorr

Ca(OH); — CaO + H,O 554  0.66  -4.88
[Si(OH)4Jaq — SiOs + 2H.0 -3.05  -6.27  -1.61
AIOOH + H20 — AI(OH); -4.05  -0.11  -3.94
AlO3 +3H20 — 2A1(OH);  -3.08  -0.46  -0.87

The reaction enthalpies are calculated as AHyp = Y SPHP — Y SRHE, where S; is the
stoichiometry coefficient, H; is the enthalpy and the superscripts P and R represent products
and reactants, respectively. In the case of aqueous species, the energy of the aqueous species is
estimated based on the energy difference between two boxes of water with the same number

of water molecules but with and without the aqueous species.

As seen in table 4 the calculated reactions enthalpies are within the error estimation for non-
hydroxides. The reactions 3, 4, 8, 9, 10 and 11 are outside the error estimation. Those reactions
are the ones which indicate a transition from a hydroxide to an oxide. As already explained in
the structural validation section, pure hydroxides are very difficult to simulate correctly, due

to the limitation of modeling hydrogen bonding with empirical interatomic potentials.

2.5.1.3 Mechanical Validation

Elastic properties are among the most important properties of solids [72|. Therefore, any
potential should be tested for its ability to reproduce the elastic tensor of crystalline references.
The individual components of the elastic tensor (cjj) give a good estimation of the accuracy of
weFF then the bulk properties and can be used for further development of the FF [73].
However, elastic constants are not uniquely defined, except at zero stress and zero temperature.
Different definitions lead to deviations of the external stress order [11]. Further, the discrepancy

between experimentally determined elastic constants can be higher than 100% [74].

The potential parameter from Lewis and Catlow [30], which is used to describe the Zn-O(S)
interaction was constructed by fitting the elastic constants of the calculated structures to the

experimental ones. This is seen in the excellent agreement between the MD calculated
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individual components of the elastic tensor with experimental and DFT reported values for

Hardystonite (Ca2ZnSi2O7), Zincite (ZnO) and Clinohedrite (CaZnSiO4-H20) (see table 5).

Table 2-4. Reactions for energetic validation. Errest is the estimated error as defined by Galmarini et

al. [70]. All values are in €V.

# Reaction AHwmp AHgxp [71] Errest
1 Ca(OH)z — (Ca?t)aq + 2(OH)aq -0.86 -0.19 0.61
2 2H20 + SiO2 — (Si(OH)4)aq 8.70 6.27 2.30
3 Ca(OH) + SiO2 — (CaSiOsHs)u 2.95 2.44 0.56

(CaSIOAHD ) + 20 112,51 -3.62 3.12
5 AIOOH + H20 — Al(OH)3 -1.22 -0.11 1.16
6 3Ca(OH)2 + 2A1(OH); —

CasAly(OH)1z 1.88 -0.42 3.98
7 3Ca0O + AlLO3 + 6H20 —

CasAla(OH)1 -0.88 -2.50 3.90
8 3CaO + 2A1(OH)3 + 3H20 —

CasAlo(OH) 1z -6.28 -5.00 0.90
9  AlLO3 + 3H20 — 2A1(OH)3 5.40 -0.46 2.56
10 Ca(OH)2— CaO + H20 2.72 0.66 0.72
11 2Ca(OH)2 + SiO2 — 2CaO + 14.14 76 3,66

(Si(OH)4)aq

Next, we examine the elastic constants of portlandite. First, the calculated bulk modulus (K)
with the new Lennard-Jones potential form for Ca-On of weFF is closer to experimental
measurements than Erica FF2. Portlandite exhibits a large elastic anisotropy in compressional
(c11 and c33) and shear elastic coefficients (cg6 and caq). This corresponds to a larger stiffness
and rigidity in the basal plane with respect to the axial direction [74]. As seen in table 5, the
shear elastic coefficients are in better agreement with the experimental data than the
compressional coefficients. The overestimation of the compressional coefficients can be related
to the previously reported structural characteristics of portlandite (see section Structural
validation). The shrinkage in the ¢ direction hints to a stronger interaction between the basal

[Ca(OH)g| layers, resulting in higher compressional coefficients.
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Table 2-5. Elastic constants cij in Voigt notation. All constants are in GPa. For hardystonite average ¢
is reported in brackets, calculated as ¢ = (1 + €13 + €13 + €33 + C4u + C6) /6. K is the bulk modulus

and G is the shear modulus. Zincite DFT calculated values are from The Materials Project entry mp-

2133 [59].
Ci1 Ci2 €13 C22 €33 cCaa Ce6 Gi G2 K
Hardystonite 164.4 77.6 54.0 168.7 16.0 63.0 40.1 51.5  98.3 (90.3)
Exp [75] 163.3 81.0 55.3 - 159.9 29.9 57.3 - - - (88.4)
Zincite 221.5 889 88.0 2243 1934 71.6 674 63.1 713 1289
Exp [76] 209.7 121.1 105.1 - 2109 415 443 - - -
DFT [59] 188.0 109.0 92.0 188.0 205.0 37.0 39.0 42.0 - 130

Clinohedrite  187.4 60.4 79.4 131.1 172.1 55.8 599 56.6 45.8 102.4
DFT 142.6 64.7 58.5 183.4 122.6 49.7 38.0 - 45.5  93.2

Portlandite 168.2 449 8.1 165.5 32.0 16.5 56.5 29.3 49.0 56.6
Erica FF2 159.4 81.2 20.2 1569 328 3.8 420 184 373 66.5
Exp [77] 99.3 36.2 29.7 326 99 316 46.9
Exp [74] 102.0 32.0 84 33.6 12.0 34.3 36.4

Tobermorite 1112 38.4 20.3 112.7 66.3 2.4 444 202 353 49.7
Erica FF2 [23] 99.4 46.4 19.0 130.7 60.6 26.2 39.4 240 352 49.9
DFT [9] - - - - - - - - - 49.0
Exp [78] - - - - - - - - - AT + 4

2.5.2 TIon-Surface Interaction

In order to evaluate the adsorption of Ca?" weFF is compared to another FF. The reference
FF is the one used by Bischoff et al. [79]. In this study they successfully combined molecular
dynamics and polarimetric angle-resolved second harmonic scattering to explore ion-specific
adsorption effects at the SiO» surface. The used FF is a classical FF which uses the Lennard-

Jones potential form and employs partial charges.
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The used simulation box (see figure S4) was of size 5.5, 3.9 and 8.0 nm in the x, y and z-axis
directions. In the middle of the simulation box was the solution slab (3762 water molecules, 24
Ca?" and 16 CI- ions), which was enclosed on each side, in the z-axis direction, with 4 layers of
crystalline SiO>. While the simulation box had periodic boundary conditions in the x and y-
axis direction, it had a fixed wall boundary condition in z-axis. The fixed wall was used to
prevent artificial polarization due to periodicity effects in the treatment of electrostatic
interactions [21]. On each surface 12.5% (16 out of 128 per surface) of the silanol groups were
deprotonated. Except for the surface silicate layer, the bulk SiO2 structure was frozen. Identical
initial structures were used for both FFs. The simulations were 50 ns long, whereby the results
were averaged over the last 4 ns. The plotted density profiles were averaged over each half of

the simulation box. The simulation was carried out in the canonical (NVT) ensemble.
Table 2-6. Percentage of adsorbed Ca?" by type of adsorption.

Inner-sphere QOuter-sphere Diffuse layer Bulk solution

welF'F 22.4 % 17.7 % 41.4 % 18.5 %
Bischoff et al. [7T9] 23.0 % 13.3 % 18.2 % 45.5 %

To compare the results the distribution of Ca?" between inner-sphere, outer-sphere, diffuse
layer and bulk solution was examined. The results are shown in table 6. Inner-sphere adsorption
is considered if a Ca2' is closer than 3.15 A to a silicate oxygen (below 2 A in figure 3), outer-
sphere if closer than 5.15 A (between 2 and 4 A in figure 3). Ions are counted as being in the
diffuse layer if they’re not inner or outer-sphere adsorbed but less than 15 A from the surface
[79]. All remaining ions are considered as part of the bulk of solution. The amount of inner
and outer-sphere adsorbed Ca?" predicted by both FFs is comparable. A difference is observed
in the structuring of the diffuse layer and bulk solution, where the FF from Bischoff et al.
favors Ca?' in the bulk of solution over the diffuse layer. The difference could be partially
attributed to weFF’s tendency to adsorb a small amount of Cl ions close to the SiO2 surface,
as seen in figure 4. Adsorption of Cl- due to the attraction to positively charged hydrogens of

silanol groups increases the negative charge close to the surface, which would attract more

Ca?t.
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2.6 Calcium Silicate Hydrates

2.6.1 Tobermorite 14 A

FFs which are meant to study the main cement hydration phase C-S-H should always be
compared with respect to the structures of the tobermorite crystal family. In particular to
tobermorite 14 A, due to its resemblance with the C-S-H structure [6,8]. All calculations were
carried out on a tobermorite 14 A super cell of 4x4x1 crystalline unit cells [80]. The simulation

details are given in the Methods section.

Table 7 reports the unit cell parameters for three FFs: the widely used non-polarizable CSH-
FF [14], Erica FF2 [23] and weFF. As seen CSH-FF fails to replicate the unit cell of
tobermorite, particularly the c¢ direction, where an expansion of the interlayers occurs. Erica
FF2 replicates the unit cell with satisfactory accuracy, with a 4% deviation in the 3 angle.
weFF differentiates from Erica FF2 in the use of the TIP4P /2005 water model, as well as
calcium-hydroxide, calcium-water and hydroxide-water interactions. The change of those

parameters improved the prediction of the unit cell.
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Figure 2-3. Ton distribution through the solution slab. The reference results correspond to the FF used

by Bischoff et al. [79].

The calculated pair distribution function (PDF) (figure 4) shows an excellent agreement of

Erica FF2 and weFF with the experimentally reported distances. CSH-FF already fails to
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correctly describe the calcium-silicate main layers. This is a consequence of a poor description
of the silicate tetrahedra (without polarizability) and the Ca-O interactions, which is reflected

in the under-coordination of calcium (figure S5).

Table 2-7. Comparison of unit cell parameters as predicted by different force fields.

Force Field a dev b dev cdev adev B dev v dev
CSH-FF 8.98% 8.41% 17.03% -1.62% -3.15% 0.58%
Erica FF2 -0.05% 0.55% 1.51%  -0.59% 4.01% 0.31%
weFF -0.15% 0.38% 1.61%  -0.27% -0.12% 0.26%

Further confidence in the predicted tobermorite 14 A structures comes from the calculated
elastic tensor (table 5). Both Erica FF2 and weFF predict the bulk modulus (K) with very
good accuracy. However, to our knowledge there are no individual components of the elastic
tensor reported in the literature, and therefore a detailed comparison of the two force fields is

not possible.
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Figure 2-4. Pair distribution function calculated for the tobermorite 14 A structure, as predicted by
different FFs. The top lines correspond to the typical distances between atomic species as reported by

Bonacorsi et al. [80]
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2.6.1.1 Vibrational density of states (v-DOS)

Power spectra, also known as v-DOS, are obtained from the Fourier transform of the velocity
autocorrelation function. v-DOS is not based on selection rules but contains all motions of a
system [58]. The calculated spectra are a sum of the infrared (IR) spectrum, the Raman
spectrum and all motions that are neither IR nor Raman active [57]. The calculated spectrum
reflects the force constants for bond stretching and angle bending in the FF [81]. Since the
experimentally obtained spectra hold detailed information on molecular structure and
dynamics, with enough precision to analyze the hydrogen bonding patterns, they can be used
to test the quality of the FF [82]. The comparison to experimental data not only provides

information on the correctness but also the relevance of dipolar polarizability [11].

The MD calculated v-DOS of tobermorite 14A is compared to the first-principles calculation
from Vidmer et al. which is in excellent agreement with experiments (see table S9) [83]. Figure
5 shows the comparison of the total v-DOS, while the projected v-DOS for each atomic species

are given in SI (figure S6).
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Figure 2-5. Total vibrational density of states (v-DOS) for the tobermorite 14A structure as predicted
by weFF (MD) and first-principles calculation (Ab initio) [83]. The projected v-DOS for each atomic

species are shown in figure S6.

Our full charge polarizable force field replicates the ab initio v-DOS with good accuracy. The
first half of the first peak (100-200 c¢m™) in figure 5 corresponds to the deformation of Si
tetrahedra and Ca polyhedral, while the second half (200-350 cm™) corresponds to the
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deformation of Ca polyhedral only. The second peak (370-520 c¢m™) corresponds to the
deformation of Si tetrahedra. H2O vibrations are observed around 510, 650 and 705 cm™. The
vibrational band at 650 ecm™ is also assigned to the O-Si-O bending, as seen in the projected
v-DOS (SI section 5). The vibrational bands between 815 and 1120 cm™ are due to Si-O
stretching. The final peak in the MD v-DOS (around 1200 cm™) is due to water interaction
with O-Si, as indicated by the Si, O and H projected v-DOS. The Ab initio predicted band at
1610 cm is absent for our force field, since it is assigned to water bending and the used

TIP4P /2005 water model is a rigid model.

In conclusion, we showed that weFF yield energetically stable calculations over long simulation
times. weFF also replicates the structural, mechanical and vibrational properties of the
tobermorite 14 A structure with very good agreement with experimental and ab initio data

reported in the literature.

2.6.2 Zn-C-S-H

Finally, we compare weFF with a density functional theory (DFT) calculated C-S-H structure.
The chosen structure is taken from Morales et al. [84], who investigated the incorporation of
zinc into the C-S-H structure. The structure is a C-S-H defective unit cell with a zinc tetrahedra
replacing the Q2" silicate. This was shown to be the most common incorporation site of zinc
in C-S-H[84]. The tetrahedral coordination of the zinc atom is achieved with two oxygens which
are shared with neighboring Q2" silicates and with two hydroxyl groups, which are pointing
into the interlayer. The C-S-H defective unit cell was multiplied in all axis direction to create
a super cell of dimensions 4x4x3 defective unit cells. The simulation was carried out as stated

in the methods section.

Tables 8 and 9 summarize the comparison of the MD predicted structure with the DFT relaxed
structure from Morales et al. [84]. The unit cell parameters are well replicated, with the biggest
deviation in the ¢ unit direction (5.3%). The first peak of the RDFs show a very good match
between the MD and DFT results. The biggest deviation occurs for the Zn-O distance, which
is underpredicted by 4.6%. However, the DFT results are at 0 K, while the MD simulation was
carried out at 298.15 K.

55



Table 2-8. Calculated unit cell parameters for Zn-C-S-H. DFT results are from Morales et al. [84]

MD DFT Dev %

a 6.67A 6.62 A 0.8%
b 7.44 A 7.46 A -0.3%
¢ 1459A 1386 A  5.3%
o 106.00° 106.34°  -0.3%
B 95.28°  95.79°  -0.5%
v 124.53°  123.01°  1.2%

Conclusions

The present paper describes the further development and validation of a general purpose full
charge polarizable force field for cementitious systems (weFF). While inclusion of polarizability
is needed for the correct structural description of calcium silicate hydrates, it is shown that
care must be taken when equilibrating the systems to prevent a drift of total energy. A
methodology for the inclusion of transition metals into the force field is presented and validated
with respect to experimental measurements and DFT predictions. While the force field
correctly predicts the first bond distances of hydroxides, it fails to replicate the long ranger
ordering. This is due to the challenge of predicting hydrogen bonding with classical empirical
force fields. The key ionic species of C-S-H (namely Ca?" and OH") are fitted to the Lennard-
Jones potential form, which will enable the use of mixing rules for studying surface phenomena.
The Ca*" adsorption on quartz surfaces gave comparable results to an established force field

from the literature.

Table 2-9. Comparison of first peak reported radial distribution functions for Zn-C-S-H. DFT results

are from Morales et al. [84]

MD [A] DFT [A]
Zn-0 1.88 1.95
Zn-Oh 1.85-2.2 2.0
Si-O 1.63 1.65
Ca-O 2.35 2.35
Ca-Oh  2.57 2.42-2.58
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Finally, the force field is validated on the tobermorite 14 A structure due to its similarity to
the calcium silicate hydrate structure. Unit cell parameters as well as atomic distances are in
excellent agreement with experimentally reported values. Elastic constants, which are one of
the most important properties of materials, are also in excellent agreement with experimental
values. To access the correctness of the force field at the atomic level the vibrational density
of states is calculated and compared to an ab-initio calculated one. Again, the force field
performs very well. All key vibrational modes of silicates and calcium are captured. These
findings demonstrate that cementitious systems (bulk and surfaces) can be explored using this

force field with sufficient accuracy to obtain reliable results.
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Abstract

A new Python code for the automated generation of realistic bulk C-S-H structures is

introduced. The code was used to generate 400 structures with Ca/Si of 1.3, 1.5, 1.7 and 1.9.
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The generated structures are in excellent agreement with experimentally measured C-S-H
properties (Ca/Si, 2H/Si, MCL, Si-OH/Si and Ca-OH/Ca). Molecular dynamics was used to
simulate the structures, which were then investigated for their structural features and energetic
stability. The results suggest similar short-range ordering and energetic stability between all
structures. These similarities are attributed to the nanocrystalline nature of C-S-H. Finally, it
is shown how computational C-S-H models can be used for resolving the experimentally

measured pair distribution functions.

3.1 Introduction

The cement and concrete industry is one of the biggest emitters of CO2 on the planet [1]. The
partial substitution of the clinker by supplementary cementitious materials (SCMs) can lower
the COz footprint of cement [2]. The usage of SCMs results in lower early-age strength.
Therefore, a fundamental understanding of the unhydrated and hydrated phases in Portland
cement is needed [3,4]. The focus of this work is on the main hydration product and primary

binder in hydrated cement paste, calcium silicate hydrate (C-S-H).

C-S-H forms around 50 to 60% of hardened cement paste and binds together other crystalline
phases and aggregates [5|. The nucleation and growth of C-S-H dictates the early hydration
behavior of Portland cement, from a few hours to around one day, [6]. The hydration results
in a continuous nanoporous C-S-H network, which consists of nanofoils with lengths above 100

nm and below 5 nm in thickness [7-10].

Over the past decade significant progress has been made in understanding the atomic structure
of C-S-H. C-S-H can be represented as a highly defective tobermorite 14 A [11] with a variable
chemical composition and structure [5,10,12-15|. In tobermorite a calcium oxide sheet has
silicate chains on either side, which follow the dreierketten silicate structure. The dreierketten
structure of the silicate chain has a repetition of a silicate dimer (Q*-Q%) followed by a
bridging silicate (Q*?) which is oriented into the interlayer (figure 1). The interlayer separates
the calcium-silicate sheets of tobermorite and contains one Ca?" ion and seven water molecules.
This atomic arrangement in tobermorite 14 A results in a Ca/Si ratio of 0.83 and a mean chain
length (MCL) of infinity, since the dreierketten structure of the silicate chain is not broken. In
C-S-H the Ca/Si ratio varies between 1.2 to 2.1, with an average value of 1.7 in plain Portland
cement. The increase in the Ca/Si ratio is partly due to missing Q" silicates [13]. This is

evident from ?Si nuclear magnetic resonance (NMR) where a lower intensity of the Q* and
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Q?" signals is observed, while the Q' (end of chain silicate) signal appears and dominates at
high Ca/Si ratios [10,16,17]. From the proportion of those three Q species the MCL can be
calculated [12,16]. With an increase in the Ca/Si ratio a decrease of the MCL is observed [5].
The MCL for Ca/Si = 1.7 is around 3.0, which means that only 25% of the Q' silicates are
present in the silicate chains. The missing Q2" sites are then occupied by Ca?' ions, which is a
defining feature of the C-S-H structure [10]. Further increase of the Ca/Si ratio comes from
additional Ca’" in the water dominated interlayer. The charge neutrality is achieved by the

presence of OH- ions as indicated by a rising Ca-OH/Ca ratio with increasing Ca/Si [5].

The highly defective atomic level structure of C-S-H is a nontrivial landscape to navigate. An
extensive knowledge of the atomic level structure of calcium silicate hydrates is needed to
introduce defects into tobermorite 14 A which will satisfy the experimentally measured C-S-H
properties and simultaneously fulfil the charge neutrality of the system over a wide range of
Ca/Si compositions. Typical parameters from experimental measurements which are used to
construct the C-S-H models are Ca/Si ratio, MCL, relative concentration of silanol (Si-OH/Si)
and hydroxide groups (Ca-OH/Ca). Due to the poorly ordered nanocrystalline nature of C-S-
H the models need to be of sufficient size, nanometers, to accommodate the different types of
defects and yield representative structures. The process of constructing such models can be
difficult, tiresome and repetitive. Therefore, an automated tool for representative C-S-H
structure generation would be more than welcome and of great service to the wider modeling

and experimental community.

Dreierketten

g
K
5] e H,0 OH- Ca?*
8
£
Ca Ca
T
—
Tobermorite 14 A Calcium Silicate Hydrate

Figure 3-1. Schematic representation of the unit cell of tobermorite 14 A and calcium silicate hydrate.

The calcium oxide layers of the calcium-silicate sheets are not shown.
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The first atomistic models of C-S-H appeared in 1996 [18]. In 2018 Kunhi Mohamed et al. [12]
introduced the brick model, which allows for a reproducible approach for constructing models
of bulk C-S-H and surfaces that are able to reproduce experimentally measured properties [5].
The approach of Kunhi Mohamed et al. [12] lies in the exact inclusion of defects into the
tobermorite 14 A structure. These defects are missing Q2" silicates, calcium replacement of the
Q2" silicate, protonation and deprotonation of @ species silanol groups, missing Q species in
the silicate dimers, variable water content and addition of Ca?>t and OH- ions in the interlayer.
With the precise control over the introduced defects, it is possible to conduct studies in which
a given defect can be studied in detail. The authors demonstrated this approach with the
comparison of the energetically stability of silanol groups in the C-S-H structure [12]. They
successfully showed that the silanol groups become energetically less favorable as the Ca/Si
increases, which agrees with the experimental observations [5]. This approach was even used
in an earlier study (by the same group [10]), where they examined the missing Q" silicate,
which site is occupied by Ca?'. In this combined experimental and modeling study the authors
concluded, from measured and simulated "H chemical shifts, that Ca?" in the bridging sites is
stabilized by an environment of strong hydrogen bonding. This finding among others leads to
the conclusion that Ca?' in the bridging site is a key feature of C-S-H. The brick model was
later successfully used to elucidate the aluminium [17] and zinc [16] incorporation into the C-
S-H structure. In both studies experimental and modeling work was combined to elucidate the
exact incorporation site. This was especially difficult in the case of zinc, where the newly found
Q?P%n chemical shift overlaps with the Q' chemical shift. By use of the brick model [12], it was

possible to construct bulk C-S-H model structures which enabled this discovery.

The brick model [12] was also successfully used to construct representative models of C-S-H
nanofoils with the basal (001) surface which are in excellent agreement with experimentally
measured properties (see chapter 5). Different nanofoil thicknesses (measured in the number
of calcium-silicate layers) were compared. It was concluded that nanofoils which are 3 layers,
2 interlayers thick are in best agreement with the experimentally reported thickness (< 5 nm)
and specific surface area (200-300 m2/g). This thickness underlies the importance of surfaces
when discussing the atomic-level structure of C-S-H, since one third of the calcium-silicate
layers are associated with the surface. Only two interlayers are considered as bulk C-S-H. It
was shown that the best agreement with experimentally measured properties is achieved when

the bulk and surface silicate chains have the same MCL. Further, a calcium and hydroxide ion
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co-adsorption was proposed, which results in a calcium and hydroxide network on the surface,

this can then achieve the experimentally observed high Ca/Si ratios.

While the local atomic structuring of the calcium-silicate sheets from 2’Si NMR is well resolved,
there is still much unknown about the interlayer as well as surface chemistry of C-S-H nanofoils.
In particular, regarding calcium. It is not known how much calcium can be packed into the
interlayer, which in turn affects the amount of calcium at the C-S-H surface. The experimental
X-ray diffraction spectra give a single broadened basal reflection from which the interlayer size,
and therefore the water content, could be deduced. However, this measurement is highly

subjected to the sample preparation methods, and therefore yields poorly reproducible results

[13].

To fulfill the need of an automated tool for C-S-H structure generation, we present a new open
source Python code for bulk C-S-H structure generation [REF of code]. The code uses the
collected experimental data from Duque-Redondo et al. [5] and the brick model methodology
from Kunhi Mohamed et al. [12] to generate automatically thousands of different representative
bulk C-S-H structures with the desired chemical composition from very simple input
parameters. In this work we used the automatic code, named pyCSH, to generate 100 structures
for each series of Ca/Si ratios (1.3, 1.5, 1.7 and 1.9). The resulting structures were checked for
fidelity and are in excellent agreement with experimentally measured properties (MCL, Si-
OH/Si and Ca-OH/Ca). At a given Ca/Si ratio the layer spacing, density and pair distribution
function (PDF) for each structure were calculated and analyzed. We show that with such
atomistic modeling insights it is possible to resolve the short range experimental PDFs with
excellent accuracy. These findings can greatly aid the experimental work, particularly when
analyzing samples of different hydration times or calcium leaching. Finally, we compare the
energetical stability of different defects which shows that C-S-H is made up of a plethora of
defect arrangements for the same Ca/Si ratio but have very similar energies, below room

temperature thermal energy which explains its poor structural order at the macroscopic scale.
3.2 Methods

3.2.1 pyCSH Python code

The pyCSH code works with the methodology of the brick model [12] which was written in
C++. Defects are introduced into the unit cell of tobermorite 14 A [11] by the arrangement of
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different atom groups. The atom groups considered are shown in figure 2. The silicate chains
are be formed by a Q% silicate, which can then be followed by a Q' silicate in the bridging
site. The Q2" silicate can either have both non-sharing oxygens deprotonated, or one can be
protonated. If the dimer ends with a Q! silicate, the non-sharing oxygen can be either
protonated or deprotonated. Following the Q! silicate the bridging site can be either
unoccupied or occupied with a Ca’' ion. The interlayer is filled with Ca?>" and OH- ions and
water molecules. Altogether in the interlayer 5 different positions for Ca?" are possible, 10 for
OH- and 17 for water. While Kunhi Mohamed et al. [12] introduced the defect of the missing
dimer silicate, it is not considered in the code[10,16]. An example of a brick which is formed

from different atom groups is shown in figure 3a.

Dimer silicate (Q! or Q%)

O si

QO o
H
Deprotonated silanol Protonated silanol group
group
Bridging site
Q
Deprotonated Q2° Protonated Q?° Ca?
Interlayer
O O
od é
Ca?* H,0 OH"

Figure 3-2. Considered atom groups to generate the representative C-S-H structures.

The automated generation of bulk C-S-H structures is outlined with the flow chart in figure 4.
The code needs altogether 9 input parameters. The structural ones are the size of the system
(number of defective tobermorite 14 A unit cells (bricks) in the a, b and ¢ crystallographic

directions), the targeted Ca/Si and 2H/Si ratios, as well as the number of independent
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structures which should be generated for the given Ca/Si and 2H/Si ratios. The numerical
input parameters are the random seed number and the tolerances of the Ca/Si, Si-OH/Si and
Ca-OH/Ca ratios, which determine if the generated structure is accepted or not. From the
targeted Ca/Si ratio the corresponding Si-OH/Si, Ca-OH/Ca and MCL values are taken from
the collected data in Duque-Redondo et al. [5].

) 2 TRILRR LR
oq®aq , Yo
[+ ? {
b CHLFERES
6 .QO?.% M p
% M q
® (&)
N g G £ T 2%
Figure 3-3. a) Example of a constructed brick from different atomic groups with a missing Q? silicate,
which site is occupied by Ca2*, a protonated Q?", and 2 additional Ca2* and 2 OH" in the interlayer,

b) A 1x4x2 C-S-H super cell with Ca/Si = 1.7. Water is hidden for clarification. These are unrelaxed

structures. Color legend is the same as in figure 2.

An iterative loop follows, in which a random combination of predetermined atomic groups
(figure 2) forms the individual bricks of the C-S-H supercell. However, a limitation is imposed
in this process. If a dimer silicate with a silanol group is placed into the silicate chain then a
Q2 silicate is prevented from being placed into the bridging site, which can then be only
unoccupied or occupied with a Ca?'. This is due to the fact that silicates interlink through
oxygen and not hydroxyl groups [11,13]. The overall charge of each brick is calculated. If the
charge is less than —2 e or more than +2 e the brick is discarded and a new one is constructed.
Once all unit cells satisfy the charge criterium, the overall structural characteristics are
calculated and compared to the experimental data (Ca/Si, Si-OH/Si, Ca-OH/Ca and MCL).
If the model properties match the experimental ones inside the allowed tolerances, water
insertion follows. If they do not match, new bricks are generated and evaluated. The amount
of water needed is calculated from the 2H/Si ratio after the subtraction of silanol groups and
hydroxide ions. '"H NMR is used to experimentally determine the amount of water in C-S-H,
whereby it is difficult to distinguish between hydrogens of water molecules and other hydrogens

[19]. Therefore, the reported 2H/Si equals to (H2O + 0.50H")/Si. The water molecules are
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uniformly distributed through the entire super cell structure. The geometry of the inserted
water molecule is from the TIP4P /2005 water model [20], and therefore suitable for force fields
which use this water model without additional adjustments. An example of a generated C-S-
H model with Ca/Si = 1.7 measuring 4 bricks in b-direction and 2 bricks in c-direction is

shown in figure 3b.

: Calculate EXP Si-OH/Si, :
: Ca-OH/Ca and MCL :

e e e e e e, .- ——————— -
I
I

Generate individual bricks from |

| predetermined atomic groups ,

N
Is the charge of each unit cell NO
between —2 and +2 e?

YES

J

A

N

Does the super cell replicate NO

the EXP Ca/Si, MCL, Si-OH/Si
and Ca-OH/Ca?

i Insert water molecules till |
: H,0/Si is satisfied |

Figure 3-4. Flow chart of the pyCSH code.

In addition to the automatic generation of bulk C-S-H structures the program allows for
manual creation of structures and surfaces. It is possible to take an automatically generated
structure and further change it manually. The details of the alphanumerical notation that is

used by the program are given in detail and explained in the supplementary section.

3.3 Molecular dynamics

Since the atoms are placed in a predetermined way with fixed coordinates a suitable
equilibration protocol was devised. First, three separate 40,000 step runs in the canonical

(NVT) ensemble were carried out, where first only the water molecules are allowed to move,
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followed by water plus hydroxyl groups and hydroxide ions, and finally including all calcium
atoms. Next, energy minimization of the simulation box was carried out. With this a more
favorable atom arrangement in the interlayer is achieved. Due to the use of the adiabatic core-
shell model for polarizability of silicate oxygens an additional step followed, where the motion
of the cores and shells is decoupled, to prevent the drift of the total energy during the
simulation. For details we refer the reader to the paper of Valavi et al. [21], the original paper
of the adiabatic core-shell model [22] and the LAMMPS documentation (8.5.5. Adiabatic
core/shell model) [23].

A so-called hard minimization followed, where the structure is subjected to cyclic heating. A
100 ps run in the isobaric-isothermal ensemble (NPT') ensemble at 300 K and 1 atm was carried
out to relax the simulation box. This was followed by a heating and cooling step in the NVT
ensemble, whereby the temperature was raised over 50 ps to 700 K, where the system was kept
for 200 ps before the 50 ps cooling to 300K. This cycle was repeated one more time before the
system was equilibrated in the NPT ensemble at 298.15 K and 1 atm for 400 ps.

The production run was then carried out over 20 ns in the NPT ensemble at 298.15 K and 1
atm. The trajectories were recorded every 50 ps. The temperature, pressure, energy, volume
and unit cell parameters were averaged on the fly and recorded every 20 ps. The average

potential energy of core-shell pairs was also averaged and recorded every 20 ps.

All simulations were carried out with LAMMPS [23]. The force field used was the Erica FF2
[21], with a time step of 0.2 fs. The only modification to the force field was the adjustment of
the mass of the core-shell oxygen pair. To prevent the drift of total energy the mass of the
shell was set to 0.4 g/mol, while the core mass was 15.59 g/mol. The kspace solver was the
particle-particle particle-mesh solver (pppm) with an accuracy of 10 The Nose-Hoover
thermostat and barostat were used with Tdamp equal to 100 times the time step and Pdamp

equal to 1000 times the time step.

The Travis trajectory analyzer and visualizer [24,25] was used to postprocess the trajectory
files. The partial pair distribution functions (PDFs), G4p(r), were calculated as the average of
the entire 20 ns production run. From the partial PDFs the total pair distribution function,

G (r), for each structure was calculated as:
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6(r) = ) = Gapr) (1)
ap

where b values are the atomic scattering lengths of the atoms, c¢ is the weight factor
representing the fraction of atomic species and the sums are over every atom in the sample
(except hydrogens, which were excluded from the analysis) [26]. Fixed scattering lengths at

zero degrees were used.

For the energetical comparison of structures with the same stoichiometry the reaction
enthalpies are compared. For the calculation of the reaction enthalpy the enthalpies of quartz
(SiO2), lime (CaO) and water (H20) are compared to the enthalpy of the observed C-S-H
structures via equation 2 [12]. To obtain the average enthalpies of quartz, lime and water, the
systems were simulated for 20 ns, where the average enthalpy over the last 10 ns was taken
into consideration. The simulation protocol for quartz, lime and water was the same as for C-

S-H, as stated above.

nl . CaO + n2 . SlOZ + Tl3 ) HZO - [(Cao)nl (SiOZ)nz (Hza)ngl(;s” (2)

where the normalization comes by fixing nq; + n, + n; = 1. A correction for water splitting
needs to be considered (H,0 + 0 - 2-0H™) and is equal to 2.9 eV per dissociated molecule
[21]. Further, the enthalpy of the C-S-H structure is adjusted for the missing Morse bond
energy (Npy * D) and potential energy of the core-shell pairs (PEcs) (see chapter 2):

Heshcorr = Hesn + Noy - D + PE¢g (3)

All LAMMPS and Travis input files are provided as part of the supplementary information

section.

3.4 Results

In the results section first the generated structures are analyzed and compared to
experimentally obtained C-S-H properties. Afterwards the simulated structures are analyzed

on their structural properties and a comparison of the defect energetics is presented.
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3.4.1 Initial structures

Figure 5 compares the four C-S-H properties (MCL, 2H/Si, Si-OH/Si and Ca-OH/Ca) for the
given Ca/Si ratio between the experimentally measured systems and the pyCSH generated
models. It is clear from the figure that the MCL decreases with increasing Ca/Si. However,
above Ca/Si of 1.2 the experimental MCL varies significantly, with values between 2.3 and 4.0.
The pyCSH values are listed in table 1. The range of predicted MCL values is in the range of
experimentally determined values. For Ca/Si = 1.7 the predicted MCL (2.30 £ 0.11) is at the
lower end of experimental data, while for Ca/Si = 1.9 the MCL is in the upper range (3.457
+ 0.083). Two separate 2?Si NMR studies on synthetic phase pure C-S-H with Ca/Si = 1.75
underline the variation in MCL as calculated from the proportion of Q species. While both
studies used the same precipitation protocol [27] Kumar et al. [10] reported a MCL value of
2.55, while Morales et al. [16] reported 2.89. The targeted 2H/Si ratios are predetermined and

are in the range of experimentally measured values.

Table 3-1. Mean value and standard deviation (std) of properties at a given Ca/Si of bulk C-S-H
models as predicted by pyCSH.

Ca/Si Property Mean Std
MCL 3.668 0.407
Si-OH/Si  0.294 0.034

1.3 Ca- 0.251 0.043
OH/Ca
2H/Si 1.109 0.020
MCL 3.161 0.268
Si-OH/Si  0.213 0.024

1.5 Ca- 0.384 0.036
OH/Ca
2H/Si 1.495 0.022
MCL 2.299 0.117
Si-OH/Si  0.097 0.025

1.7 Ca- 0.387 0.021
OH/Ca
2H/Si 1.780 0.022
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MCL 3.457 0.083
Si-OH/Si  0.018 0.015
1.9 Ca- 0.660 0.010
OH/Ca
2H /Si 2.238 0.014

The generated mean Si-OH/Si for Ca/Si of 1.3 and 1.5 are slightly higher than the
experimentally reported values. While the Si-OH/Si for Ca/Si 1.7 and 1.9 are closer to the
linear extrapolation of the collected experimental data points. There are no experimental values

reported above Ca/Si 1.6. The experimentally determined Ca-OH/Ca shows a higher

discrepancy above Ca/Si = 1.5, which may indicate that the trend is not linear for the entire
range of Ca/Si ratios. The pyCSH code predicts structures which are in good agreement with
the experimental linear fit of Ca-OH/Ca for Ca/Si 1.3, 1.5 and 1.9. The predicted values for

Ca/Si = 1.7 (0.387 £ 0.021) are at the lower end of experimental values.
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Figure 3-5. Characteristic properties (Si-OH/Si, Ca-OH/Ca, MCL, 2H/Si) of bulk C-S-H generated
structures for the studied Ca/Si ratios in comparison with experimental data from Duque-Redondo et

al. [5].
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3.4.2 Structural analysis

The structural analysis was made after molecular dynamics relaxation of the initial bulk C-S-
H structures. Roughly 5% of simulations crashed. The reported quantities are the average

values of the 20 ns production run.

The layer spacing of all calculated structures, including the mean values and standard
deviations for each Ca/Si is shown in figure 6. The predicted layer spacing increases from Ca/Si
1.3 (12.18 A) to 1.5 (13.11 A) where it stays nearly constant till Ca/Si = 1.7 (13.05 A). The
layer spacing for Ca/Si = 1.9 increases significantly thereafter (16.01 A). For Ca/Si = 1.5 a
higher spread of the layer spacings is observed (4 0.26 A) when compared to Ca/Si = 1.7 (£
0.14 A) The spacing for a given Ca/Si increases linearly with 2H/Si, with a difference between
the maximum and minimum of 1.3 A for Ca/Si = 1.5, which is not as strongly pronounced for
Ca/Si = 1.7. The average Ca/Si = 1.5 structure holds 8% less water molecules and hydroxide
ions than the Ca/Si = 1.7 structure (see (H2O+OH")/Ca in table 2). The similar mean values
of the layer spacing can be explained by the mean coordination number of oxygen atoms to
calcium atoms (table 2). The coordination number (cutoff at 3 A) for Ca/Si = 1.5 equals 6.22
+ 0.06, while for Ca/Si = 1.7 it equals 6.78 &+ 0.06 (8% difference). A higher coordination
number results in a denser packing of the bulk and therefore yields a higher density for the
same layer spacing. Indeed, a slightly higher mean density (figure 7) is observed for Ca/Si =

1.7 (2.40 + 0.013 g/cm?) in comparison to Ca/Si = 1.5 (2.37 £ 0.017 g/cm?).

16| Ca/Si = 1.3
o Ca/Si=1.5
o Ca/Si=1.7 Mean: 16.01
159 Ca/Si = 1.9 Std: 0.14
g 14 1
N Mean: 12.18 o
Std: 0.38
¥
M 1311 Mean: 13.05
12 can: -5 Std: 0.14
Std: 0.26

10 12 14 16 18 20 22
2H/Si

Figure 3-6. Layer spacing as a function of 2H/Si. The mean values and standard deviation of the layer

spacing correspond to the given Ca/Si set .
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It appears that the interlayer spacing linearly increases with increasing Ca-OH/Ca (see figure
S1). Further, the calculated layer spacing is comparable at the same Ca-OH/Ca. This
correlation can be explained by the following observation. The MCL is a measure of how many
bridging sites of the silicate chain are occupied by Q2" silicates. Assuming that each missing
Q?" is replaced by a Ca?", which we will consider as part of the silicate chain instead of the
interlayer [10,12], one can calculate the number of remaining Ca?" which are associated with
the interlayer per each C-S-H brick (defective unit cell of tobermorite). Since the C-S-H brick
always consists of the mainlayer Ca-Si sheet, the Ca’>" content can be normalized by the silicate
dimer (Q!-Q!, Q*-Q% or Q-Q?") of each silicate chain (top and bottom of the interlayer). The
property Ca?!/dimer is listed in table 2. The mean value of those interlayer Ca?' at Ca/Si =
1.5 equals 0.69 Ca?'/dimer, while for Ca/Si = 1.7 equals 0.68. The roughly same amount of
Ca?" in the interlayers explains the comparable Ca-OH/Ca ratios and hints to identical layer
spacings. Indeed, identical layer spacings are also observed for Ca/Si = 1.3 at same Ca?" /dimer
ratios (figure S1). The pyCSH predicted MCL for Ca/Si = 1.9 (MCL = 3.5) is higher than the
one for Ca/Si = 1.7 (MCL = 2.3) which results in less calcium in the silicate chains and
therefore high Ca?'/dimer (1.77 versus 0.68). While the Ca/Si = 1.7 structure contains
approximately the same amount of hydroxide ions as Ca/Si = 1.5, it contains more water, and
its silicate chains incorporate more Ca?*" ions. The higher Ca?' incorporation results in a higher
amount of strongly bounded water next to the silicate chains (due to Ca?" incorporation into
the Si-chains which is known for having a tight hydration shell [29]). This would potentially
result in a comparable amount of water in the mid-interlayer (water which is not coordinated

to the main layer chains).

Table 3-2. Mean value and standard deviation for calcium coordination number (Ca-O CN), H20/Ca,
(H20+O0H")/Ca and Ca?"/dimer for the given Ca/Si ratios. Ca?"/dimer accounts only for calcium ions

in the interlayer, excluding those which are predicted to be in the bridging site.

Ca/Si Ca-O CN H:0/Ca (H20+OH- Ca?" /dimer
)/Ca

1.3 6.11 £0.05 0.622 £0.003 0.747 £ 0.020 0.38 £ 0.14

1.5 6.22 £0.06 0.736 £0.002 0.926 £ 0.018 0.69 £ 0.12

1.7 6.78 £ 0.06 0.815 £0.0056 1.008 £ 0.015 0.68 £ 0.06

1.9 6.35 £0.04 0.837 £0.008 1.167 £ 0.006 1.77 £ 0.03
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Experimentalists estimate the layer spacing from the (001) basal reflection in the X-ray
diffraction (XRD) pattern [13,30]. The general trend observed in those studies is a decrease in
the layer spacing with increasing Ca/Si ratios (from 0.66 to 1.3). The layer spacing seems to
be unchanged above Ca/Si = 1.3 [13]. Some authors even report constant layer spacings
starting at Ca/Si = 1.1 [31]. This trend is not observed in the calculated structures with Ca/Si
of 1.3 and 1.9. While the MD predicted layer spacings is around ~ 13 A (Ca/Si = 1.5 and 1.7),
the measured one for Ca/Si = 1.5 and above are typically between 11 and 12 A [13,30].
However, these readings are from samples dried prior to the measurement, the reported values
for the layer spacing of 48 h freeze dried synthetic phase pure C-S-H with Ca/Si = 1.75 equal
13.6 A (13.9 A for Ca/Si = 1.5) [32]. The tobermorite 14 A has Ca?!/dimer = 0.5 and is a
stable crystal structure. Ca?t/dimer = 0.38 at Ca/Si = 1.3 seems in comparison to tobermorite
14 A (Ca/Si = 0.86) very low. The lack of predicted Ca?' /dimer could therefore explain the
predicted layer spacing, which is lower than what is experimentally observed. The large spread
of the density at low Ca/Si ratios might originate from the distribution of silicates in bridging
sites (Q?"). Bridging sites in opposite positions implies steric repulsions which increases the

basal space and consequently reduces the density.
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Figure 3-7. Density. The lines determine the standard deviation around the mean value.

The pair distribution functions (PDF) in figure 8 are obtained by taking the mean value over
all PDFs of the same Ca/Si ratio. A comparison between individual PDFs with the mean PDF
is given in SI section 5 and shows a negligible deviation, suggesting that all structures at a
given Ca/Si relax into very similar atomic arrangements. By analyzing the individual radial

distribution functions, it is possible to assign the individual peaks to the respective atom pairs.
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The recent models of C-S-H nanofoils predict a below 4 nm thick structure, which measures 3
layers, 2 interlayers in the z-axis direction [Casar2023|. Potential-mean-force calculations of the
interaction of C-S-H nanofoils predict an equilibrium distance between nanofoils at 5 nm [33].
Therefore, the experimental PDFs below 20 A can be safely used to explore the structure of a
single C-S-H nanofoil. Since the silicate chain structure of the bulk and surface seems to be
the same [Casar2023] bulk C-S-H models can be used to help resolve the experimental PDFs
(figure 8).

There is no significant difference between the MD predicted PDFs, as indicated by figure 8.
The first three peaks (Si-O at 1.6 A, Ca-O at 2.39 A and O-O at 2.65 A) correspond to the
first distances inside the calcium-silicate sheets. This suggests that although the chains at
different Ca/Si ratios have a different number of defects (missing Q2 silicates and protonation
of silanol groups) the local atomic environment is not changed. However, with the increase in
Ca/Si the intensity of the MD predicted Si-O peak decreases relative to the Ca-O peak, which
was previously experimentally observed [34]. This decrease in intensity can be attributed to a
lower relative number of silicate groups. Riteveld analysis of XRD spectra of C-S-H synthesized
from silica and calcium oxide shows a decrease in Si-O distance with increasing Ca/Si until
Ca/Si 1.3, from where it stays constant for higher Ca/Si ratios [31]. Grangeon et al. [34]
hydrated Ca(OH)2 and SiO2 in water for one day and one year. Again, the measured PDF did
not show differences in structural features below 20 A, suggesting that short range ordering of

C-S-H does not change with additional hydration time.

Grangeon et al. [34] reported the partial PDFs of freeze dried C-S-H hydrated from Ca(OH)2
and amorphous SiO2.. While they analyzed samples with Ca/Si from 0.57 to 1.47, the results
suggest similar short range structural features for the different samples. Table 3 shows the
comparison of structural features (peaks) between the experimentally reported PDFs of
Grangeon et al. and our PDFs from simulated pyCSH generated structures (For Ca/Si 1.3 to
1.7). While the reported experimental PDF is for the in-house synthetized tobermorite [34], it
shows very similar short-range ordering to the C-S-H samples. The partial experimental PDFs
show more peaks than are shown in table 3, which could be attributed to the presence of
surfaces and other phases than C-S-H. As seen in table 1 up to 10 A the results are in excellent
agreement, giving confidence to the pyCSH generated structures and the short range similarity
between the tobermorite and C-S-H structure. Due to simulation box size, the PDF calculation

was limited to ~ 10 A.

83



Exp Ca/Si = 1.47

G(r) [a.u.]

Ca/Si=1.3
! — Ca/Si=15
1 --—-- Ca/Si=1.7
! Ca/Si=1.9

Figure 3-8. Mean pair distribution functions (PDF) of bulk C-S-H structures at the given Ca/Si ratio.
The experimental (Exp) PDF are taken from Grangeon et al. [34]. For a direct comparison of

experimental and calculated PDFs see SI section 2.

It is interesting to analyze the Si-Si distances, which are reported in table 3 and SI section 2.
The first Si-Si distance (3.16 A) corresponds to the separation of Si atoms of neighboring
silicates (d; in figure 9). 4.39 A is the distance (d2) between silicates which are separated by a
bridging site (Q* or Ca?!). 5.54 A is the approximate nearest distance between silicates of
neighboring chains in the a-axis direction (da.) as well as in the c-axis direction (silicate chain
on the opposite site of the calcium-oxide layer, d.), while 6.69 A is the separation of a silicate
with the second closest silicate of the neighboring chain in a-axis direction. A similar distance
corresponds to the closest Q? silicates across the interlayer. While there are not many Q"

silicates at Ca/Si = 1.5 and above, the 6.69 A peak should gain on intensity with decreasing
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Ca/Si ratios, which is indeed the case (figure 8). The 7.19 A peak corresponds again to the
separation of in-chain silicates (di.). The peaks above 7.19 A are harder to resolve, since
distances of around 9.8 A correspond to silicates of neighboring chains in a-axis direction, as
well as to dimer silicates across the interlayer. The comparison of the Si-Si RDF (SI section 2)
for all calculated Ca/Si shows indeed an excellent agreement up to 8.5 A (in-chain silicates)
after which the Ca/Si = 1.9 peaks are shifted to slightly higher distances, indicating the
increased layer spacing. Distances of 10.7 A correspond to in-chain silicates (approximate

length of a pentamer) and to across the interlayer silicates.

Table 3-3. Comparison of individual peaks between MD calculated and experimental PDFs (EXP) of

freeze dried tobermorite synthesized from Ca(OH)2 and amorphous SiO2 [34]. All reported values are
in A.

Si-O Ca-O Si-Si Ca-Si Ca-Ca 0-0
MD EXP |MD EXP|MD EXP (MD EXP|MD EXP|MD EXP

1.60 1.60 |239 242 [3.16 3.07 (347 359 |3.79 385 [2.65 264

3.83 3.63 |4.56 4.5 4.39 4.3 4.77  4.62 g?g_ 5.64 |[3.11 3.12
0.71-
4.28 4.27 1591 6.11 9.54  5.58 5.26 513 [6.66 6.65 |4.74 4.89

5.96 5.9 713 736 |6.69 6.72 |6.08 6.00 |7.57 737 |559 5.77
6.87 6.58 [816 775 |[7.19 736 |6.71 6.52 [876 886 [6.66 6.72
8.09 812 ]19.01 89 [9.86 9.71 8.61 821 |9.28 9.20

10.25
10.7 1095 9.70  9.52

The calcium-silicate main layer structural features are predicted with good accuracy. Therefore,
it should be possible to resolve the interlayer spacing by carefully analyzing the short range
Si-Si distances. Due to different defects along the silicate chains, one should expect a slight
variation in the Si-Si distance across interlayer silicate chains. Therefore, the PDF peak for the
Si-Si across interlayer separation should have a lower intensity, be wider, and located below
the XRD reported basal spacings. Figure 9 shows the partial Si-Si PDF from Grangeon et al.
[34], where the short range Si-Si peaks (di, d2 and dic, da, dc) from MD are projected onto the
experimental PDF. The predicted interlayer separated dimer Si-Si experimental peak (dried

samples) is marked as di, and is centered around 9 A. This experimental value is slightly below
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our MD predicted one (9.8 A), and therefore in agreement with the layer spacings reported

from XRD [13,30].
d
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Figure 3-9. Si-Si PDF from Grangeon et al. [34] with annotated Si-Si distances as predicted from MD.

3.4.3 Energetical analysis

Kunhi Mohamed et al. [12] studied the energetical stability of silanol groups in bulk C-S-H
which were composed of only one type of brick. Their findings suggest an energetical preference
for the absence of silanol groups. In the current study the energetical stability of defects from
a random defect configuration with representative C-S-H structures was analyzed. The
formation enthalpies are calculated through equation 2, therefore the comparison can only be
done for the C-S-H structures with the same stoichiometry (Cui-Su2-Huz). Structures with the
same stoichiometry have the same x-axis value in figure 9. The enthalpy of formation of
structures with the same stoichiometry is normalized with respect to the lowest enthalpy of
formation for a given stoichiometry. Since pyCSH randomly generates structures some of them
are unique in their stoichiometry and therefore cannot be compared. Altogether 55 structures
with 17 unique stoichiometries for Ca/Si = 1.3, 71 structures with 17 unique stoichiometries
for Ca/Si = 1.5, 68 structures with 25 unique stoichiometries for Ca/Si = 1.7 and 34 structures

with 22 unique stoichiometries for Ca/Si = 1.9 are compared.
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Figure 3-10. Relative enthalpy of formation as a function of Si-OH/Si for C-S-H structures with the
same stoichiometry. The enthalpy of formation is normalized to the structure with the lowest defect

energy for a given stoichiometry. Structures with the same stoichiometry have the same x-axis value.

While the Si-OH/Si ratio varies by up to 0.1 the variation of enthalpies of formation is minimal.
The maximum difference between two structures of the same stoichiometry is 0.02 eV at Ca/Si
= 1.3, 0.01 eV at Ca/Si = 1.5, 0.02 eV at Ca/Si = 1.7 and 0.006 eV at Ca/Si = 1.9. These
very low differences suggests that there is no significant effect of the number of silanol groups
on the energetical stability of C-S-H with randomly introduced defects. We remind the reader
that kpT at the simulated temperature (298.15 K) equals 0.0257 eV. Further, no correlation
between the number of silanol groups and enthalpies of formation can be found. This implies
that there are many different defect assemblies which all show very similar structural features
as well as energies. Those similarities give rise to the poorly ordered nanocrystalline properties

of C-S-H.

However, one should keep in mind that the comparison is a result of classical molecular
dynamics, which does not allow for bond breaking and creation. In real world C-S-H we might
expect spontaneous deprotonation (and protonation), particularly of silanol groups on the end

of chain Q! silicates, where calcium is predicted to play a key role [10,35].
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3.5 Discussion

All analyzed bulk C-S-H structures with Ca/Si ratios from 1.3 to 1.9 are in excellent agreement
with the experimentally measured properties of C-S-H (MCL, Si-OH/Si, Ca-OH/Ca and
2H/Si) [5] and their respective PDFs show high similarities (almost identical) between each
other. However, the experimental measurements show a decrease in the layer spacings till
approximately Ca/Si = 1.3 after which it is practically unchanged [13]. Although predicted C-
S-H structures with Ca/Si of 1.3 and 1.9 are in agreement with measured properties, both fail
to comply with the experimentally reported dependence of the layer spacing with the Ca/Si

ratio.

The automated construction of C-S-H bulk structures shows that none of the properties that
describe the C-S-H bulk structure (Ca/Si, 2H/Si, MCL, Si-OH/Si and Ca-OH/Ca) are
independent from each other. At a constant Ca/Si and 2H/Si an increase in Si-OH/Si should
correspond to an increase in Ca-OH/Ca due to charge neutrality conditions. To obtain an
additional silanol group a hydrogen atom from a water must be transferred to a silicate oxygen
which results in a new hydroxide ion. This observation underlines the contradiction of the Si-
OH/Si and Ca-OH/Ca ratios, since experimental data [5] shows that when one increases the
other decreases. The contradiction is again observed when taking into account the amount of
interlayer Ca?" (0.69 and 0.68 Ca?'/dimer). An increase in Ca’"/dimer corresponds to an
increase in the number of OH- therefore to an increase in the Ca-OH/Ca, which is not observed
in the C-S-H bulk models but is observed experimentally (in which measurements include the
surfaces) [5]. However, for phase pure synthetic C-S-H with Ca/Si = 1.75 Kumar et al. [10]
reports a MCL of 2.55, while Morales et al. [16] reports 2.89. At this Ca/Si ratio and MCL the
expected Ca?' /dimer are 1.16 and 1.50, respectively. While those values would result in higher
Ca-OH/Ca, they are similar to the predicted values for Ca/Si = 1.9, which result in rather
large layer spacing. It seems that everything points to a bulk structure which somehow differs
from the measured properties. This raises the question: where does the regulation of properties

happen?

As stated in the introduction (and by Casar et al. [Casar2023]), the C-S-H nanofoil is roughly
around 4 nm thick (measured between surface silicate chains), whereby the bulk of C-S-H
measures two layer-spacings in the z-axis direction (T 2.6 nm). It is suggested that surface

effects will play an immense role in C-S-H properties, as explained in following.
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First, figure 5 shows a rather large scatter of experimental Ca-OH/Ca data points. The
reported layer spacings are similar for different samples with comparable Ca/Si ratio which
were treated equally prior to XRD measurements [13,30]. Therefore, a valid assumption is that
the bulk C-S-H structures for a given Ca/Si are very similar, if not identical in their
composition. From this it can be concluded that the C-S-H surface is indeed the one which
controls the Ca-OH/Ca ratio. Depending on the calcium concentration and the pH of the
solution different amounts of adsorption at the C-S-H surface would be expected. The scatter
of experimental data points can then be related to the solution conditions and sample

preparation (type of washing, drying).

PDFs of samples with hydration times of one day and one year show similar short-range
ordering (below 20 A) [34], which can be attributed to bulk C-S-H. This consistency of PDF
peaks between the two samples points to an unchanged ordering of the calcium-silicate chains
as well as the interlayer distance. Further, thermodynamic modeling predicts a decrease in the
Ca/Si ratio of C-S-H in hydrated cement samples with increasing hydration times, which is
supported by experimental measurements [36]. If the calcium decrease came from the removal
of bulk C-S-H calcium a change in the short-range PDF peaks should be observed. The removal
of calcium from the calcium-silicate layers would greatly disturb the short-range ordering
(below 7 A), while the removal of interlayer Ca2' should influence the across interlayer dimer
peak. Since Ca?" has a strong hydration shell [29], it would be expected that if interlayer
Ca?* is removed it would also remove some of the water and hydroxide ions from the interlayer.
This consequently would result in a shrinkage of the interlayer, which is not observed [34]. The
'H NMR determined C-S-H solid density (excluding gel water) is nearly constant for all degrees
of hydration and water-to-cement ratios [37]. These measurements further support the
conclusion that the bulk C-S-H structure remains indeed unchanged and that changes are

strongly related to surface effects.

To further outline the surface effects, one needs to turn again to thermodynamic modeling. As
shown by Zunino and Scrivener [36] the model predicts a drop of Ca/Si with metakaolin
addition between 90 days and 3 years from an initial Ca/Si » 1.63 to ~ 1.30. Since the layer
spacing remains constant [13] one should assume that the bulk structure does not change.
Indeed, the model structure of the C-S-H nanofoil with Ca/Si = 1.7 by Casar et al. [Casar2023|,
has a Ca/Si of = 1.35 after all Ca?* and OH- at the surface are removed. Harris et al. [27]

observed an underprediction of the Ca/Si by thermodynamic modeling at high Ca/Si (above
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1.7), which is also seen in the lower initial value (Ca/Si ~ 1.63) by Zunino and Scrivener [36],
while the experimentally measured Ca/Si at early age OPC is around 1.85. At this Ca/Si a
high Ca?'/dimer is expected, which would significantly increase the interlayer spacing.
Therefore, one can conclude that the bulk structure is not changed, and the increase is due to

surface adsorption of Ca?" and OH-, with which also higher Ca-OH/Ca would be achieved.

To summarize. By combining atomistic modeling, experimentally measured C-S-H layer
spacings and properties (Ca/Si, MCL, Si-OH/Si, Ca-OH/Ca, 2H/Si) with thermodynamic
modeling one arrives at the conclusion that there are no significant differences of C-S-H bulk
in terms of Ca?'/dimer and that the differences in Ca/Si and Ca-OH/Ca come from surface
effects. The main difference between experimental PDFs of different Ca/Si ratios [34] is the
relative increase of the Ca-O peak to the Si-O peak with increasing Ca/Si. While this behavior
is observed in the calculated PDFs of bulk C-S-H structures (figure 8), the Ca-O peak intensity
remains lower than the Si-O intensity. This can be attributed to the exclusion of surfaces from

the modeled structures and their Ca?t adsorption state.

Conclusion

The present paper introduces a new Python code for automated generation of representative
bulk C-S-H structures. The structures are generated with the methodology of the brick model
[12], which introduces defects into the tobermorite 14 A crystal structure. The code carries out
an iterative process in which it generates bulk structures that match the measured C-S-H
properties (Ca/Si, 2H/Si, MCL, Si-OH/Si and Ca-OH/Ca) which were collected by Duque-
Redondo et al. [5].

Approximately 100 structures were generated and simulated for each of the investigated Ca/Si
ratios (1.3, 1.5, 1.7 and 1.9). The structures differed from each other in the number and
distribution of defects. It was found that all structures were in good agreement with the
experimentally measured C-S-H properties. All structures have very similar structural features
(PDFs) as well as are energetically very similar. However, only structures with Ca/Si = 1.5
and 1.7 are in agreement with the experimentally observed trends of the layer spacings with
the changing Ca/Si. Due to this we conclude that there is a precise calcium packing criterium
of the interlayer (in terms of Ca?! /silicate dimer). Therefore, the Ca/Si and Ca-OH/Ca of the
C-S-H nanofoil must be regulated with the MCL and over surface related effects (adsorption).
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It was shown that such realistic computational models can greatly aid the experimental
characterization of C-S-H. With computational insights it is possible to resolve the
experimentally obtained data at the atomic level. The relatively easy to use automated pyCSH
package can produce many structures with equivalent properties at any desired Ca/Si and
2H/Si ratio. This will allow experimentalists to create structures for particular compositions
and get better understanding of the atomistic arrangements. In conjunction with the
production of surfaces from Casar et al|Casar2023|, which is currently being added to the
pyCSH package, a better understanding of additive interactions (e.g. superplasticizers,
accelerators) with C-S-H will boost our capacity to better design sustainable cements and

concretes in the near future.

References

[1] K.L. Scrivener, V.M. John, E.M. Gartner, Eco-efficient cements: Potential,
economically viable solutions for a low-CO2, cement-based materials industry, Cem Concr Res.

114 (2018) 2-26. https://doi.org/https://doi.org/10.1016/j.cemconres.2018.03.015.

2] B. Lothenbach, K. Scrivener, R.D. Hooton, Supplementary Cementitious Materials,
Cem Concr Res. 41 (2011) 1244-1256.

[3] O. Heinz, H. Heinz, Cement Interfaces: Current Understanding, Challenges, and
Opportunities, Langmuir. 37 (2021) 6347-6356. https://doi.org/10.1021 /acs.Jangmuir.1c00617.

[4] A. Kunhi Mohamed, A. Bouibes, M. Bauchy, Z. Casar, Molecular modelling of
cementitious materials: current progress and benefits, RILEM Technical Letters. 7 (2022) 209
219. https://doi.org/10.21809/rilemtechlett.2022.175.

[5] E. Duque-Redondo, P.A. Bonnaud, H. Manzano, A comprehensive review of C-S-H
empirical and computational models, their applications, and practical aspects, Cem Concr Res.

156 (2022) 106784. https://doi.org/10.1016/j.cemconres.2022.106784.

6] A. Ouzia, K. Scrivener, The needle model: A new model for the main hydration peak

of alite, Cem Concr Res. 115 (2019) 339-360. https://doi.org/10.1016/j.cemconres.2018.08.005.

91



[7] M.R. Andalibi, A. Kumar, B. Srinivasan, P. Bowen, K. Scrivener, C. Ludwig, A.
Testino, On the mesoscale mechanism of synthetic calcium-silicate-hydrate precipitation: A
population balance modeling approach, J Mater Chem A Mater. 6 (2018) 363-373.
https://doi.org/10.1039/c7ta08784e.

8] X. Zhu, I.G. Richardson, Morphology-structural change of C-A-S-H gel in blended
cements, Cem Concr Res. 168 (2023) 107156.
https://doi.org/10.1016/j.cemconres.2023.107156.

[9] H. Viallis-Terrisse, A. Nonat, J.C. Petit, Zeta-potential study of calcium silicate
hydrates interacting with alkaline cations, J Colloid Interface Sci. 244 (2001) 58-65.
https://doi.org/10.1006/jcis.2001.7897.

[10] A. Kumar, B.J. Walder, A. Kunhi Mohamed, A. Hofstetter, B. Srinivasan, A.J. Rossini,
K. Scrivener, L. Emsley, P. Bowen, The Atomic-Level Structure of Cementitious Calcium
Silicate Hydrate, The Journal of Physical Chemistry C. 121 (2017) 17188-17196.
https://doi.org/10.1021/acs.jpce.7b02439.

[11] E. Bonaccorsi, S. Merlino, A.R. Kampf, The crystal structure of tobermorite 14 A
(plombierite), a C-S-H phase, Journal of the American Ceramic Society. 88 (2005) 505-512.
https://doi.org/10.1111/j.1551-2916.2005.00116.x.

[12] A. Kunhi Mohamed, S.C. Parker, P. Bowen, S. Galmarini, An atomistic building block
description of C-S-H - Towards a realistic C-S-H model, Cem Concr Res. 107 (2018) 221-235.
https://doi.org/10.1016/j.cemconres.2018.01.007.

[13]  I.G. Richardson, Model structures for C-(A)-S-H(I), Acta Crystallogr B Struct Sci
Cryst Eng Mater. 70 (2014) 903-923. https://doi.org/10.1107/S2052520614021982.

[14]  R.J.M. Pellenq, A. Kushima, R. Shahsavari, K.J. Van Vliet, M.J. Buehler, S. Yip, F.J.
Ulm, A realistic molecular model of cement hydrates, Proc Natl Acad Sci U S A. 106 (2009)
16102-16107. https://doi.org/10.1073 /pnas.0902180106.

92



[15]  G. Kovacevi¢, B. Persson, L. Nicoleau, A. Nonat, V. Veryazov, Atomistic modeling of
crystal  structure of Cal.67SiHx, Cem Concr Res. 67 (2015)  197-203.
https://doi.org/10.1016/j.cemconres.2014.09.003.

[16]  A. Morales-Melgares, Z. Casar, P. Moutzouri, A. Venkatesh, M. Cordova, A. Kunhi
Mohamed, K. L. Scrivener, P. Bowen, L. Emsley, Atomic-Level Structure of Zinc-Modified
Cementitious Calcium Silicate Hydrate, J Am Chem Soc. 144 (2022) 22915-22924.
https://doi.org/10.1021/jacs.2c06749.

[17] A. Kunhi Mohamed, P. Moutzouri, P. Berruyer, B.J. Walder, J. Siramanont, M. Harris,
M. Negroni, S.C. Galmarini, S.C. Parker, K.L. Scrivener, L. Emsley, P. Bowen, The Atomic-
Level Structure of Cementitious Calcium Aluminate Silicate Hydrate, J Am Chem Soc. 142

(2020) 11060-11071. https://doi.org/10.1021/jacs.0c02988.

[18] P. Faucon, J.M. Delaye, J. Virlet, Molecular Dynamics Simulation of the Structure of
Calcium Silicate Hydrates I. Ca4xSi60142x(OH)42x(H20)2(0x1), 1996.

[19] B. Lothenbach, A. Nonat, Calcium silicate hydrates: Solid and liquid phase
composition, Cem Concr Res. 78 (2015) 57-70.
https://doi.org/10.1016/j.cemconres.2015.03.019.

[20] J.L.F. Abascal, C. Vega, A general purpose model for the condensed phases of water:
TIP4P /2005, Journal of Chemical Physics. 123 (2005). https://doi.org/10.1063/1.2121687.

[21] M. Valavi, Z. Casar, A. Kunhi, P. Bowen, S. Galmarini, Molecular dynamic simulations
of cementitious systems using a newly developed force field suite ERICA FF, Cem Concr Res.

154 (2022) 106712. https://doi.org/10.1016/j.cemconres.2022.106712.

[22]  P.J. Mitchell, D. Fincham, Shell model simulations by adiabatic dynamics, Journal of
Physics: Condensed Matter. 5 (1993) 1031-1038. https://doi.org/10.1088,/0953-8984/5/8 /006.

[23]  A.P. Thompson, H.M. Aktulga, R. Berger, D.S. Bolintineanu, W.M. Brown, P.S.
Crozier, P.J. in 't Veld, A. Kohlmeyer, S.G. Moore, T.D. Nguyen, R. Shan, M.J. Stevens, J.
Tranchida, C. Trott, S.J. Plimpton, LAMMPS - a flexible simulation tool for particle-based

93



materials modeling at the atomic, meso, and continuum scales, Comput Phys Commun. 271

(2022) 108171. https://doi.org/10.1016/j.cpc.2021.108171.

[24] M. Brehm, M. Thomas, S. Gehrke, B. Kirchner, TRAVIS—A free analyzer for
trajectories from molecular simulation, Journal of Chemical Physics. 152 (2020).

https://doi.org/10.1063/5.0005078.

[25] M. Brehm, B. Kirchner, TRAVIS - A free analyzer and visualizer for monte carlo and
molecular  dynamics trajectories, J Chem Inf Model. 51 (2011) 2007-2023.
https://doi.org/10.1021/¢i200217w.

[26] T. Egami, S.J.L. Billinge, Underneath the Bragg peaks Structural Analysis of Complex
Materials, Elsevier, Oxford, 2003.

[27] M. Harris, G. Simpson, K. Scrivener, P. Bowen, A method for the reliable and
reproducible precipitation of phase pure high Ca/Si ratio (>1.5) synthetic calcium silicate
hydrates (C-S-H), Cem Concr Res. 151 (2022) 106623.
https://doi.org/10.1016/j.cemconres.2021.106623.

[28] C. Labbez, B. Jonsson, I. Pochard, A. Nonat, B. Cabane, Surface charge density and
electrokinetic potential of highly charged minerals: Experiments and Monte Carlo simulations
on calcium silicate hydrate, Journal of Physical Chemistry B. 110 (2006) 9219-9230.
https://doi.org/10.1021/jp057096+.

[29] M. F. Dopke, J. Liitzenkirchen, O. A. Moultos, B. Siboulet, J.-F. Dufréche, J. T.
Padding, R. Hartkamp, Preferential Adsorption in Mixed Electrolytes Confined by Charged
Amorphous Silica, The Journal of Physical Chemistry C. 123 (2019) 16711-16720.
https://doi.org/10.1021/acs.jpcc.9b02975.

[30]  S. Grangeon, F. Claret, Y. Linard, C. Chiaberge, X-ray diffraction: A powerful tool to
probe and understand the structure of nanocrystalline calcium silicate hydrates, Acta
Crystallogr B Struct Sci Cryst Eng Mater. 69 (2013) 465-473.
https://doi.org/10.1107/S2052519213021155.

94



[31] G. Renaudin, J. Russias, F. Leroux, F. Frizon, C. Cau-dit-Coumes, Structural
characterization of C-S-H and C-A-S-H samples-Part I: Long-range order investigated by
Rietveld analyses, J Solid State Chem. 182 (2009) 3312-3319.
https://doi.org/10.1016/j.jssc.2009.09.026.

[32] M.N. Harris, Precipitation, Characterization, Kinetic, and Thermodynamic Modelling
of  Synthetic =~ C-S-H  Systems (C-S-H, CASH, CSH+$), EPFL, 2022
https://doi.org/https://doi.org/10.5075 /epfl-thesis-9917.

[33] S. Masoumi, D. Ebrahimi, H. Valipour, M.J. Abdolhosseini Qomi, Nanolayered
attributes of calcium-silicate-hydrate gels, Journal of the American Ceramic Society. 103 (2020)

541-557. https://doi.org/10.1111/jace.16750.

[34] S. Grangeon, A. Fernandez-Martinez, A. Baronnet, N. Marty, A. Poulain, E. Elkaim,
C. Roosz, S. Gaboreau, P. Henocq, F. Claret, Quantitative X-ray pair distribution function
analysis of nanocrystalline calcium silicate hydrates: A contribution to the understanding of
cement chemistry, J Appl Crystallogr. 50 (2017) 14-21.
https://doi.org/10.1107 /S1600576716017404.

[35] H. Manzano, S. Moeini, F. Marinelli, A.C.T. Van Duin, F.J. Ulm, R.J.M. Pellenq,
Confined water dissociation in microporous defective silicates: Mechanism, dipole distribution,
and impact on substrate properties, J Am Chem Soc. 134 (2012) 2208-2215.
https://doi.org/10.1021 /ja209152n.

[36] F. Zunino, K. Scrivener, Microstructural developments of limestone calcined clay
cement (LC3) pastes after long-term (3 years) hydration, Cem Concr Res. 153 (2022).
https://doi.org/10.1016/j.cemconres.2021.106693.

[37]  A.C.A. Muller, K.L. Scrivener, A.M. Gajewicz, P.J. McDonald, Densification of C-S-H
measured by 1H NMR relaxometry, Journal of Physical Chemistry C. 117 (2013) 403-412.
https://doi.org/10.1021 /jp3102964.

95



4 The Atomic-Level Structure of Zinc-Modified Cementitious

Calcium Silicate Hydrate

Anna Morales-Melgares,!>" Ziga Casar,>" Pinelopi Moutzouri,! Amrit Venkatesh,! Manuel

Cordova,' Aslam Kunhi Mohamed,? Karen L. Scrivener,?* Paul Bowen,>* Lyndon Emsley!*

Laboratory of Magnetic Resonance, Institut des Sciences et Ingénierie Chimiques, Ecole

Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

2Laboratory of Construction Materials, Institut des Matériaux, Ecole Polytechnique Fédérale

de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

3Institute for Building Materials, Department of Civil, Environmental and Geomatic Engineering,

ETH Ziirich, CH-8093 Ziirich, Switzerland
" AMM and ZC equally contributed to this manuscript.

Contribution Statement

This chapter was published as the same named journal article in Journal of American Chemical
Society. The candidate’s contributions to it were the generation of the atomistic C-S-H models,
force field pre-relaxation of the structures, analyzing the calculated DFT shifts, the

interpretation of experimental data and writing of parts of the original draft.

Abstract

It has recently been demonstrated that the addition of zinc can enhance the mechanical
strength of tri-calcium silicates (C3S) upon hydration, but the structure of the main hydration
product of cement, calcium silicate hydrate (C-S-H), in zinc-modified formulations remains
unresolved. Here we combine 2’Si DNP enhanced solid-state nuclear magnetic resonance
(NMR), density functional theory (DFT) based chemical shift computations and molecular
dynamics (MD) modelling to determine the atomic-level structure of zinc-modified C-S-H. The
structure contains two main new silicon species (Q(%") and Q®2?") where zinc substitutes Q)

2b)

silicon species in dimers and bridging Q) silicon sites, respectively. Structures determined as
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a function of zinc content show that zinc promotes an increase in the dreierketten mean chain

lengths.

4.1 Introduction

Due to it being the second most used substance on earth (after water), concrete accounts for
around 8% of anthropogenic CO2 emissions [1]. The most promising approach to lower this
carbon footprint is the partial substitution of the clinker by supplementary cementitious
materials (SCMs) such as fly ash, blast furnace slag, limestone and calcined clays. The SCMs
have much lower associated COs2, but blending them with clinker tends to lower the early-age
strength of the resulting concrete [2,3] This means that increasing the reaction rate of cement

formation would allow higher substitution levels and lower CO2 emissions.

It has been demonstrated that the addition of zinc to C3S or alite (the main phase in clinker)
can enhance the one-day mechanical strength of the hydrated paste substantially (x 3) [4-6].
This accelerated strength development is related to the faster growth of longer and thicker
calcium-silicate-hydrate (C-S-H) particles, which is the main phase (around 50% by volume)
in the cement paste part of the final hardened concrete [7-9]. Ouzia and Scrivener [10]
demonstrated that C-S-H nucleates and grows predominantly as outgrowths on the surface of
alite grains during the hardening reaction (hydration). The rate of reaction peaks at about 10
hours (at 20°C). After this, the reaction rate drops to a low rate at one day as the period of
fast growth of C-S-H ends. Small amounts of zinc oxide in alite were found to enhance the heat
flow and the degree of hydration, and also result in longer and thicker outgrowths of C-S-H
[11]. There is a concomitant enhancement of compressive strength of concrete during the early-
stages of hardening, for up to seven days [5]. Although zinc addition could potentially increase
the overall cost of cement, understanding of the role of zinc in C-S-H growth and kinetics,
would open pathways to synthetic tunability of the rate of reaction of lower-CO2 materials.
However, the atomic-level mechanism of action that links the presence of small amounts of zinc
to the enhanced growth of C-S-H, and so to the faster development of strength, is not known.
Therefore, it would be of great value to determine how zinc is incorporated into the C-S-H

structure at the atomic-level.

A number of techniques have been used previously to probe the structure of C-S-H [12-14], but
interpretation is hampered by the lack of long-range order. Indeed, the atomic level structure

of C-S-H materials with industrially relevant Ca:Si ratios (i.e. higher than 1.5) was only
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determined recently [15,16], by the use of a combination of solid-state NMR spectroscopy,

molecular dynamics, and density functional theory (DFT) based chemical shift calculations.

Here we determine the atomic-level structure of zinc-modified synthetic C-S-H using dynamic
nuclear polarization (DNP) enhanced solid-state NMR spectroscopy, in concert with other
standard characterization methods. Notably we discover that the structure contains new
silicate species that are directly related to the incorporation of zinc, and have not been observed
previously to the best of our knowledge. We also find that increasing zinc content leads to
increasing silicate chain lengths in the structure, which is concomitant with the observed

increase in the length of the C-S-H outgrowths at the meso-scale.

4.2 Methods

4.2.1 Synthesis

Samples were synthesised through the dropwise precipitation method previously developed by
Kumar et al. [15] and standardized by Harris et al. [17] A polymethacrylate batch reactor was
placed in a water bath to maintain a temperature between 19-21°C. 200 mL of a 50 mM sodium
silicate solution in deionized water was placed in the batch reactor and 5 mL of 10 M NaOH
was added to regulate the final pH between 12.8 and 13.0 in order to ensure a target Ca:Si
molar ratio of approximately 1.75. The two solutions were mixed and purged under a flow of
nitrogen gas for 15 min prior to the reaction. 200 mL of 90 mM calcium nitrate tetrahydrate
(and zinc nitrate hexahydrate with varying concentrations depending on the target (Zn:Si);)
was added through a piston pump at a rate of 2 mL/min, followed by stirring at 1100 rpm for
3h after which the precipitate was collected, washed with 60 ml of a 50% ethanol /water solution
and filtered under vacuum. The supernatant of each sample was also collected. The amounts

of reactants used for each sample can be found in Table S1 in the Supporting Information (SI).

4.2.2 X-Ray Diffraction (XRD)

Powder XRD was performed on a qualitative basis to observe the presence of undesired phases
(i.e. portlandite) [18]. The main C-S-H peaks appear at 29.4, 32.1 and 50.1 + 0.1° [19]. A
Bruker Discovery X-Ray diffractometer with double bounced monochromatic CuK alpha

radiation (\ = 1.54 A) was used. A fixed divergence slit of 0.25 mm was used and the
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experimental time for all samples was 30 min. Spectra and further details are given in SI

section Ila.

4.2.3 Inductively Coupled Plasma (ICP)

Samples were prepared by dispersing 20 mg of C-S-H gel or 1 ml of the supernatant in 10 ml
or 9 ml of concentrated nitric acid, respectively. Then the samples were diluted up to 3 orders
of magnitude prior to analysis. Experiments were conducted using a Spectro Arcos ICP-OES

analyser from Ametek. Further details are given in SI section Ilc.

4.2.4 Electron Microscopy

A Tecnai OSIRIS TEM system at 200 kV in bright field mode with a single tilt holder and
FEI SmartCAM CCD camera was used to observe the sample morphology (SI section IIb).
The TEM grids employed to observe these samples are copper-based grids coated with a thin
film of carbon. 100-300 mg of C-S-H gel was dispersed in ca. 20 mL of isopropanol (IPA). The

samples were dried prior to analysis.

4.2.5 Electron Dispersive X-Rays (EDX)

The same instrument used for TEM analysis was used to conduct STEM and STEM-EDX
experiments. In STEM mode a bright field detector (BF) and a high-angle annular dark-field
detector (HAADF) were used, whereas in EDX mode a twin pole piece with a Super-X EDX

system and 4 SDD detectors with a 0.9 rad solid angle were used.

4.2.6 NMR Spectroscopy

Samples were prepared for DNP enhanced NMR [20-22| by adapting previously used protocols
for C-S-H materials [15-16]. About 300 mg of C-S-H gel was mixed with 3 mg of AMUPol [23]
and dried under a N2 flow to approximately 200 mg before packing into sapphire rotors and
sealing with PTFE inserts and zirconia drive caps. Since the poorly crystalline C-S-H structure
contains a substantial amount of water which is not all removed, no additional impregnating
medium is required [15]. All experiments were performed using a 400 MHz Bruker Avance 111
HD NMR spectrometer equipped with a 263 GHz Bruker gyrotron [24] or klystron microwave
source and a HXY 3.2 mm low-temperature MAS DNP probe in 'H-?’Si configuration at 100
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K. '"H DNP enhancements were measured as the ratio of the 'H—2%Si cross polarization (CP)
signal intensity between spectra recorded with and without microwaves and found to be
between 30 and 40. All spectra were acquired at a magic angle spinning (MAS) frequency of 8
kHz, except for SUPER [25] and 2D spin diffusion experiments, which were performed at 5
kHz. For multi-CPMAS experiments, presaturation pulse trains were applied on 'H and ?’Si
channels. The ?Si chemical shifts were referenced to tetrakis (trimethylsilyl)silane (TMSS).
Topspin was used to acquire and process NMR spectra while fitting of the chemical shift
anisotropy patterns was performed with ssNake [26]. Additional experimental details are

provided in the SI.

4.2.7 Atomistic structure modelling

The previously reported brick model was used to generate candidate zinc-modified C-S-H
structures [27]. LAMMPS [28] was used for structure energy minimization and the Erica FF2
[29] force field extended with the required zinc interatomic potentials [30] was used. A single
or double brick unit cell was constructed with a target Ca:(Si+Zn) ratio while maintaining the
characteristic features of the C-S-H structure.!> Some silicate tetrahedra were replaced with
zinc polyhedra including 4-coordinate ZnO4® and ZnO2(OH)2* | and 5-coordinate ZnOz(OH)3
species. To achieve charge balance, the number of interlayer calcium ions (Ca’") and hydroxides
(OH ) were adjusted. A classical energy minimization with the Erica FF2 force field was carried
out prior to the DFT energy minimization in order to discard energetically unfavourable
structures and save computational time. Full details and codes used are provided with the raw

data.

4.2.8 Chemical shift computations

The atomic positions and lattice parameters of the structures obtained from molecular
dynamics modelling were first optimized using the Perdew-Burke-Ernzerhof (PBE) [31]
functional and Grimme D2 dispersion correction [32,33]. Projector augmented wave scalar
relativistic pseudopotentials obtained from PSlibrary version 1.0.0 were used [34, 35]. Semicore
s and p electrons were included for zinc and calcium, and nonlinear core-correction was applied
for heavy atoms. Wavefunction and charge density energy cut-offs were set to 160 and 1280
Ry, respectively. A Monkhorst-Pack grid of k-points corresponding to a maximum spacing of

0.05 A ! was used [36]. After geometry optimization, a single-point computation was performed
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with the same parameters, and chemical shieldings were computed using the GIPAW method

37, 38].

The conversion from computed shieldings (o) to ’Si chemical shifts (6) was carried out by
linear regression (6 = —1.05 o + 345.32) using a reference set of crystal structures containing
willemite [39], hemimorphite [40], foshagite [41] and a-quartz [42] with their corresponding
experimental shifts [43,44]. All NMR computations were carried out using the plane-wave DFT
program Quantum ESPRESSO v6.5 [45, 46]. Simulated 2Si spectra for individual Si sites were
generated using a kernel density estimate of Gaussian kernels as implemented in the scipy

Python library [47].

4.3 Results and discussion

4.3.1 Chemical composition and morphology

As described previously, single-phase C-S-H can be synthesized using a dropwise precipitation
method, which allows for a controlled synthesis of C-S-H with a specific Ca:Si ratio [17]|. This
approach was modified to produce zinc-modified C-S-H by adding certain amounts of zinc
nitrate hexahydrate to the aqueous calcium nitrate solution depending on the target Zn to Si
ratio (denoted as (Zn:Si); where the subscript i indicates that it is the initial ratio used in the
synthesis). The initial calcium and zinc nitrate solution had a concentration of calcium of 90
mM and a concentration of zinc of 0, 7.5 or 20 mM depending on their target (Zn:Si); (e.g. 0,
0.15 and 0.40, respectively). The initial sodium metasilicate solution had a concentration of 50

mM.

As described by Anseau et al. [48] both zinc and aluminium can form complexes with silicate
monomers, which are the main species in solution at the pH used here. Therefore, zinc is
expected to behave similarly to aluminium and to substitute for silicate species, as seen in the
case of aluminium incorporation in C-A-S-H structures synthesized through dropwise
precipitation [16]. In addition, previous studies on C3S hydration in presence of zinc show that
zine is in tetrahedral coordination and substitutes for silicate species in C-S-H chains [49, 50].
DFT-relaxed structures in which zinc substituted for calcium in the main layer presented 6-
fold coordination and unusually long bond lengths (see SI section VII), therefore, substitution

of main layer calcium by zinc was neglected.
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The possible sites where the different zinc polyhedra can be incorporated into the C-S-H
structure (Figure 1A) are illustrated in Figure 1B. These structures are the result of zinc
substitutions of QZ", Q) or QW sites in conventional C-S-H. In addition, the figure also
shows how zinc can also be present on top of the silicate chains, facing into the interlayer,

where it could coordinate to one or both Q) species of a silicate dimer.

If zinc substitutes for the Q@2 site, it yields two identical new neighbouring silicate species
which, following the Q site nomenclature, are named Q%1 If zinc substitutes for a Q) site,
it yields a Q22 species and either a Q1% or a Q2»2%) depending on whether the chain unit
is a pentamer or a higher degree unit, respectively. If zinc substitutes for a Q) site it can yield
a QU2 or a Q22 | depending on whether the chain unit is a dimer or a higher degree unit.
If zinc is adjacent to both silicates in a QW - QM) dimer it coordinates to one or both QW
species and protrudes into the interlayer becoming a Q@rZu_int)  Finally, this model also
includes the possibility of two zinc units substituting for two silicate chain sites simultaneously
(i.e. QM and Q) producing a new silicate species which is isolated from other silicate linkages

as is represented in Figure 1B in the case of Q2220 species.
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Figure 4-1. A) Schematic of the dreierketten chains in conventional C-S-H showing all the silicate
species present: Q(1), Q(2b) and Q(2p). B) Schematic of zinc-modified C-S-H, showing all the new
silicate sites that could potentially be present: Q(1,Zn), Q(2p,Zn),
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In summary, this scheme includes the possibility of five different four-coordinated zinc species

and one five-coordinated zinc species substituting for a Q) site.

In order to determine the atomic-level structure of zinc-modified C-S-H the chemical
composition, purity and incorporation of zinc in the C-S-H structure needs to be verified prior
to structure determination. A series of XRD experiments were performed to confirm that our
material is a single-phase, pure C-S-H sample and no secondary phases such as portlandite are
observed (Figure S1). Additionally, inductively-coupled plasma (ICP) analysis of the
supernatant shows that only around 1-2% of the added zinc remains in solution after synthesis
(Table S2), indicating the incorporation of the vast majority of the zinc into the precipitated

zinc-modified C-S-H.
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Figure 4-2. A) STEM-EDX spectra of C-S-H samples with a (Zn:Si)i ratio of 0.03 (top), 0.08 (centre)
and 0.15 (bottom). For each (Zn:Si);i spectra corresponding to regions including (orange) and
excluding (blue) C-S-H particles are shown. The intensities of the Zn signals are normalized with
respect to the Cu absorption line at 8 keV from the TEM grid. B} A HAADF-STEM X-ray

composition map of a C-S-H particle with a (Zn:Si)i ratio of 0.15, showing an apparent Zn uptake.

Figure 2A shows normalized EDX spectra of samples with different initial Zn to Si ratios of
0.03, 0.08 and 0.15 in the reagent solutions. Comparison of the EDX spectra recorded from a
region excluding (blue) and including a C-S-H particle (orange) show a clear trend: samples
which have been synthesized with an increased concentration of zinc nitrate show higher zinc
counts in the EDX experiment, pointing to an incorporation of zinc in C-S-H (Figure 2A).

Furthermore, HAADF and TEM data show no appreciable differences between the observed
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morphology of conventional C-S-H and zinc-modified C-S-H, with all samples showing a

nanofoil morphology which is consistent with literature (Figure 2B and Figure S2).

4.3.2 Characterization by DNP NMR

In order to determine the zinc-modified C-S-H structure DNP-enhanced 2Si 1D multi-CPMAS
NMR spectra [51] and 2D INADEQUATE spectra [15, 22, 52, 53| were obtained.

To be able to acquire the relatively insensitive 1D and 2D 2’Si solid-state spectra necessary to
determine the populations and the connectivities of the different silicon sites in the materials,
we prepared a series of zinc-modified C-S-H formulations. These were chosen to yield
enhancement of NMR signals by MAS DNP |20, 21|, by adapting the procedures developed
previously [15, 16, 20] by incorporating a small amount of the organic biradical AMUPol [23]
into the C-S-H sample. When the sample is frozen at 100 K, AMUPol allows efficient transfer
of large electron polarization to protons in the frozen sample when microwaves are applied.

The enhanced 'H magnetization is then transferred to 2°Si nuclei through CP.

Figure 3A compares the ?’Si DNP-enhanced multi-CP spectra from three samples with (Zn:Si);
of 0, 0.15 and 0.40. The multi-CPMAS pulse sequence, which is based on the repetition of CP
periods [51], yields 2Si NMR spectra which allow for quantitative analysis of the different
silicate species in C-S-H samples [51. 54]. The spectrum of the sample with (Zn:Si); of 0 shows
the well-characterized 2Si peaks expected in conventional high Ca:Si ratio C-S-H whose signals
are attributed to QM) (~78.9 ppm), QY (-81.4 ppm), and QP (-84.4 ppm) silicate species
[15, 55-57|. The spectra of the samples with (Zn:Si); of 0.15 and 0.40 show the presence of new
Q sites at around —72 and —79 ppm; details regarding the spectral deconvolution are provided
below. All the different species present in the zinc-modified C-S-H spectra are more clearly
shown in Figure 3B where the deconvolution of the different Q sites is carried out. The presence
of the new ?'Si signals around —72 and —79 ppm suggests the incorporation of zinc in the C-S-
H structure as it indicates that the chemical environment of at least one silicate species is
changed with respect to conventional C-S-H samples. The new species that gives rise to the
signal at —72 ppm has a chemical shift similar to those of silicate monomers (Q)) which
typically range from —60 ppm to —75 ppm [58]. Silicate monomers (Q(")) are however discarded
since, although observed in minor amounts in works from other groups with different synthetic

routes [59-61], they are not usually observed in C-S-H samples [15, 16], and they are not a
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characteristic feature of the high Ca:Si ratio C-S-H structures synthesized through our dropwise

precipitation method [15, 16].
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Figure 4-3. DNP-enhanced A) ¥Si{'H} 1D multi-CPMAS spectra of samples with (Zn:Si)i of 0, 0.15
and 0.40, B) 1D multi-CPMAS spectrum of the sample with (Zn:Si)i of 0.40 (top) showing
deconvolution into the different @ sites (bottom), and C) 2D 2Si-29Si INADEQUATE spectrum of a
zinc-modified C-S-H sample with a (Zn:Si)i ratio of 0.40.
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The spectra in Figure 3A were normalized to total intensity and show evidence of two trends.
As the (Zn:Si); is increased, the signal at —78.9 ppm decreases while the new signal at around
—72 ppm increases in intensity. To further investigate the species present DNP enhanced
natural abundance homonuclear *Si - ?Si refocused INADEQUATE spectra were acquired
[15, 22, 52, 53|. A 2D INADEQUATE spectrum of a zinc-modified C-S-H gel with (Zn:Si); of
0.40 is shown in Figure 3C (and spectra corresponding to (Zn:Si); of 0 and 0.15 are shown in

SI section Vb).

This spectrum shows the expected connectivities in conventional C-S-H samples [15]: QV-Q(M),
Q-QW, QEP-QE) and QEP-Q). Signals corresponding to QGZ"-QW or QEP-Q2H)
connectivities are not present, as is consistent with the connectivity of the C-S-H silicate chains.
Additionally, no correlations with the new 2Si species at —72 ppm are observed. Through-space
exchange spectroscopy experiments (EXSY) were also carried out and confirmed that this new
species, although not having through-bond correlations with other Q sites, has close through-
space correlations mediated by spin diffusion, which further confirms its incorporation in the
C-S-H internal structure. Results from the 2Si - 2Si EXSY experiments are shown in Figures

S9 and S10.

4.3.3 Candidate structure generation: stability of zincate species in zinc-modified

C-S-H

To determine the possible sites for incorporation of zinc species into the silicate chains of C-S-
H at the atomic-level, ninety-eight different zinc-modified C-S-H structural units with Ca:Si
ratios ranging from 1.2 to 2.25 were generated via brick models.?” For each structure, DFT [32,
34| based chemical shifts were calculated and compared to the experimental chemical shifts
obtained from 1D and 2D NMR experiments. In order to calibrate the calculated shifts, the
mean shifts of the well-established characteristic sites present in conventional C-S-H gels (Q),
Qer), QM) were computed (Figure 4B) and were found to be in good agreement with
experiments and literature. All possible DFT-based calculated chemical shifts for all the silicon

sites in the ninety-eight candidate structures are provided with the raw data.

DFT was also used to compute the absolute energies of each structure to investigate differences
in stability. Figure 4A shows a selection of relevant structures, where 4-coordinated zinc
substitutes for QM), Q) or Q) silicates or is adjacent to two silicates and in the interlayer.

The calculated energies of all candidate structures corresponding to a Ca:Si ratio of 1.67 and
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2.0 are shown in Figure S4. Table S3 shows the relative calculated energies of all the candidate
structures, ordered in sets according to their Ca:Si ratio. The calculated energies are
normalized to the structure where zinc substitutes for a Q2P site and is coordinated as

ZnO2(OH)2, which is consistently the most stable Q site substitution at Ca:Si ratios of 1.67.

4.3.4 NMR Crystallography with DFT-based calculated chemical shifts

The DFT-calculated 2’Si isotropic shifts resulting from each structure are shown in Figure 4B
and Figure S5, and also provided with the raw data. Results from energy minimization and
chemical shift calculations through DFT were then compared to experimental data from both
1D multi-CPMAS and 2D INADEQUATE experiments in order to verify or discard the relaxed

structures, as discussed below.

At the Ca:Si ratios used in this work, zinc substituting for a Q2 site is predicted to be the
most favourable structure owing to its lowest mean energies, while zinc substituting for a Q%)
site is predicted to be energetically more favourable than zinc substituting for a Q) site
(Figure S4). This is consistent with the experimental 2D ?Si-?’Si INADEQUATE NMR results,
since zinc substitution in a Q) site should yield QZ»Z0)-Q(2p) and QZh-Zn)-Q(2rZn) correlations
in the region between —74.8 ppm and —84.4 ppm, which are not observed. Based on both the
calculated energies and the NMR results we conclude that zinc does not substitute for the Q2r)

species in C-S-H.

When zinc substitutes for a Q) site in a dimer the mean calculated isotropic chemical shift of
the generated Q%" species, as shown in Figure 4B, is —71.5 ppm which is also the measured
value for a Zn-Si dimer complex [48|. This value agrees with the signal observed experimentally
at approximately —72 ppm and is also consistent with the fact that there are no 2Si - 2’Si
correlations with this chemical shift in the 2D INADEQUATE NMR experiments. Additionally,
our DFT calculations predict a lower span (£2) of the chemical shift anisotropy (CSA) tensor
for Q2% when compared to the other species, which is in agreement with our experimental
results (see SI section Vd).

LZn) species, we note however that it can only account

Having identified unambiguously the Q(
for ca. 60-70 % of the total zinc content (see SI section Ve). Therefore, the remaining zinc

atoms must be incorporated in other sites of the structure.
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In all the 1D multi-CPMAS spectra with the (Zn:Si); ratio between 0 and 0.4, the ratio of the
integrated signal intensities of the Q2P) and Q") sites are found to be consistently equal to
two, as expected. Upon inclusion of a fifth site in the deconvolution of the ?Si NMR spectra
with a signal intensity constrained to account for the remaining 30-40 % of zinc, the only

possible chemical shift for the second new 2’Si species is found to be —79 ppm (Figure 3B).

With DFT, substitution for Q2P is always predicted to be the most favourable energetically
at Ca:Si ratio 1.67 (Table S3), and the resulting two symmetrical 2’Si sites, denoted Q%"

have a calculated mean chemical shift of —79 ppm.

Due to the overlap of the Q(»%% species with the Q) species (~78.9 ppm), these two species
are indistinguishable in 1D 29Si NMR spectra. The Q%) species can be connected either to
Q) or QW species, which would yield similar correlations as those observed between QM-Q®)
and Q®)-Q® species, making them again indistinguishable in the INADEQUATE spectra.
However, we note that the only substitution site that is compatible with both the 1D multi-
CPMAS and 2D INADEQUATE experiments is Q2" leading to two symmetrical Q(2r-Zn)
species. These considerations, taken together with the fact that the integrated area
corresponding to the conventional Q(2P) sites cannot account for all the expected new species
arising from zinc incorporation, led us to determine that the only region where the signal
corresponding to Q%1 species could be is indeed overlapping with the signal that corresponds
to QW) species. Therefore, we assign a second new 2'Si species at ~79 ppm to be Q2»Z%), The
substitution at the bridging site is also analogous to the previously determined C-A-S-H

structure [16].

1,7Zn

Based on the evidence shown, Q%0 and QZ»ZY) species are identified as the main silicate

species arising from zinc incorporation in C-S-H systems.

Finally, we consider two other energetically possible sites Q20222 and Q(ILZ0_int) (see Figure
4B). Q®r22) gpecies (Figure 1), with a calculated chemical shift of ~73.0 ppm, can only be
present in a pentamer or a higher degree unit if zinc substitutes for the Q) and Q2" species
simultaneously, creating a Zn-Si-Zn linkage at the start of the chain. The calculated chemical
shift is similar to that of Q%" species, and would yield a signal in the 1D 29Si experiments
while yielding no ?Si-?Si correlations in the 2D ?’Si INADEQUATE NMR experiments, which
is compatible with our results. This species requires a high (Zn:Si); as well as a high degree of

polymerization to occur, as it is the combination of a zinc substitution for a QU and a QP
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simultaneously. Due to the fact that this species (QZ»22%) requires two Zn substitutions to

occur, though possible they are rendered less probable and are discarded in the further analysis.
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Figure 4-4. A) Relative calculated energies of representative zinc-modified C-S-H structures according
to each substitution site with different Ca:Si ratios and interlayer amounts. Each column is normalized
to the substitution of zinc in the bridging site with a AE = 0 ¢V. Nomenclature: ZnB = zinc in the
Q) site, ZnP = zinc in the Q) site, Zn! = zinc in the QW) site, Zn!™ = zinc on top of a QM-QW
dimer site, HW = High Water content. All structures are labeled with their corresponding zinc species
which may coordinate to hydroxides or water. B) DFT calculated shifts from the silicate species

obtained from brick models for zinc-modified C-S-H and their respective schematic structures.
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Q(LZn_nt) (Figure 1) has a calculated chemical shift at around —75 ppm which would overlap
with the signal from QW) species. Similarly to Q2»%") species, QU-Zn_int) gpecies would also be
unresolvable in 29Si-?Si INADEQUATE NMR experiments since their predicted correlation
would overlap with the QM-QWM) correlation. However, to our knowledge, there are no known
structures which exhibit such a Zn-Si feature. Therefore, again, though possible, this species is

not considered further.

A summary of the predicted silicate species which arise from zinc incorporation into C-S-H,
and their DFT calculated chemical shift distributions is shown in Figure 4B. Our experimental
results identify that zinc-modified C-S-H includes Q(), Q) QP QU2 and Q(r%n), and
while Q(r2Z1) and QU-Zn_int) gpecies are predicted to be feasible with regard to the energetics,
they cannot be verified through 2’Si NMR experiments and no such species have been found
in the literature, they are therefore shown in Figure 4B as possible structures but they are

discarded for the following C-S-H chain length and Q population analyses.

4.3.5 Chain length and population analysis

Quantitative analyses of Q species populations and C-S-H chain length distributions were

carried out assuming the silicate species present in zinc-modified C-S-H samples are Q), Q(2h),

Q(21>)7 Q(I,Zn) and Q(2p,Zu).

Q(zb) Q(1 ,Zn)
Q(2p,Zn)

Qen

Q.zn

08

06 Q@r.2n)

Qfer)

0.4

Relative intensity (%)

0.2

(Zn'Si) =0 (Zn:Si)=0.15  (Zn:Si), = 0.40

Figure 4-5. Results of the quantitative population analysis in the three samples with (Zn:Si)i of 0, 0.15
and 0.40.
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The spectra acquired from samples with (Zn:Si); of 0, 0.15 and 0.40 were analysed by fitting
each of the constituent Q sites with a Gaussian lineshape, whose integrals are used to determine
the relative populations of Q species in each sample (Figure 5). As mentioned above, at a
(Zn:Si); ratio of 0 (conventional C-S-H), the typical ?Si signals for C-S-H with high Ca:Si
ratios are present: Q) at —78.9 ppm, QZ" at -81.4 ppm and Q@) at -84.4 ppm. The
population analysis from multi-CPMAS matches the results of Kumar et al. [15] for pure single-

phase C-S-H samples with Ca:Si ratios of 1.75.

Figure 5 shows a quantitative Q species population analysis of the three samples with different
(Zn:Si); ratios. These results show that conventional C-S-H has a population distribution in
which the majority (70%) of the silicate species are Q) sites, which is consistent with the
literature for high Ca:Si ratios, while 20% are Q@) sites and 10% are Q) sites. As zinc is

incorporated into the C-S-H structure, the population of Q) species decreases, while the

2p) 2p,Zn)

populations of Q) and Q2P species remain constant. The populations of Q%2 and Q(
increase upon zinc incorporation. Q%1 species constitute 10% of all silicate species in samples
with (Zn:Si); of 0.15, while constituting 23% of all silicate species in the sample with (Zn:Si);
of 0.40. The Q1) species increases from 10% in the sample with (Zn:Si); of 0.15 to 34% in
the sample with (Zn:Si); of 0.40. This analysis suggests a conversion of QW) species into Q%"

and Q(P7Zn) species as more zinc is incorporated into the C-S-H structure.

The effect of zinc on the Q-site populations can be related to changes in the distribution of
mean chain lengths. Understanding the effect of zinc on the mean chain length distributions
could allow for a fine tunability of this material for its implementation at a macroscopic scale.
To assess the chain length distribution of zinc-modified C-S-H, it is again assumed that the
only species present in the material are Q), Q@) Q2P Q1.Zn) and QErZn), Integrals from the
multi-CPMAS population analysis can be combined with the 2D connectivities seen in the
INADEQUATE spectra to estimate the molar fractions of dimers in the system following the
approach of Kumar et al.!® as described in the SI section Vf. Removing SiO2 units from bridging
sites creates defects which shorten and break the chains, generating dimers (xo), pentamers
(x1), octamers (x2), and higher degree units with increasing numbers of SiO2 bridging sites
(xn). The extent of defects determines the mean chain length, as well as its distribution into
dimers, pentamers, octamers or longer silicate-zincate units. The chain lengths for each sample

are estimated by calculating the molar fraction of QW-QM) and QW-QU%% dimers (xp) and
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deriving the molar fraction of the silicate-zincate species which have higher degrees of

polymerization (xuy).

Table 4-1. Molar fractions of dimers (x0), higher degree units (xn) and mean chain length (MCL) for
samples with (Zn:Si)i of 0, 0.15 and 0.40.

(Zn:Si); ratio X0 Xn MCL
0.00 0.86 0.14 2.9
0.15 0.48 0.52 3.3
0.40 0.38 0.62 4.5

Table 1 shows the molar fractions of the three samples with different (Zn:Si); ratios. The molar
fraction of the higher degree units (xu), which is a direct sign of a higher degree of
polymerization, is lowest in the pure C-S-H sample (Zn:Si); = 0. The molar fraction of higher
degree units increases to 0.52 in the sample with (Zn:Si); = 0.15, and to 0.62 in the sample

with a (Zn:Si); = 0.40.

In addition to the molar fractions of dimers and higher degree units present in zinc-modified
C-S-H, the mean chain length (MCL) of each system was calculated. MCL is calculated

according to equation 1 below [27].

Total Si + Zn species (1)

MCL =
0.5(non bridging species) — (bridging species)

The MCL of the conventional C-S-H sample (with a (Zn:Si); = 0) is 2.9, and is consistent with
the literature for high Ca:Si ratios.?” The sample with (Zn:Si); = 0.15 has a calculated MCL
of 3.3, and the sample with (Zn:Si); = 0.40 has a MCL of 4.5. This shows that the presence of
Q@) species in zinc-modified C-S-H systems leads to increased MCL with respect to
unmodified C-S-H. We conclude that =zinc-modified C-S-H has a higher degree of

polymerization when compared to conventional C-S-H.

Figure 6 shows a representative atomic-level structure of the zinc-modified C-S-H determined
here. It has the characteristic C-S-H Q) (~78.9 ppm), Q®) (-81.4 ppm) and Q®") (-84.36
ppm) species, as well as the newly discovered Q%" and Q2“1 species, and in this example
the (Zn:Si); is 0.15. Additional representative structures that incorporate the DFT-predicted

QLZn_int) and Q2r2Zn) gpecies are shown in SI section VI.
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4.3.6 Formation of zinc-modified C-S-H

We have identified two sites for the incorporation of octahedrally coordinated zinc
oxyhydroxide species (ZnO2(OH)2*) into C-S-H. This was done experimentally at a Ca:Si ratio
of 1.75 and explored between 1.25 and 2.25 with atomistic modelling. As mentioned above, the
incorporation of small amounts of zinc in the hydration of the key cement phases leads to
significant acceleration in hydration kinetics and accompanying increase in hardened strength
[5, 11]. Synthetic C-S-H systems generally show a thin sheet morphology (Fig. 2B and S2)
indicating growth is mainly in the a-b directions and very limited along the c¢ axis. Three of
the zinc sites are found in the silicate chains, which lie parallel to the b direction. During the
growth of C-S-H the main silicate species in solution is the neutral complex CaSiO2(OH)2
(present at 2 mM concentrations) [62]. To link these species to form the calcium-silicate sheets
that make up C-S-H, bridging species such as monomeric silicates (0.05 mM) or Ca?" (10 mM)
are needed. The main zinc species in solution is ZnO2(OH)2* (2 mM) at the pHs used here and
in cementitious systems [48|. Here we have found that this species is readily incorporated into
both the bridging position and the QM) end chain position, and can hence accelerate the growth
of C-S-H by simply increasing the number of growth units in solution. From ICP measurements
of the supernatant (Figure S3) we see that even at a molar ratio of 0.4 Zn:Si the vast majority
(98-99%) of the zinc is incorporated into the C-S-H. Taking the ensemble of our observations
together, we suggest the acceleration seen in hydration [4-6] could be due to the enhanced

concentration of effective monomeric growth species (Zn >> Si) at the early stages of growth.

Additionally, [(HO)3ZnOSiO:0H|* and [(HO)3ZnO(SiO2)O(SiO2)OH|% species have been

postulated at pH above 14, and they may also play a role in the chain formation process [48].

To validate the hypotheses generated from the atomic-level structures of zinc-modified C-S-H
determined here, detailed thermodynamic modelling and kinetic experiments on synthetic C-
S-H in the presence of zinc will be carried out in future studies, for example using the
population balance approach developed by Andalibi et al. [62] to model both growth rates and

monitor solution speciation as a function of reaction time.

Conclusions

We precipitated pure single-phase C-S-H in the presence of zinc with a target Ca:Si ratio of

1.75, analogous to industrially relevant compositions, from a solution of aqueous sodium
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metasilicate, calcium nitrate and =zinc nitrate under controlled pH, temperature and
atmospheric conditions. TEM was used to observe the microstructure of the precipitated
product, and EDX confirmed the local composition. DNP enhanced 1D '"H—2Si multi-CPMAS
NMR was used to measure quantitative populations of Q species, and natural abundance 2D
298i-29Si INADEQUATE spectra were used to determine the connectivities between the silicate

species.

Figure 4-6. Representative atomic-level structure of zinc-modified C-S-H as determined with (Zn:Si)i
= 0.15. Silicate tetrahedra are depicted in blue; zincate tetrahedra are depicted in yellow; and calcium

ions are depicted in light blue.

These data, in combination with atomistic modelling and DFT chemical shift calculations were

used to determine the atomic-level structure of zinc-modified synthetic C-S-H.

Specifically, as shown in Figure 6, two new silicate sites are present in the structure: Q%)
and Q@»”%, By determining the structure in three samples with different (Zn:Si); ratios we

find that zinc promotes an increase of the mean chain lengths.

The structure suggests that the enhanced hydration kinetics in zinc-containing cementitious
systems could be due to the enhanced concentration of effective monomeric species at the early

stages of growth. Considering that real cementitious systems also contain aluminium and that
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aluminium is known to incorporate into the C-S-H structure, work is in progress to the study

the impact of dual incorporation of zinc and aluminium in C-S-H.
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Abstract

Deciphering the calcium silicate hydrate (C-S-H) surface is crucial for unraveling the
mechanisms of cement hydration and property development. Experimental observations of C-
S-H in cement systems suggest a surface termination which is fundamentally different from the
silicate terminated surface assumed in many atomistic level studies. Here, a new
multiparameter approach to describing the (001) basal C-S-H surface is developed which
considers how the surface termination affects the overall properties (Ca/Si ratio, mean chain
length, relative concentration of silanol and hydroxide groups). Contrary to current beliefs it
is concluded that the (001) C-S-H surface is dominantly calcium terminated. Finally, an
adsorption mechanism for calcium and hydroxide ions is proposed, which is in agreement with

the surface charge densities observed in previous studies.
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5.1 Introduction

The production of cementitious materials is responsible for 5-8% of anthropogenic COs
emissions [1]. With the rising world population and the related needs for infrastructure, the
demand for cement will increase. To lower the carbon footprint of cement, fundamental

understanding of the chemistry at the phase interfaces is needed [2].

The main hydration product of Portland and blended cements is calcium silicate hydrate (C-
S-H). C-S-H forms around 50 to 60% by volume of hardened cement paste and is the primary
binder that binds together other crystalline hydration products and aggregates and gives
cohesion to the material [3]. Nucleation and growth of C-S-H is the underlying mechanism
behind the main hydration stage occurring between a few hours and one day [4]. C-S-H forms
a continuous nano porous network that reduces the transport of ions, such as chloride [5],

which causes durability issues in steel reinforced concrete structures.

Transmission electron microscopy (TEM) images of C-S-H from samples of hydrated tricalcium silicate
(CsS) [6, 7] and TEM images of high Ca/Si pure phase synthetic C-S-H [8, 9] show a nanofoil
morphology, as seen in figure 1. The nanofoils have a length around 100-200 nm [8, 10-12] and
thickness below 5 nm [10, 11, 13, 14]. The measured specific surface area is in the range between

200 and 300 m?/g [15-19]. These observations underline the importance of C-S-H surfaces [20].

The bulk structure of C-S-H is reasonably well understood [3, 8, 21, 22]. C-S-H can be
considered as a highly defective 14A tobermorite with variable chemical composition and
structure. While there is no long-range order, X-ray diffraction patterns give broad C-S-H
peaks which can be attributed to atomic distances within the calcium-silicate sheets |9, 14,
23]. The calcium-silicate sheets are made of calcium oxide layers to which silicate chains are
attached on either side. These sheets are separated by interlayers containing water molecules
and ions (figure 1). Contrary to 14A tobermorite, which has a Ca/Si ratio of 0.83, C-S-H has
a variable Ca/Si ratio of 1.2 to 2.1, with an average of 1.7 in plain Portland cements, at early
ages. In 14A tobermorite the silicate chains are composed of a dreierketten structure with
silicate dimers, which are linked with bridging silicate tetrahedra Q" (see Si-Surface 2 in figure
3) [24]. ?*Si nuclear magnetic resonance (NMR) experiments on phase pure high Ca/Si C-S-H
show the prevalence of the Q! end-of-chain dimeric silicate species [8, 25, 26], which is a

consequence of missing Q" silicates. Kumar et al. [8] showed that most of the bridging sites
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are occupied with calcium ions instead, which contributes to high Ca/Si ratios in C-S-H. At
Ca/Si = 1.75 only 30% of bridging sites are occupied with a Q2" silicate and the remaining
70% with calcium ions [26]. The calcium in these bridging sites is stabilized by an environment

of strong hydrogen bonding.

The ratio of Q species is used to derive the mean chain length (MCL) [27]. Assuming a
dreierketten structure and absence of silicate monomers [8, 28], an MCL = « represents the
14A tobermorite with no missing Q2" silicates, MCL = 2 would be a structure with no Q2"
silicates, and at Ca/Si = 1.75 the calculated MCL ranges from 2.55 to 2.89 [8, 26]. 2?Si NMR
shows the complete absence of any Q? silicate [8, 26|, making it clear that there is no
connectivity between silicates of opposite silicate chains via the interlayer, as observed in 11A
tobermorite [29]. Other studies have found an increase of hydroxide groups and decrease of
silanol groups with increasing Ca/Si ratios [3, 22, 30]. All these findings indicate that the high
Ca/Si ratios observed can be attributed to the calcium substitution of the bridging Q" silicate,

and the addition of Ca?t and OH ions in the interlayer.

In contrast to the bulk, the atomic structure of the surface of C-S-H is poorly characterized. Previous
studies of interactions with C-S-H surfaces are summarized by Duque-Redondo et al. [3] and Kunhi
Mohamed et al. [31] In most previous studies, authors have considered the energetically most
favorable tobermorite basal (001) surface [32] to have a Q% silicate termination (Si-Surface 2 in figure
3). Due to the low Ca/Si of 14A tobermorite some authors introduced defects to raise the Ca/Si ratio

up to 1.4 [33-35].

The present paper shows how the brick model [21] combined with results from experimental
measurements (Ca/Si ratio, MCL, relative concentration of silanol and hydroxyl groups) can be used
to construct pragmatic models of realistic C-S-H surfaces. By considering the C-S-H structure
characteristics, a correlation between system properties and the surface silanol density is found. A
mechanism for calcium and hydroxide adsorption is proposed, which gives excellent agreement with
previous studies on surface charge densities. Finally, a full atomistic model of the C-S-H nanofoil

structure is proposed.
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Figure 5-1. C-S-H nanofoils: a) TEM image of synthetic C-S-H with Ca/Si = 2.0, adapted with permission from
ref [8] b) schematic representation of the C-S-H nanorporous network (black lines represent the
individual calcium-silicate sheets and blue dots represent water), and c): computational model of 3

layers, 2 interlayers thick Ca/Si = 1.7 C-S-H nanofoil with the dominant (001) basal surfaces.

5.2 Methods

Sections of C-S-H nanofoils were modeled as periodic structures in the a and b axis direction and with
water molecules on both sides of the basal (001) surface in c axis direction (see Sl section S1). The
(001) surface is parallel to the calcium-silicate sheet [32]. The C-S-H sections were generated with the
brick model from Kunhi Mohamed et al. [31] The model allows a systematic introduction of defects
into the 14A tobermorite structure from Bonaccorsi et al. [24], to give C-S-H bulk structures with
representative Ca/Si ratios, consistent with experimental data [3]. The model is gaining acceptance [3,
36-39] and can be used to construct C-S-H surfaces, which can then be used for molecular simulations
of adsorption processes [40]. One main advantage of the brick model is the alphanumeric code
(notation), which means the structure is exactly described [3]. The details on model construction can

be found in the supporting information (S1).

The in-house code for generating structures according to the brick model positions the atoms
in a predetermined way. This can result in initial atomic positions which can be far from the
minimum of the potential energy surface. Therefore, a suitable equilibration protocol was used.
First a quasi-minimization step was carried out, followed by an isothermal-isobaric (NPT) run
to relax the simulation box and achieve a bulk water density of approximately 1 g/cm?.

Afterwards the system was heated to 700 K in the canonical (NVT) ensemble to ensure enough
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energy to reach a more stable minimum before the production run. The final production run
was carried out in the NPT ensemble at 300K and 1 bar with a timestep of 0.28 fs for at least
20 ns. All simulations were carried out with LAMMPS*" and a modified version of the CemFF2
force field [24, 42]. CemFF2 (and Erica FF2) use the adiabatic core-shell model [43] for the
polarizability of silicate oxygens which is needed for the right prediction of structural properties
of calcium silicate hydrates [42,44]. The force field uses harmonic angles and formal charges of
the silicates, therefore it does not overpredict the electrostatic forces. An overprediction of the
electrostatic forces would result in higher adsorption of cations on the negatively charged
silicates,® as can be the case for the popular ClayFF [46] and CSH-FF [47| force fields. For
further reading on interatomic potentials and the advantages of polarizable force fields for
silica and related systems the reader is referred to the excellent review paper of Miiser et al.
[48] The calcium-water interaction was adopted from Mamatkulov et al. [49], which has proved
reliable in adsorption studies on charged amorphous silicate surfaces [45]. A detailed
description of the simulation protocols and force field parameters, as well as structure files are

provided in the SI (S2 and S3 sections).

The experimental results which were used in conjunction with the brick model are: i) X-ray
fluorescence (XRF) and inductive coupled plasma spectrometry (ICP-OES) for the measurement of the
Ca/Si ratio [9], ii) °Si NMR for the quantitative analysis of different silicate species (Q-sites) [88, 25,
26], which are usually expressed as the MCL and iii) IR and Raman spectroscopy for the relative
concentration of silanol (Si-OH/Si) and hydroxide groups (Ca-OH/Ca) [3]. All of these experimental
methods measure overall properties, not just the bulk, but, including the surface. The origin of

experimental data is elaborated on in Sl section 1.1.

Since C-S-H exists only at high pH, a 90% deprotonation of surface silanol groups was assumed for the
calculation of characteristics of the structures (Ca/Si ratio, mean chain length, relative concentration
of silanol and hydroxide groups). This deprotonation level agrees with the value for C-S-H in calcium
solution at pH 13 as predicted by grand canonical Monte Carlo simulations [50]. The experimentally
observed characteristics for the C-S-H nanofoil models were taken from Duque-Redondo et al. (table

2) 3].

5.3 Results

Using the brick model from Kunhi Mohamed et al. [21] a basal C-S-H (001) surface can be constructed

as follows (figure 2). First, the size of the system needs to be decided, for example a 4x4x2 system
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would mean that a structure which measures 4 C-S-H bricks (defective building blocks of tobermorite
14A unit cells) in the a-axis direction, 4 in the b-axis direction and 2 in the c-axis direction is generated,
creating a structure which is 2 interlayers thick. Second, defects need to be selected which will be
introduced into the C-S-H bricks. These defects need to be chosen with care so that the overall bulk
properties mimic the experimentally measured properties (Ca/Si ratio, mean chain length, relative
concentration of silanol and hydroxyl groups). The defects which can be used are described in ref [21].
Third, Ca-Si chains are added to the top and bottom of the bulk structure in order to generate the C-S-
H nanofoil with the (001) surface. For a detailed description we refer the reader to the S1 section of

the supplementary information.

C-S-H Brick C-5-H Bulk C-S-H (001) Surface
Upper Ca-Si - - - -
chain
Interlayer

ain HHH : HHH

,’/'

[e]
a- I

Ca-Si chain which forms the surface

Figure 5-2. Schematic representation on how to construct the C-S-H (001) surface with the building
brick description [21].

5.3.1 Thickness and surface area

In the c-direction, the C-S-H bulk structure is flanked by two (001) surfaces (figure 2). The
bulk structure has a Ca/Si of 1.7. The examined structures differ from each other by the

number of calcium-silicate layers (table 1).

The C-S-H structure with 3 layers, 2 interlayers (figure 1), measures 3.5 nm from the Q2
bridging silicate on one surface to the Q2" silicate on the other surface. For comparison, the
structure with 4 layers, 3 interlayers measures 4.9 nm in thickness. The experimentally
measured thickness for C-S-H with Ca/Si = 1.0 is 3.5 nm [14] and calculated 4 nm [10] for

Ca/Si = 2.0. Adsorbed ions were not considered in the present model.
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To verify the choice of thickness of the computational model, the surface area as a function of number
of layers was calculated. Since the exact atomic composition of a computational atomistic system is
known it is possible to calculate the mass of the system and therefore its specific surface area as
SSA = area / mass . In table 1, the approximate specific (001) surface area for the (001) surface
model systems as a function of the number of layers is reported, whereby one (1) layer corresponds
to a C-S-H nanofoil with a single layer and no interlayers. The calculated specific surface area is only
for the (001) surfaces and neglects other surfaces, such as the lateral (100) surfaces, and is therefore

slightly underestimated.

Table 5-1. Calculated specific surface area and thickness as a function of the number of interlayers.

The thickness is measured between surface Q2 silicates, and it does not include adsorbed ions.

Number of layers Approximated specific Approximated thickness
(Number of interlayers) (001) surface area [m?/g] of the C-S-H nanofoil
[nm]
1(0) 870 0.8 nm
2 (1) 360 2.2 nm
3(2) 220 3.5 nm
4 (3) 160 4.9 nm
5 (4) 130 6.3 nm
Exp 200-300 [16, 17, 19| 3.5-4.0 nm [10, 14]

As seen from table 1, the 3 layers, 2 interlayers C-S-H model results in SSA of approximately 220 m?/g,
which is consistent with experimental observations. It can be concluded that the C-S-H nanofoils are
indeed about 100-200 nm long [8, 10-12], and only 3 layers, 2 interlayers thick, which results in a

thickness of 3.5 nm.

5.3.2 Surface termination

Due to the narrow thickness of C-S-H nanofoils (3 layers, 2 interlayers), the surface associated
calcium-silicate chains represent one third (1/3) of all calcium-silicate chains. Therefore, it is
expected that the surface termination will play a vital role in overall characteristics of the
structures (Ca/Si ratio, mean chain length, relative concentration of silanol and hydroxide groups).

Four different (001) surface terminations were considered (figure 3):
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»  Si-Surface 1: Only Q*-Q! dimers exist. All bridging sites are unoccupied. Each Q! has one
silanol group, resulting in a surface silanol density (SSD) of 4.8 OH/nm?

= Si-Surface 2: Dimers are linked with bridging silicates Q. Silanol groups are only found on
Q% silicates (two silanol groups per Q). SSD = 4.8 OH/nm?
Ca-Surface: Dimers are linked with bridging calcium ions — Cag. No silanol groups on the
surface. SSD = 0 OH/nm?

* Mixed-Surface: Dimers are linked with either Q% or Cag. Silanol groups can be found only on
Q% silicates (SSD < 4.8 OH/nm?), as for the interlayers.

322222252

Ca-Surface Cag

Crelnint
LrtrErd s

Figure 5-3. Investigated surface terminations. Color legend same as in figure 1.

As can be observed in figure 3 the considered surface terminations result in very different local
Ca/Si ratios and MCL. The Si-Surface 2 has the lowest Ca/Si ratio (0.66) and longest MCL
(=), while the Ca-Surface has the highest Ca/Si (1.5) and lowest MCL (2). It is expected that
a large difference in observed structural characteristics of the surface and the bulk would

greatly influence the overall characteristics of the C-S-H nanofoil.

First considering the most widely assumed Si-Surface 2 [32, 35, 36, 51|. As seen in figure 4 and
figure 5, to reach an overall (entire nanofoil) Ca/Si of 1.7 the Ca/Si of the bulk C-S-H structure
would need to be 2.5. This is due to the low Ca/Si ratio of the surface (Ca/Sisut = 0.66). The
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surface silicate dimers are always linked with Q2" silicates (MCLgut = =), therefore the
theoretical MCL of the bulk would need to be 1.76. MCL of 2 represents silicate chains with
all Q%" silicates absent. For MCL lower than 2, the structure would need to have missing Q!
silicates in the Q!-Q! dimer pairs. If one Q! of the dimer is absent, the remaining silicate species
is not connected to any other silicate, and it would appear as Q° species in the ?’Si NMR
spectra. Experimental 2Si NMR of phase pure synthetic C-S-H do not show any Q" peaks [8,

25, 26]. Thus, it is reasonable to assume that such a surface termination of the C-S-H nanofoil

with Ca/Si of 1.7 is not possible.
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Figure 5-4. Correlation between the overall Ca/Si ratio on the Ca/Si of the bulk structure for the 3

layers, 2 interlayers C-S-H structures with given (001) surfaces terminations.

The Si-Surface 1 and Ca-Surface have the same structure of the silicate chains. Due to the
absence of Q2" silicates, the corresponding surface MCL in then 2.0. Therefore, a bulk structure
with a high MCL is needed (MCLpuix = 3.74). Due to the calcium in the bridging site (Cag),
the surface Ca/Si of the Ca-Surface equals 1.5, while for the Si-Surface 1 equals 1.0. The MCL
decreases with an increase in the Ca/Si ratio [3, 27]. It is contradictory to have different Ca/Si
of the bulk (2.0 for Si-Surface 1 and 1.79 for Ca-Surface), while maintaining the same MCL.
The lower Ca/Si difference between the surface and bulk would make the Ca-Surface

termination more likely than the Si-Surface 1. However, Cag fulfills the charge neutrality of the

130



bridging site, as well as the surface in general, which is contrary to the experimental
observations which suggest high surface charge densities [16, 17, 50, 52]. Finally, due to the
lack of surface silanol groups the Si-OH/Si ratio of the bulk would be required to be 13%.
Assuming again that silanol groups are preferentially found on Q?" silicates, this would result
in 41% of non-sharing bulk Q? oxygens to be protonated. Kunhi Mohamed et al. [21] showed
that silanol groups become energetically less favorable as the Ca/Si ratio increases, which is

also supported by the falling Si-OH/Si ratio [3].

Assuming the C-S-H nanofoil grows in b-axis direction, in the direction of silicate chains.
Therefore, all silicate chains grow from the same solution. There is no obvious reason why the
silicate chains on the surface should be different from the ones in the bulk, in terms of MCL.
In order to minimize the discrepancy of the surface and bulk the Mixed-Surface was constructed
with a MCLgut of 3.0. Simultaneously a bulk MCL with 3.0 is achieved. To obtain an overall
Ca/Si of 1.7, a bulk Ca/Si of 1.91 is needed. However, due to the required bulk Si-OH/Si of
11% (overall Si-OH/Si of 9%) such a high Ca/Si ratio of the bulk is unlikely [21]. Therefore, a
bulk with Ca/Si of 1.72 was chosen, which results in an overall Ca/Si of 1.48. The Ca/Si ratio
can be increased with calcium adsorption onto the surface. In dropwise precipitation of pure
phase high Ca/Si ratio C-S-H a discrepancy between thermodynamically calculated and
measured calcium concentrations in solution is observed [9]. The difference increases with the
increase in Ca/Si ratio. This finding suggests that the amount of adsorption increases with
increasing Ca/Si. To achieve the desired Ca/Si of 1.7 four Ca?' ions need to be adsorbed per

surface Q2" site.

While there is a wide variety of possible surface terminations, it is evident that the MCL is
the first characteristic to be considered when defining a C-S-H nanofoil model. The differences
between the overall and bulk characteristics decrease with increasing thickness (number of
layers). However, the MCL remains dominant for the construction of the C-S-H nanofoil model
(SI section 1.3). Since C-S-H can be considered as a defective tobermorite structure, the surface
termination of a mixed type (Cap and Q) is a logical choice. Finally, the experimental
evidence suggests a high calcium affinity at the surface, with which the right Ca/Si can be

achieved and is discussed in the next sections [9)].
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Figure 5-5. MCL and Ca/Si of the surface and bulk for C-S-H nanofoils with Ca/Si = 1.7 and selected

surface terminations. The horizontal line represents the targeted experimental values.

5.3.3 Surface silanol density

Minerals immersed in an aqueous solution undergo a pH-dependent protonation of surface
oxygens and deprotonation of chemisorbed water molecules, therefore developing a surface
charge [53]. In calcium silicate hydrate silanol groups can only be found on non-sharing oxygens
of Q?"silicates. This is supported by the declining amount of silanol groups with the decrease
in MCL |[3]. Since the MCL represents the ratio between Q* and Q! silicates (SI 1) it can be

used to express the surface silanol density (SSD):

(1)

SSD_48MCL—2 OH
T U1+ MCL nmz]

It is evident that lower MCL values (higher Ca/Si) correspond to lower surface charge density.
From equation (1), one can calculate the SSD for the Si-Surface 2 (MCL = «) to be 4.8
OH/nm?, since MlCiLm 4.8 (MCL —2)/(1 + MCL) = 4.8. This is the reported value for the Si-
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Surface 2 termination in literature [50]. At the opposite limit of MCL = 2 (Ca-Surface), the
calculated SSD equals 0 OH/nm?, since no Q" silicates are present on the surface. The studied

surface termination (Mixed-Surface) with MCL = 3 corresponds to SSD of 1.2 OH/nm?.

5.3.4 Calcium adsorption

High SSDs result in high (negative) surface charges, which should be balanced by cation
adsorption. Calcium ions have a tight hydration shell, which does not allow for water molecules
to shift within the hydration shell, therefore favoring outer sphere adsorption [45, 54, 55|. The
MD simulations carried-out (see SI 5) on the 90% deprotonated Si-Surface 2 reveal that on an
average around 14% of the Ca?" become inner sphere adsorbed. The large hydration radius
and the repulsive electrostatic forces likely hinder the adsorption of Ca?'. However, at pH
above 13.3 the dominant species in solution is the Ca(OH)" complex and not Ca?*[56, 57]. It
is expected that hydroxide ions will act as an adsorption bridge for Ca?', as observed on
gibbsite [58] and suggested by montmorillonite and kaolinite [59], as well as illite [60] clays in
aqueous calcium hydroxide solutions. The amount of adsorbed Ca?' and OH- suggests an
extensive coverage on the basal surfaces of those clays [59, 60]. The faster uptake of ions by
kaolinite in comparison to montmorillonite could be explained by the aluminate terminated
basal surface of kaolinite which has a high hydroxyl surface density, while the montmorillonite

basal surface is a flat silicate surfaces without out-of-plane oxygens.

The zeta potential is related to the charge state of the surface and gives clues regarding the
physical and chemical properties of interfacial systems [53|. Zeta potential values of C-S-H in
high pH and calcium rich solutions are consistently highly positive [16, 17, 50, 61], suggesting
an overcompensation of the negative surface charge by strongly adsorbed counterions, which
are expected to be relatively immobile [53]. Experimental zeta potentials on C-S-H with Ca/Si
= 1.4 are negative when titrated with CaCly and positive when titrated with Ca(OH)2 [61],
indicating the role of hydroxide ions in the adsorption process. Further, in the synthesis of
phase pure C-S-H a correlation between pH and Ca/Si is observed. To achieve higher Ca/Si
higher pHs are needed [9, 57|. This again suggests an essential role of hydroxide ions in the

precipitation of C-S-H.

The Mixed-Surface with additional calcium on the surface requires hydroxide ions to mediate
the absorption of all the calcium in proximity of the surface. While it could be thought that

Ca?!" and Ca(OH)" would adsorb onto the deprotonated silanol groups of the Q' silicates, this
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adsorption behavior is rarely observed (SI section 6). Roughly 30% of the solution Ca’" is
inner sphere adsorbed, exclusively on top of a dimer (Q-Q! or Q*-Q?"). This adsorption site
was previously reported by Kalinichev et al. [62] While Ca?' coordinates to at least two oxygens
of the silicate dimer and sometimes simultaneously to the deprotonated silanol groups of the
opposite silicate chain Q%, a hydroxide is acting as an adsorption bridge to the main layer
calcium. The MD results suggest the formation of a calcium-hydroxide network on top of the
(001) surface, which starts from Cap and inner sphere adsorbed calcium on top of the dimers

(Figure 6, and SI 6)

Figure 5-6. Calcium-hydroxyl network on the Mixed-Surface. Arrows point to deprotonated Q2

silicates, Cap marks calcium in the bridging site, while stars mark inner sphere adsorbed calcium,
which are the starting points for the Ca-OH network. For clarity only selected calcium atoms are
marked. Ca-OH connectivity is shown with ’bonds’. Water molecules are not shown for clarity. Color

code: Ca-cyan, Si-blue, O-Red, H-White.

5.3.5 Surface charge

Labbez et al. [50] carried out a combined experimental and theoretical approach in order to
investigate the charging and electrokinetic behavior of C-S-H. While the model was very simplistic it
successfully predicted the experimentally obtained zeta potential. In a later study Churakov et al. [63]
investigated the intrinsic acidity of surface sites in C-S-H with the use of density functional theory ab

initio molecular dynamics, further confirming the results of Labbez et al.

The experiments were carried out on C-S-H with Ca/Si = 0.66, for which an Si-Surface 2 can be assumed
(SSD = 4.8 OH/nm?). Labbez et al. used the model to predict the ionization fraction, o, and surface

charge density, o, for surface silanol densities 2.8 and 0.8 in solution with 2 mM CaX; (where X is a
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monovalent anion) at varying pH. The ionization fraction gives the percentage of deprotonated silanol
groups and was used for our prediction of the surface charge density. Considering our newly proposed
definition of SSD, one can back calculate the MCL of the assumed structures and predict the
corresponding Ca/Si ratio of the studied C-S-H. The 2.8 and 0.8 SSDs correspond to C-S-H with Ca/Si
ratios of 1.1 and 2.1 which are the lower and upper limits of a realistic C-S-H structure, therefore

offering a valuable case to test our new atomistic model.
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Figure 5-7. Surface charge density (o) vs pH for different surface silanol densities (4.8, 2.8 and 0.8

OH/nm?) for our model (lines) and Grand Canonical Monte Carlo simulations from Labbez et al. [50].

The surface charge density (o) calculation (figure 7) follows the assumption that for each
deprotonated silanol group one calcium is adsorbed, effectively increasing the local charge by
+1e per adsorbed calcium. At a 100% deprotonation (pH 14) [50] this results in a +2 e charge
per bridging silicate, resulting in a surface charge density equal to the surface silanol density.
As can be seen from figure 7, this is in very good agreement with the predicted surface charge
density of Labbez et al. [50] As explained previously, it is unlikely to adsorb so much Ca?" onto
the surface, without co-adsorption of hydroxide groups. However, the same surface charge can
be achieved with the adsorption of n-:Ca?t and co-adsorption of 2(n—2)-0H~ per
deprotonated silanol group, where n is an integer. With this the surface charge densities from
Labbez et al. can be achieved, while allowing for an additional amount of calcium at the
surface, as suggested by experimental observations [9]. Simultaneously, the calcium-hydroxide

network on the surface increases the Ca-OH/Ca ratio of the C-S-H nanofoil. With this an

135



excellent agreement of the proposed C-S-H nanofoil model and experimentally determined C-

S-H characteristics is achieved (table 2).

Table 5-2. Comparison of C-S-H characteristics of the C-S-H nanofoil model (bulk, surface and overall)

with the experimental ones. ~'90% deprotonation of surface silanol groups assumed.

Property C-S-H bulk C-S-H Surface C-S-H nanofoil | Experimental [3]
Ca/Si 1.72 1.66 1.7 1.7

MCL 3.0 3.0 3.0 3.0

Si-OH/Si 11% 2.1%" 9% 9%

Ca-OH/Ca 37% 44% 39% 45%

5.4 Discussion

The key assumptions of the C-S-H nanofoil model are as follows: 1) the nanofoils are 3 layers,
2 interlayers thick, 2) the MCL of all the silicate chains in C-S-H is the same, and 3) the bulk
Ca/Si ratio is similar to the overall nanofoil Ca/Si ratio, without considering the subsequent
(a2t and OH- adsorption on the surface as discussed below. With these 3 assumptions a C-S-
H nanofoil model with the (001) basal surface for Ca/Si of 1.7 was constructed and which is
in excellent agreement with experimentally measured C-S-H properties (table 2). With the
same assumptions it is possible to construct C-S-H nanofoils with different Ca/Si ratios (see

SI section 1).

With this model the adsorbed Ca?! at the (001) surface (Ca?'/nm?) can then be modelled. As
seen in figure 8 with the increase in the Ca/Si ratio an increase in Ca?' /nm? is expected. This
increased adsorption of Ca?" agrees with the experimental observation of calcium
concentrations in supernatant of phase pure synthetic C-S-H as predicted by thermodynamic
modeling and inductive coupled plasma (ICP) measurements [9]. Thermodynamic modeling
consistently predicts a higher amount of calcium in supernatant than measured by ICP (3.8
mmol/1 versus 0.39 mmol/1 at Ca/Si = 1.7) [9], the Ca?' adsorbed on the surface can explain

this deficit.

The newly proposed surface model can explain some previously unclear observations about zeta
potentials. Viallis-Terrisse et al. [17], Labbez et al. [50] and Yoshida et al. [16] reported negative
experimental values of zeta potential for C-S-H with Ca/Si of 0.66 and 1.34 in solutions with [Ca?*] < 2
mM. As suggested by our model, the surface charge for Ca/Si < 1.4 is expected to be negative (charge

in figure 8). A negative surface charge corresponds to negative zeta potentials, as explained below.
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When initial suspensions were titrated with Ca(OH), an increase in the zeta potential was observed

with sign reversal at [Ca?] = 2 mM, suggesting further adsorption of Ca?* and OH" at the surface.

1 —€— Excluding Cag —%— SSD
{1 —# Including Cag —8— Charge

Ca?t, OH, e / nm?

_2 T T T T
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Ca/Si

Figure 5-8. Surface silanol density (SSD in OH/nm?), Ca?" adsorption (Ca?'/nm?) and surface charge
density (e/nm?) at the (001) surface of the 3 layer, 2 interlayer thick C-S-H nanofoil as predicted by
our model for different Ca/Si ratios. Including Cap (calcium in the bridging site of the silicate chains)
accounts for all calcium at the surface. Excluding Cas accounts only for Ca?" which is predicted to
form the Ca?*-OH- network, and contributing to the surface charge. Cap fulfills the charge neutrality
in its adsorption site and therefore does not contribute to the surface charge. Details on the model

structures are listed in SI section 1.

Labbez et al. [50] increased the pH of the solution by addition of NaOH whereby a decrease in the zeta
potential was observed. This observation could be explained by OH" adsorption or replacement of Ca%*
by Na* at the surface [45, 60]. Both mechanisms would result in lower surfaces charges and therefore

in lower zeta potentials.

Haas and Nonat reported positive zeta potentials for samples with Ca/Si > 0.9 in solutions with [Ca?*]
> 2 mM This could be explained by an excess of positive charge at the surface due to Ca?* and OH-

adsorption as found for this model [65].

The relationship between surface charge densities, Ca?>" and OH- adsorption and zeta potentials
can be explained as follows. The proposed co-adsorption of Ca?t and OH- (see section Surface
charge) increases the surface charge by +1 e per deprotonated surface silanol group. The SSD

(OH/nm?) along with the predicted Ca*'/nm?, is shown in figure 8. In figure 8 the measure
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including Cap represents the total amount of calcium at the C-S-H (001) basal surface which
includes the calcium in the bridging site (Cag) as well as Ca?" which is part of the Ca?*-OH-
network. Excluding Cap accounts only for Ca?' which forms the adsorbed network and
effectively contributes to the charged state of the nanofoil. Experimental observations show
that a pH above 12.5 is needed for C-S-H to have a nanofoil morphology [57]. At such pHs it
is expected that more than 90% of the surface silanol groups will be deprotonated (see Labbez
et al. [50] and table S11). From the predicted amount of adsorbed Ca?" (and OH") and the
assumption of a 90% deprotonated (001) surface one can calculate the expected surface charge
at a given Ca/Si ratio. As seen in figure 8 our C-S-H nanofoil model predicts negative surface

charges below Ca/Si = 1.4 and positive surface charges for higher Ca/Si ratios.

A a) Ca/Si< 1.4 z 4
Ca2* OH Q

Mobile Vg

Immobile {
Surface W‘vv‘vv
o)

b) Ca/Si > 1.4

A :
z
\Y
Mobile «E
Immobile
Surface " vavv
c

v

Figure 5-9. Schematic representation of the (001) C-S-H surface a) For nanofoils with Ca/Si < 1.4,
where a negative charge density (o) is expected and b) for nanofoils with Ca/Si > 1.4 where a positive
surface charge is expected. The zeta potential ({) is measured in the charge neutral region above the
surface (z-axis direction) where charge neutrality and constant bulk mobilities are achieved. Q* stands

for silicate tetrahedra.
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As explained by Predota et al. [53, 64] the potential-driven velocities next to charged surfaces can be
directly measured. Afterwards they can be divided by the applied field strength to provide
electrophoretic or electro-osmotic mobilities which can be converted to zeta potentials by various
theoretical relations. Figure 9 shows the schematic of a C-S-H (001) surface of a nanofoil with a Ca/Si

ratio below and above 1.4 and will be used to explain the expected zeta potential values.

L

R T B W »:
W N O R R S

Figure 5-10. Snapshot of the full Ca/Si = 1.7 C-S-H nanofoil model with the Mixed-Surface
termination and calcium-hydroxide adsorption, as described in table 2. CSL — calcium-silicate layers.

Color code: Ca-cyan, Si-blue, O-Red, H-White.

As explained above, the charge density (o) of the surface is negative due to deprotonation of silanol
groups on Q2 silicates. A certain number of ions will be adsorbed on the surface (inner and outer
sphere adsorption). These ions are expected to be rather immobile [53]. As seen in figure 8, the
quantity of adsorbed Ca?* (and OH’) for Ca/Si < 1.4 is expected to be less than needed to compensate

for the negative surface charge. Therefore, the charge will be compensated by a region dominated by
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mobile cations above the surface (also referred to as the diffuse layer). The mobile ions of the diffuse
layer determine the sign and amplitude of electrophoretic and electro-osmotic mobilities. In the case
of mobile cations, the zeta potential is expected to be negative [53, 64]. For nanofoils with Ca/Si> 1.4
the surface is expected to have a high degree of Ca?* (and OH") adsorbed, resulting in positive charges
in the immobile region. Therefore, the mobile region is expected to be anion dominated, which would

result in positive zeta potentials.

Finally, after addressing the surface charge density of the nanofoil, some structural features of C-S-H
can be addressed. Some experimental observations show a slow a decrease in the Ca/Si ratio of C-S-H
over time [67]. By comparing our C-S-H nanofoil model with experimental data on zeta potential
measurements we conclude that the amount of Ca*-OH" adsorption depends on the solution
condition (pH and [Ca?*]). Changes in pore solution (calcium concentration) over time most likely affect
the adsorption and desorption of Ca?* and OH™ and consequently cause a decrease in the Ca/Si ratio.
However, the surface charge of C-S-H should remain unchanged, as theorized for clays in contact with
lime solution [60]. The comparison of pair distribution functions of C-S-H samples after 1 day and 1
year of hydration show similar short-range ordering, suggesting that the bulk C-S-H structure remains
unchanged [66]. These findings further support the existence of the proposed Ca*-OH- adsorption

network.

Conclusions

The present article shows an approach which considers multiple measurable characteristics of
C-S-H for describing C-S-H nanofoils with the basal (001) surface. The characteristics which
are used are: Ca/Si ratio, mean chain length (proportion of silicate species), and the relative
concentration of silanol and hydroxide groups. The brick model [21] was used to construct a
model structure of the (001) C-S-H nanofoil with Ca/Si of 1.7 which best agrees with the
collected experimental characteristics by Duque-Redondo et al. [3] (table 2 and SI section 1.1)

and is shown in figure 10. There are four key findings:

e The comparison of the C-S-H nanofoil model with thickness and specific surface area
measurements shows that the nanofoils consist of only 3 layers, 2 interlayers in
thickness.

e The widely assumed Q2" terminated silicate surface conflicts with the characteristics of
C-S-H. A mixed silicate-calcium terminated surface, with roughly 75% calcium

termination at Ca/Si = 1.7, is in better agreement with the experimental data.
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e The surface silanol density is a function of the mean chain length (and therefore the
Ca/Si ratio).

e (Calcium and hydroxide co-adsorption are needed to reach high Ca/Si ratios.

The C-S-H nanofoil model predicts the surface silanol density as a function of the MCL (and
therefore the Ca/Si ratio) and the amount of adsorbed Ca’" and OH- at the surface as a
function of the Ca/Si ratio (figure 8). From these two parameters the surface charge is
calculated. The model predicts negative surface charges for Ca/Si < 1.4 which agrees with
experimental zeta potential studies of C-S-H in solutions with [Ca?'| < 2 mM (figure 9). The
proposed calcium-hydroxide adsorption network provides an explanation for positively

measured zeta potentials of C-S-H in contact with [Ca?'| > 2 mM solution.

With the use of the brick model [21] C-S-H surfaces which match the overall C-S-H
characteristics can now be constructed and be used to help interpret experimental data and
further investigate the interaction of other ions (e.g. chloride, sulphate, sodium) and molecules
(accelerators, superplasticizers). This will lead to a far better understanding of surface

phenomena that is of great importance for creating and using ecofriendly cements and concrete.
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6 Summary and Outlook

This chapter gives a short summary of the progress made over the past four years in elucidating
the atomic-level structure of C-S-H. This is followed by a short summary of each of the main
chapters of the thesis. The summaries are short, since each chapter represents a published,
submitted, or not yet published paper, and therefore each chapter ended with a proper
conclusion. Finally, the future work section addresses the next challenges in further elucidating
the atomic-level structure of C-S-H and how this knowledge will be used to help design more

sustainable concrete for the built environment.

6.1 How it started and where it ended

For the past 50 years C-S-H has been intensively investigated. However, the major
breakthroughs in elucidating the atomic-level structure occurred after 2017. The first
breakthrough paper came from Kumar et al. [1], followed by two separate papers by Kunhi
Mohamed et al. [2,3]. The significance of these studies over the past ones is in the fact that
they successfully combined precise experimental work with atomistic modeling techniques,

which enabled these breakthroughs.

The main contributions by Kumar et al. [1| are the precipitation protocol for synthesizing
phase pure high Ca/Si ratio (1.5 < Ca/Si < 2.0) C-S-H and the combination of NMR
experiments with DFT modeling. The synthesis, which was later standardized and published
by Harris et al. [4], enabled the production and study of C-S-H without secondary phases. As
explained in chapter 3, the presence of secondary phases (most notably portlandite), often
interferes with the interpretation of experimental data. Combining experimental NMR data
and DFT calculations showed, based on the comparison of measured and calculated '"H NMR
shifts, that dimers of the silicate chains can be linked with Ca?". This finding is now regarded
as a key structural feature which distinguishes C-S-H from other calcium silicate hydrate
minerals (the tobermorite family). The key nature of this discovery was highlighted in
thermodynamic modelling by Kulik et al. [5] whereby once the Ca in bridging sites was
incorporated the thermodynamic fitting of experimental data was significantly improved.
Kunhi Mohamed et al. [2] used this methodology of C-S-H production and NMR investigation
combined with DFT calculations to inspect the incorporation sites of aluminium in C-A-S-H.

They showed that the preferential coordination of aluminium depends on the local Ca/Si and
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2H/Si ratios. The second main finding in their study was that the so-called TAH phase (third
aluminium hydrate), which was hypothesized to exist as an independent phase inside C-A-S-
H is actually a 6-fold coordinated aluminium ([AlO2(OHy|*) which is incorporated into the
silicate chain. Finally, none of those findings would have been possible without the prior
development of the brick model, which again came from Kunhi Mohamed et al. [3]. The brick
model is the first methodology for constructing representative C-S-H atomistic models which
can result in structures that mimic the experimentally measured properties (Ca/Si, mean chain
length, Ca-OH/Ca, Si-OH/Si, 2H/Si) [6]. The model also allows for reproducibility due to its

exact nomenclature.

The main objective of this thesis was to follow in the steps of Kumar et al. and Kunhi Mohamed
et al., with the aim of gaining further insights into the atomic-level structure of C-S-H. Which
was carried out with success. Firstly, in order to investigate the C-S-H structure and specifically
later the interactions at the C-S-H surfaces, a more reliable, accurate force field was needed.
As chapter 2 shows, the previous force fields had some limitations, which were addressed and
improved. The top-down and bottom-up approaches in force field development were
simultaneously combined. While the top-down approach validates the force field against
structural (unit cell parameters, bond distances, etc.), energetical (reaction enthalpies) and
mechanical properties (elastic constants), the bottom-up approach ensures the force fields’
accuracy at the Ab initio level (vibrational density of states). It was shown that the newly

developed generalized fully charge force field performs very well indeed.

While Kunhi Mohamed et al. [3] introduced the brick model it is not trivial to use. The brick
model has now been rewritten as a Python program (previously C+-+ with a Python interface)
and the generation of bulk C-S-H structures is automated This allows the unskilled
programmer but knowledgeable cement researcher to use it and investigate C-S-H atomistic
scale structures. The program was then used, in chapter X, for the first ever study of
randomized representative C-S-H structures. It was shown that the automatically generated
structures (with ca/Si of 1.5 and 1.7) match the experimental measured properties (Ca/Si,
2H/Si, Ca-OH/Ca, Si-OH/Si, mean chain length) with excellent accuracy. Further, the
structures were investigated on their structural features and defect energies. It was shown that
while the structures differed a lot in their assembly of defects the resulting structural features
and defect energies exhibited minimal differences. These similarities clarify the nanocrystalline

nature of C-S-H. The close examination of the calculated pair distribution functions and their
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comparison with experimentally reported ones, showed that the computational models can be
safely used as an aid in the interpretation of complex experimental data. The work is being
extended in collaboration with Prof. Hegoi Manzano’s group at the University of Basque
Country. Whereby another 200 structures with the Ca/Si ratio of 1.3 and 1.9 are being
investigated and will further strengthen the interpretation of the structures presented in this

chapter.

Minor elements, particularly zinc, are viewed as a promising way to control the reactivity of
C3S (pure alite), with the potential to extend it to the control of cement reactivity. Again, the
limitation lies in understanding at the atomic-level how zinc is incorporated and why does this
pertain to an acceleration. With the precipitation methods from Kumar et al. [1,7] phase pure
C-S-H samples (with and without zinc) were produced experimentally in the partner PhD of
the SNF project and then investigated and studied [8]. As in the investigation of C-A-S-H [2],
the combination of NMR, MD and DFT enabled us (i.e. myself and the SNF project partners)
to resolve the zinc incorporation sites. However, while Kunhi Mohamed et al. [2] could make
use of 27Al NMR, the "Zn NMR was too difficult to resolve, therefore only 2Si NMR was used.
While the newly emerged —72 ppm peak (Q(1%"), which was associated with zinc incorporation
was relatively easy to resolve, the —79 ppm peak would have stayed unresolved if it had not
been for all the previous work on C-S-H. Due to the current excellent understanding of the
structure of calcium-silicate chains in C-S-H it was possible to discover the Q2»%1) site, which
albeit has the same chemical shift as the Q! silicate could be distinguished by atomistic

modelling (Ziga Casar) and quantitative NMR (Anna Melgares Molares).

C-S-H is the primary hydration phase which forms 50-60% by volume of hardened cement
paste and binds together other crystalline hydration products and aggregates and controls the
transport of ions through the hardened cement paste. All these C-S-H features are closely
connected not only to the atomic-level structure of bulk C-S-H, but foremost to the C-S-H
nanofoil including its basal (001) surface. With the methodology of the brick model nanofoils
were constructed. It was shown that only foils which measure 3 layers, 2 interlayers in thickness
reproduce the experimentally measured thickness of < 5 nm [9,10] and specific surface area of
200 — 300 m?/g [11,12]. The previous literature assumes that the C-S-H (001) surface is silicate
deprotonated (Q? silicates). This assumption was challenged, in chapter 5, by investigating
different surface terminations, whereby it was shown that a mixed surface termination results

in C-S-H nanofoils which best match the experimentally measured properties (Ca/Si, mean
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chain length, Si-OH/Si and Ca-OH/Ca). The mixed surface termination assumes that the mean
chain length of the surface silicate chains is the same as the bulk silicate chains. Therefore, the
mean chain length dictates the number of Q' silicates on the surface, which also gives rise to
the surface silanol density and therefore the specific surface charge. Since at the representative
Ca/Si = 1.7 approximately 30% of bridging sites are occupied by a Q2" silicate the remaining
sites are occupied by a Ca?". This suggests a surface termination fundamentally different from

the previous assumptions in the literature which were mainly based in silicate terminations.

In conclusion, significant progress has been made in elucidating the bulk C-S-H as well as the
C-S-H surface. The investigation of bulk C-S-H revealed that no significant differences were
found in the structural features (pair distribution function) between Ca/Si = 1.5 and 1.7. This
observation suggests that surface effects play an important role in the overall properties of C-
S-H nanofoils and control the many phenomena associated with C-S-H. The same was found

when investigating the structuring of the C-S-H (001) basal surface.

6.2 Where do we go now

The atomic description of the structure of the C-S-H nanofoil, which agrees with
experimentally measured properties, enables a wide range of studies, which are of great
importance for elucidating different phenomena in practical cementitious systems. Of particular
interest is it to address the surface chemistry of C-S-H as well as the resulting porosity and its
effect on ion transport and mechanical properties, including (i) elucidating ion adsorption at
the C-S-H-solution interface, (ii) resolving the structure of the electric double layer on C-S-H
particles, and (iii) determining the microstructural (origin of pore sizes) and transport

properties (water and chloride diffusion) of C-S-H pore networks.

As shown in chapter 5, it is expected that a complicated network of Ca?" and OH- will be
formed on the C-S-H surface. In order to explore surface chemistry, a systematic study of free
energy of adsorption should be carried out. Species of interest are Ca?" and OH-, as well as
the Ca(OH)" complex, which is predicted to exist at high pH in higher concentrations than
the Ca’" ion [13], as well as Na*t. Tt is hypothesized that Na' ions may displace adsorbed Ca?*
ions and form inner sphere complexes. While Ca?" is known to prefer outer sphere complexes
[14], the role of OH- is of high interest, as it may act as a bridge for Ca?* adsorption [15]. With

such a study the actual adsorption state at the C-S-H surface could be determined.
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While simulations can provide valuable information they are not to be trusted without a proper
comparison to experimental work. Due to the complex nanofoil morphology it is difficult to
use advanced characterization techniques. Zeta potential is likely the most suitable
experimental technique, which can be directly related to atomistic simulations in order to
understand the atomistic structure at the solid-liquid interface of C-S-H. Predota et al. [16,17]
developed a methodology to extract the zeta potential using non-equilibrium MD (NEMD)
simulations. With this methodology it could be possible to validate the models and gain

confidence into them.

The utilization of more advanced surface characterizations techniques, such as atomic force
microscopy and sum frequency generation spectroscopy, is limited by the sample preparation,
since they require to grow the material on a subtract. While difficult, not impossible. de Souza
[18] succeeded growing C-S-H on graphene oxide, with which they achieved a layer-by-layer
ordering. While they investigated C-S-H with low Ca/Si ratio (below 1.3) they precipitated C-
S-H with the dropwise method, similar to the method of Harris et al. [4] that was used to
synthetize C-S-H samples in chapter 4 of this thesis by the SNF partner PhD, Anna Molares
Melgares (LMC-EPFL).

Colloidal interactions between nanoparticles often define the pore size distribution and control
the formation of the pore network. The pore structure, in turn, influences the physical and
mechanical properties and controls the durability of the material [19,20]. In hardened concrete
paste the pore sizes range from approximately 1 nm to a few tens of nanometers. It is not yet
understood what guides the pore dimension in hardened cement paste. There is also no clean
distinction between the C-S-H interlayers (within the particles) and the smallest interparticle
nanopores. Use of SCMs has been shown to alter the pore size distribution [19] and, therefore,

detailed understanding of the pore formation at the atomic level is of high importance.

Large-scale classical MD simulations have been successfully used to analyze the structure and
energetics of pores in assemblages of clay nanoparticles [20,21]. The analysis of such simulations
can help elucidate the microstructural (pore size), thermodynamic (enthalpy and free energy
of hydration), mechanical, and transport properties (diffusion) [21-23|. At short interparticle
distances (below 3 nm) stabilization is achieved by inter-atomic interactions in overlapping
electric double layers between charged surfaces. In such conditions, the DLVO theory fails as

short-range phenomena (adsorption, hydrogen bonding) become predominant. Simulations can
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provide detailed atomistic-level insights on the impacts of salinity and counterion type on the
free energy of interaction between charged particles. For example, studies of the free energy of
interaction between charged clay particles indicate that the hydration repulsion component
increases with counterion hydration energy, while the Coulomb attraction component
(associated with specific Coulomb interactions in the electric double layer) increases with
decreasing counterion tendency for complexation, and the oscillatory component (associated
with water layering on the mineral surface) increases with the abundance of counterion outer-

sphere surface complexes .

Applying this methodology in combination with C-S-H nanofoil models from chapter 5 could
generate insight into the origin of pore sizes and, also, new knowledge of the pore solution
composition, which remains elusive. The resulting knowledge and microstructural models
would enable detailed studies of C-S-H transport properties, including chloride diffusivity

which is a key factor in steel reinforcement bars in practice.

The main goal in the future is to obtain an understanding of the surface chemistry of C-S-H
nanofoils. This knowledge will contribute to the yet still unknown mechanisms of nucleation,
growth, and aggregation of C-S-H. These insights will enable better engineering of cement
reactivity, enabling higher substitution degrees of SCMs and consequently lowering the CO2
footprint of modern cement mixtures. Furthermore, the research will generate new
understanding of the C-S-H pore network, which remains unresolved in the cement community
but is critical to predict the transport of chloride and other ions which can affect lifetime of
structures. This knowledge would help establish the theoretical framework to design concrete
with targeted pore sizes, with the aim of lowering the diffusivity of chloride while maintaining
the mechanical properties and increasing the service life of concrete structures, which would

indirectly lower the CO2 footprint of cement.
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A Appendix

A2 Supplementary Information — Chapter 2
A2-1 Force field parametrization

For details we refer the reader to the main text of the manuscript.

Table S1. List of atomic species in the force field

Atomic species Charge Description Reference

Ca +2 Calcium Tilocca et al. [1]

Si +4 Silicon Tilocca et al. [1]

O +0.84819 Core oxygen Tilocca et al. [1]
O(S) -2.84819 Shell oxygen Tilocca et al. [1]
Ow -1.1128 Water oxygen Abascal & Vega [2]
Hw +0.5564 Water hydrogen Abascal & Vega [2]
Oh -1.4 Hydroxide oxygen Freeman et al. [3]
H +0.4 Hydroxide hydrogen Freeman et al. [3]
Al +3 Aluminium Mohamed et al. [4]
Zn +2 Zinc Lewis & Catlow [5]
Cl -1 Chloride Joung & Cheatham

Table S2. Buckingham potentials.

6]

Alev] p [A] Clev A% Source

Ca-O(8S) 2152.3566 0.309227 0.09944 Tilocca et al. [1]
Si-O(S) 1283.90 0.3205 10.66 Tilocca et al. [1]
Si-Ow 1283.556 0.3202 10.66 Mohamed et al. [4]
Si-Oh 983.50 0.3255 10.66 De Leeuw et al. [7]
0O(S)-0(8S) 22764.3 0.149 27.88 Tilocca et al. [1]
O(S)-Ow 22764.3 0.149 28.92 Mohamed et al. [4]
0O(S)-Oh 22764.3 0.149 13.94 De Leeuw et al. [7]
O(S)-Hw 512.00 0.250 0.00 Mohamed et al. [4]
Al-O(S) 1474.40 0.3006 0.00 Mohamed et al. [4]
Zn-O(8S) 499.60 0.3595 0.00 Lewis & Catlow [5]
Zn-Oh 370.00 0.3595 0.00 This work
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Table S3. Lennard-Jones 12-6 potentials.

Atom1l Atom2 €[eV] o [A] Source

Ca Ca 1.2119E-02 2.83310 Mamatkulov et al. [8]
Ca Ow 9.8463E-03 2.99600 LB rule

Ca Oh 1.9915E-03 3.38500 LB rule

Al Ow 1.1796E-03 2.86445 Li et al. 9]

Al Oh 1.8136E-03 2.99500 LB rule

Zn Ow 7.3425E-03 3.15845 LB rule

Ow Ow 8.0310E-03 3.15890 Abascal & Vega [2]
Ow Oh 1.2300E-02 3.28945 LB rule

Oh Oh 1.8911E-02 3.42000 This work

Cl Cl 5.0569E-04 4.91780 Joung & Cheatham [6]
Cl Ow 2.0113E-03 4.03835 LB rule

Cl Ca 2.4756E-03 3.87545 LB rule

LB rule stands for Lorentz-Berthelot mixing rule (see main text).

Table S4. Lennard-Jones 9-6 potentials (N-M potential).

Atom1l Atom2 Eo[eV] ro[A] n m Source

Ow H 0.055556 2.00 9 6 Mohamed et al. [4]
O(9) H 0.007300 2.71 9 6 Mohamed et al. [4]
Oh H 0.007300 2.71 9 6 Freeman et al. 3]

Table S5. Morse bond.

D[eVl] «a[1/A] ro[A] Source

Oh-H 7.0525  3.1749  0.942 Freeman et al. [3]
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Table S6. Harmonic bonds.

K [eV/AY) ro [A] Source
0-0(8) 37.5 0.0 Tilocca et al. [1]
Ow-Hw 9.7563 0.9572 Abascal & Vega [2]

Table S7. Harmonic angles.

K [eV] o] Source
0-SLO .
Oh-Si-O0  7.74815  109.47 gg?gjuj jtl.a.[ll][ﬂ
Oh-Si-Oh '
Si-Oh-H 7.74815  141.5 Mohamed et al. [4]
0O-Zn-0
Oh-Zn-O 0.1 105.0 This work
Oh-Zn-Oh
Zn-Oh-H 0.1 109.0 This work
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A2-2 Core-Shell equilibration
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Figure S1. Total energy of tobermorite 14A normalized by the mean total energy of the 20ns
production run. Conf 1: Pdamp = 0.2, shell mass = 0.3; Conf 2: Pdamp = 0.2, shell mass = 0.4; Conf
3: Pdamp = 0.6, shell mass = 0.2; Conf 4: Pdamp = 0.6, shell mass = 0.4
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Figure S2. Comparison of RDFs for tobermorite simulated with two different shell masses.
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A2-3 Structural validation

All simulated systems were a replication of the unit cell in all crystallographic directions. The

minimum size of the super cell was at least 2 nm in each axis.

Table S8. Unit cell parameters of known crystals as predicted by MD and determined by

experiments or DFT.

Crystal a b C o 8 Y

Cao 482  4.82 482  90.00 90.00 90.00
Exp [10] 481 481 481  90.00 90.00 90.00
Ca(OH)2 3.67  3.67  4.68  90.00 90.00 120.00
Exp [11] 3.59 359 487  90.00 90.00 120.00
Al(OH)3 4.82  4.82 12.66  90.00 90.00 120.00
DFT [12] 476 476 12,99 90.00 90.00 120.00
CasAl2012H12 13.63  13.63 13.63 90.00 90.00 90.00
Exp [13] 12,56 12,56 12.56  90.00 90.00  90.00
SiO» 491 491 5.34  90.00 90.00 120.00
Exp [14] 491 491 5.20  90.00 90.00 120.00
Ca3AlaOg 16.09 16.27 16.14 89.93 89.91 90.04
Exp [15] 15.26  16.26  15.26 90.00 90.00 90.00
CaSiZnOsHs 520 1595 5.39  90.00 105.35 90.01
Exp [16] 5.09 15.83 539  90.00 103.26 90.00
CaZnsSi2O7.H20 12.83  6.22 858  87.67 89.98 90.45
Exp [17] 12.53  6.31 8.56  90.00 90.00 90.00
Ca2Si2Zn0O7 8.03 803 499 90.01 90.00 90.00
Exp [18] 7.83  7.83 5.01  90.00 90.00 90.00
Zn2SiOy 13.79  13.79  9.44  90.00 90.00 120.00
Exp [19] 13.95 13.95 9.32  90.00 90.00 120.00
ZnO 3.22 322 516  90.00 90.00 120.01
Exp [20] 3.25 325 520  90.00 90.00 120.00
e-Zn(OH)» 5.37 537 799  89.10 87.30 117.31
Exp [21] 4.91 5.14  8.47  90.00 90.00 90.00
B- Zn(OH)2 3.70  3.70 492  90.00 90.00 90.00
Exp [22] 3.19 319 471 90.00 90.00 120.00
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A2-5 Calcium silicate hydrates
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Figure S5. Comparison of structural features between our newly developed force field and
CSH-FF [23]. The gray line in the ‘Coordination number Ca-O' graph lies at coordination

number 7.
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Figure S6. Projected v-DOS as predicted by the force field.
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Table S9. Measured and Ab initio calculated v-DOS as reported in Vidmer et al. [24]

Ab initio Experimental Description
100-200 250 Deformation of Si and Ca polyhedra
200-350 300 Deformation of Ca polyhedra
370-520 445 Deformation of Si tetrahedra
510 530 H->O liberations
650 670 0O-Si-O bending, H20 liberations
705 Not observed H->O liberations
815 830 Si-O stretching
930 969 Si-O stretching
985 1050 Si-O stretching
1060 1120 Si-O stretching
1155 1200 H>0O interaction with O-Si neighbor
1610 1640 H20 bending
Zn-O RDF Zn-O RDF
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60 — ™D — MD
DFT DFT

50 81
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Figure S7. Zinc — oxygen RDF comparison between MD and DFT [25].
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Figure S8. Energy-Strain curves for Clinohedrite.

Table S10. The elastic constants for e-Zn(OH)2 and clinohedrite, as predicted by DFT.

Elastic Constant in e-Zn(OH), Clinohedrite

Voigt notation |[GPa] |[GPa]
C11 68.2 142.6
C12 41.8 64.7
C13 39.5 58.5
€22 90.0 183.4
€23 50.5 71.9
€33 76.9 122.6
Ca4 17.2 49.7
C45 0.0 -4.1
C55 29.0 95.5
C66 18.9 38.0
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A3 Supplementary Information — Chapter 3

A3-1 pyCSH Nomenclature

The following section explains the nomenclature (String) of pyCSH. For each individual string
the notation in the brick model [20] is given, followed by the stoichiometry (Stoichio) and the
charge of the group of atoms. In the iterative loop for automatic structure generation, which
is explained in the main text, pyCSH combines different strings (atomic groups). With those
different combinations defective tobermorite unit cells are created (see figures 2 and 3 in main

text).

For example, tobermorite 14 A is in the brick model written as: < S < C 7 >’ S > . This
notation determines that the unit cell is constructed, in the order of symbols, with a dimer
silicate (<), which is followed by a Q" bridging site (S) that has one silanol group (‘) and the
upper silicate chain ends with a dimer silicate (<). Then the interlayer follows, which holds
one Ca?" (C) and seven water molecules (7). The lower chain for tobermorite is identical to
the upper chain, therefore a dimer silicate (>), a Q* (S) with a protonated silanol group (‘)
and again a dimer silicate (>). In the pyCSH code the nomenclature is exact, and each
individual group of atoms needs to be written out. The same tobermorite structure is therefore
written as: <L SUo <R CII wMUL wMDL w14 w15 w16 wDL wUL >L SDo >R. Each position
(atomic coordinates) for each string is predetermined. Therefore, it is necessary to write out
the string for each water molecules, while in the brick model notation one simply specifies that
there are seven of them. It is the same for Ca’?' in the interlayer. While the notation used
above will insert CII, which is Ca?' positioned in the middle of the interlayer, one could as
well choose CIU (Ca?" positioned closer to the upper silicate chain) or CID (Ca?' positioned

closer to the lower silicate chain.
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Table S1. Dimmers

String Brick Stoichio Charge Comment
model
<L < CaSiO4 -2
>L > CaSiOs3 0
<R < CaSiOs 0
>R > CaSiOq4 -2
<Lo <! CaSiO30H -1
>Lo > ! CaSiOOH 1
“TRo < CaSiO,0H 1 Protonated Oxygen
>Ro f> CaSiO30H -1
Table S2. Bridging sites.
String Brick Stoichio Charge
model

SU S SiOo 0

SD S SiO» 0

SUo S SiOOH 1

SDo S! SiOOH 1

CU C Ca 2

CD C Ca 2

Table S3. Interlayer calcium.
String Brick Stoichio Charge Comment
model

CII Middle Interlayer
CIu Behind Bridgi
CID C Ca 2 ehihd bidging
XU C
XD Pairing site
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String

Table S4. Hydroxide ions.

Brick

model Stoichio Charge

Comment

oDL
oDR
oUL
oUR
oXU
oXD

oMDL

oMDR
oMUL
oMUR

String

Table S5. Water.

Brick

model Stoichio Charge

Interlayer

Bonded to XU/XD

Bonded to dimmer
Ca

Comment

wDR
wDL
wlL
wIR
wIR2
wUL
wXD
wXU
wl4
wlb
w16

wMDL

wMUL
wMDR
wMDL

1,2,3, ... H,0 0

A3-2 Overlap

Bonded to dimmer
Ca

When using the automatic mode of pyCSH no special care needs to be taken. When using the

manual mode, one needs to avoid overlaps.

A3-3 Upper Chain

You can choose between option 1 and 2, and for each option you can only take one string for

left, center and right.
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Table S6. Possible configurations of the upper chain.

Left Center Right
<L SU <R
1 SUo
<Lo CU <Ro
2
<L 0] <R

A3-4 Lower Chain

You can choose between option 1 and 2, and for each option you can only take one string for

left, center and right.

Table S7. Possible configurations of the lower chain.

Left Center Right
1 >L SD >R
SDo
5 >Lo CD >Ro
>L 0 >R

A3-5 Interlayer
Interlayers can have any combination of Interlayer Calcium, Hydroxyls, and Water, as long as

overlaps are avoided. Below is the table which summarizes the overlap of different strings.

Every row (1 to 9) lists strings from which only one can be presented in the unit cell.
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Table S8. Overlaps in the interlayer.

String 1 String 2 String 3 String 4

1 oMUL wMUL

2 oMDL wMDL

3 oMDR wMDR SD SDo

4 oMUR wMUR SU SUo

5 oDL wDL

6 oDR wDR SD SDo

7 oUL wUL SU SUo

8 oXD wXD

9 oXU wXU
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A3-6 Structural Analysis
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Figure S1. Layer spacing (z [A]) as a function of Ca-OH/Ca and Si-OH/Si
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Figure S3. Mean Si-Si RDF for Ca/Si = 1.5 and 1.7.
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A4 Supplementary Information — Chapter 4

Contribution Statement

The candidate gathered and arranged all the DFT and MD data, as well as produced all the
figures of the atomic-level structure of Zn-C-S-H. The candidate wrote parts of the original

draft.

A4-1 1. Composition of reactants during the synthesis of zinc-modified C-S-H

The initial composition of the reactants used to precipitate our C-S-H and zinc-modified C-S-

H samples is described below in absolute amounts (mmol).

Table S1: Amounts (mmol) of reactants used to synthesize the zinc-modified C-S-H samples in this

work.

(Zn:Si)i Zinc  nitrate Sodium Calcium nitrate Sample
hexahydrate metasilicate tetrahydrate characterization
(mmol) (mmol) (mmol)

0 0 10 18 XRD, EDX, NMR

0.03 0.3 10 18 EDX

0.05 0.5 10 18 XRD

0.08 0.8 10 18 EDX

0.15 1.5 10 18 XRD, NMR

0.27 2.7 10 18 XRD

0.40 4 10 18 XRD, NMR

0.54 5.4 10 18 XRD

A4-2 TI. Materials characterization
ITa. XRD

X-ray diffraction data were recorded with a Bruker Discovery X-Ray diffractometer equipped
with a double bounced monochromatic CuK alpha radiation source (A = 1.54 A). Experiments
were performed for 30 min to determine the presence of possible secondary phases (i.e.

portlandite).

186



(Zn:Si)i = 0.54

(W/ WW

@nsnizozr .

(Zn:Si)i=0.15

(Zn:Si)i = 0.05

(Zn:Si)i=0

r T T T T T T T |
20 25 30 35 40 45 50 55 60

26 (%)

Figure S1: XRD data of zinc-modified C-S-H samples with (Zn:Si); of 0, 0.05, 0.15, 0.27, 0.40 and
0.54.

Only the intrinsic peaks of C-S-H present at 29.4, 32.1 and 50.1° [1] and signs of CaCOs3 at
38.9° [2], due to carbonation effects, are observed. There are no signs of portlandite or
ettringite. Thus, results from XRD show that the rapid precipitation method used for the
synthesis of zinc modified C-S-H yields single-phase C-S-H [3].

IIb. TEM

A FEI Tecnai Osiris analytical TEM instrument, operating with a 200-kV high brightness FEG
electron gun and at a point resolution of 0.24 nm, was used to analyse the morphology of zinc-
modified C-S-H. Figure S2 shows TEM micrographs of conventional C-S-H (Figures S2A and
S2B) and zinc modified C-S-H (Figure S2C) samples that show, consistently with literature, a
nanofoil morphology, typical for synthetic high Ca:Si ratio C-S-H. In figures S2B and S2C
agglomerates from conventional and zinc modified C-S-H with (Zn:Si); of 0.15 can be seen,
respectively. There were no appreciable differences in morphology between samples with

increasing zinc content (here only samples with (Zn:Si); of 0 and 0.15 are shown).
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Figure S2: TEM micrographs of synthetic A) conventional C-S-H small particles, B) a conventional

C-S-H agglomerate and C) a zinc-modified C-S-H ((Zn:Si);i of 0.15) agglomerate.

IIc. Supernatant ICP

ICP was carried on the supernatant of samples with (Zn:Si); ratios of 0, 0.15 and 0.40 in order
to verify the amount of zinc that remained in the pore solution after precipitation. The
concentration of zinc in the remaining pore solution allows for the calculation of the amount
of zinc incorporated into the C-S-H structure. The mass of zinc nitrate hexahydrate before
synthesis is known in each case and can be used to calculate the initial concentration of zinc
prior to synthesis. The initial concentration of zinc is then compared to the final concentration
of zinc in the pore solution to obtain the molar percentage of zinc which is incorporated in the
C-S-H structure. ICP experiments on the supernatant were conducted on several samples with
different (Zn:Si);, always giving a molar percentage of final zinc in the pore solution of 1-2%
and, consequently, an incorporation percentage of 98-99%. An example of this calculation is
given in equation (1) for the sample with (Zn:Si); of 0.40 and results comparing the percentage

of zinc incorporation and the (Zn:Si); is shown in Figure S3.
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0
0.15
0.40

#Relative Standard Deviation

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Molar % of zinc in solution

Table S2: Supernatant ICP results from samples with (Zn:Si)i of 0, 0.15 and 0.40.

Ca

Conc
[mmol /L]
11.05
11.87
9.16

1169ngn(N03)2-2975g-0405L =9.70

0 0.05

Si Zn
RSD”  Conc RSD”  Conc [mmol /L]
7] [mmol /L] 7]
0.40 0.04 0.07 0.00
1.22 0.03 0.38 0.03
1.41 0.04 0.38 0.12

1 mol 1 mmol 0.12

L 9.70

0.1 0.15 0.2 0.25 0.3
(Zn:Si)i

-»——=1.24%

0.35

RSD [%]

4.528
0.799
0.209

€y

0.4

0.45

Figure S3: Supernatant ICP analysis showing the molar percentage of zinc that remains in solution

after precipitation and collection of the solid. Conventional C-S-H with (Zn:Si)i of 0 is not shown since

the remaining zinc in solution is just null.
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A4-3 1II. DFT-relaxed energies

Table S3 shows the energies of all the geometry optimized zinc modified C-S-H brick structures.

The atomic coordinate files and the corresponding DFT files can be found in the additional SI

material (along with the raw NMR data and LAMMPS input files) which are indicated with

their Ca:Si ratio (folder names) and structure indices (file suffix).

Ca:Si

1.2
1.2
1.4
1.4
1.4
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW

Structure Zn-species

index

00 J Tt i W N WD~ W

— o e e e e e e e O
N O U W= O

Zn02(OH)2
ZnQOy
Zn(OH)4
Zn0O2(OH)2
Zn(OH)4
Zn0O2(OH)2
H20
3

2

2

2

R e e e R

2

3

2
2
2

)
)
)
)
)
)
)
)
)
)
)
)

o0
vv\c?\?:umm

[\

00
=]

Zn0O2(OH)2
Zn0O2(OH)2
Zn0O2(OH)2

Zn0O2(OH)2

Zn position

Q2b
Q1
Q2b
Q2p
Q2p
Q2b
Q2b
Q2b
Q2b
Q2b
Q2p
Q2p
Q1
Q1
Q1
Q2p
Q2p
Q1
Q1
Q1
Q2p
Q2b

Q2b
Q2b
Q2p
Q2p

Table S3: DFT relaxed energies of all the brick structures studied.

Total
Energy
[eV]
-59254.31
-59251.05
-69429.74
-69430.01
-69429.06
-66444.38
-66444.11
-66443.97
-66445.19
-66445.06
-66442.88
-66445.06
-66442.88
-66443.15
-66443.83
-66442.61
-66442.34
-66444.52
-66443.83
-66443.83
-66442.34
-70041.73

-70043.22
-70043.09
-70040.77

-70041.73

Relative
Energy
[eV]*
0

3.26

0
-0.27
0.68
0.81
1.08
1.22
0

0.13
2.31
0.13
2.31
2.04
1.36
2.58
2.85
0.67
1.36
1.36
2.85
1.49

0.13
2.45

1.49
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1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.67-
HW
1.75
1.75
1.75
1.75
1.75
1.75
1.75
1.75
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88
1.88

8

9

© 00 1O UL W 0O Ui W =

Zn0O2(OH)2
ZnO(OH)3
ZnO(OH)3
ZnO(OH)3
ZnO(OH)3
Zn05(OH)s
ZnO(OH),
ZnO(OH);
ZnO(OH)3
Z0n05(OH)s
ZnO(OH)3
ZnO(OH);
Zn02(0H)

Zn0O2(OH).H20

ZnO2(OH)2+7Zn02(OH)2
Zn02(OH)2+Zn02(OH)2
Zn02(OH)2+7Zn02(OH)2
Zn02(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn02(OH)2
Zn02(OH)2+Zn02(OH)2
Zn02(OH)2+7Zn02(OH)2
Zn02(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn0O2(OH)2
Zn02(OH)2+7Zn0O2(OH)2
Zn02(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn02(OH)2
Zn02(OH)2+7Zn0O2(OH)2
Zn02(OH)2+7Zn02(OH)2
ZnO2(OH)2+7Zn0O2(OH)2

Q2p
Q1
Q1
Q1
Q1
Int
Tnt
Int
Q1
Q1
Q1
Q1
Q1

Int

Q2p+Q2p
Q2p+Q2p
Q2p+q2p
Q2b+Q1
Q2b+Q1
Q1+Q1
Q14+Q1
Q1+Q1
Q2p+Q2p
Q2p+Q2p
Q2b+Q2p
Q2b+Q2p
Q2b-+Q2p
Q2b+Q1
Q2b+Q1
Q2b+Q1
Q2b+Q1

-70041.32

-70042.41

-70043.09

-70041.73

-70042.13

-70042.81

-70042.81

-70042.27

-70041.99

-70042.41

-70042.32

-70040.91

-70042.36

-70043.22

-75130.22
-75128.81
-75128.94
-75129.97
-75130.07
-75129.17
-75127.45
-75128.35
-76917.26
-76917.27
-76918.33
-76916.83
-76918.13
-76916.56
-76917.37
-76917.91
-76918.18

1.9

0.81

0.13

1.49

1.09

0.41

0.41

0.95

1.23

0.81

0.9

2.31

0.86

1.41
1.28
0.25
0.15
1.05
2.77
1.87
1.04
1.03

1.47
0.17
1.74
0.93
0.39
0.12
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1.88
1.88
1.88
1.88
1.88

N =
Qo
09]

NNNDNNNNNDNDNDNDNDNDNDNNDNDNDNDNNNDN

2

2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25

N O U W N

8

10
11
12
15
16

H)-
H)s

2+7Zn02(OH)
OH)
OH)2
OH)
H

) (
)2-+ZnOs(
)2+ ZmO2(
)2+ ZmO2(
ZnO(OH)3+ZnO(
ZnO(OH)s + ZnO(

H)o
3

OH)
OH)3

Zn02(0
Zn02(0
Zn02(0O
ZnO(OH)
ZnO(OH)s
ZnO(OH)3
ZnO2(OH)2
ZnO2(OH)2
Zn02(OH)
ZnO(OH)3
ZnO(OH)3
Zn0O3(OH)

2

Q1+Q2p
Q2p+Q2p
Q2b+Q1
Q2b+Q1
Q2p+Q2p
Q2p+q2p
Q2b
Q2b
Q2b
Q2b
Q2b
Q2b
Q2b
Q2p
Q2p
Q2p
Q2p
Q2p

Q1

Q1

Q1

Int

Int

Int

Q1

Q1

Q1

Q1

Q2b
Q2b
Q2b

Int

Int

Q2p
Q2p
Q2p
Q2p
Q2p

Q1

Int

Int

-76917.5

-76917.37
-76915.92
-76917.91
-76916.55
-76917.5

-70056.56
-70056.69
-70056.56
-70056.42
-70055.47
-70055.74
-70055.74
-70055.33
-70055.2

-70055.74
-70056.01
-70054.11
-70054.92
-70055.06
-70056.28
-70056.15
-70057.24
-70055.47
-70056.15
-70056.69
-70055.57
-70054.24
-40841.31
-40841.45
-40841.86
-40842.54
-40841.99
-40840.77
-40840.77
-40840.9

-40841.04
-40840.9

-40840.86
-40841.51
-40840.65

0.8
0.93
2.38
0.39
1.75
0.8
0.13
0.00
0.13
0.27
1.22
0.95
0.95
1.36
1.49
0.95
0.68
2.58
1.77
1.63
0.41
0.54
-0.55
1.22
0.54
0.00
1.12
2.45
0.59
0.45
0.04
-0.64
-0.09
1.13
1.13
1
0.86
1
1.04
0.39
1.25

*The relative energies are calculated with respect to the lowest energy structure where zinc

substitutes for a Q) site, in each set corresponding to a specific Ca:Si ratio.
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Figure S4: Relative DFT calculated energies of zinc-modified C-S-H structures according to each
substitution site with different Ca:Si ratios (1.67 and 2.0) and interlayer water amounts. The energies
in each set, corresponding to a specific Ca:Si ratio, are normalized (AE = 0 eV) with respect to the
lowest energy ZnP structure where zinc is substituted at the bridging site. Nomenclature: ZnP = zinc
in the Q2 site, ZnP = zinc in the Q) site, Zn! = zinc in the Q) site, Zn™ = zinc on top of a Q-
QW dimer site, HW = High Water content. All structures are labeled with their corresponding zinc

species which may coordinate to hydroxides or water.
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A4-4 TIV. DFT-based chemical shift calculations

Figure S5 shows the DFT-calculated ?’Si chemical shifts from selected zinc modified C-S-H
brick structures. The computed chemical shifts for the different Q species are compared with
the DFT-calculated energies of the structures and NMR experimental data to verify or discard
the different species depicted here. As stated in the main text, all structural units where zinc
substitutes for a Q) site were discarded either due to unrealistically higher energies or due
to the fact that correlations regarding the Q species that would arise if zinc was substituting

for a paring site are absent in INADEQUATE spectra.

Qi e pd
A
Q(Zb) m rd bd
Q) L T L . w e )
Q!.Zn.p) T s — » .A.‘
QUlznint.n - - oo o ?!
;’_; QU Zn_int_2) T — ob
‘»
b_) 2p,Zn_1) A
Q@2pZn_ g Ty !! !;
A A
Q@pzn_p) T S — bd bd bd
Q2pZn_b) T e o — bd pd
Q@pZn_1zn b) T >4 pd
Q2pZn_p_Zn b) AN pe .ADG
Q@zne | e g!‘; |
Q@b2znp | T T~ | 4 .A. |

-55 -60 -65 -70 -75 -80 -85 -90 -95  -100
Chemical shift (ppm)

Figure S5: DFT-based calculated chemical shifts for a set of selected zinc-modified C-S-H brick
structures which include zinc substitutions for Q(), Q2 and QP sites. Individual computed
chemical shift values are represented as orange dots. In each line, the chemical shift values in orange

are obtained for the silicon sites depicted in dark blue.
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A4-5 V. DNP enhanced NMR experiments

Va. Experimental NMR parameters

All spectral processing was performed with TopSpin version 4.0.8 and CSA fits were carried
out with ssNake [4]. All experiments were carried out at 9.4 T, 100 K and at a MAS rate of 8
kHz, unless stated otherwise. The NMR parameters of each set of experiments are shown in

Tables S4, S5 and S6.

Table S4: NMR parameters for 29Si multiCP experiments

(Zn:Si); 0 0.15 0.4
Magnetic field (T) 9.4 9.4 9.4
MAS rate (kHz) 8 8 8
'H pulse/dec RF (kHz) 71 71 71
298i pulse RF (kHz) 71 71 71
2Si CP contact RF 50 42 31
(kHz)

CP contact time (ms) 6 4 8
Recycle delay (s) 3 2.5 3
Number of CP periods 11 ) 8
(n)

Delay between CP 5

periods (s)

Size of FID 3978

Size of real spectrum 65536
Spectral width (ppm) 2506.3

EDNP 41 27 20
Scans 16 16 16
Figure 3A 3A 3A
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Figure S6: Pulse sequence used for the multi-CPMAS experiments.

Table S5: NMR parameters for 29Si-29Si INADEQUATE experiments

(Zn:Si);

Magnetic field (T)

MAS rate (kHz)

'H pulse/dec RF (kHz)
29Si pulse RF (kHz)

29Si CP contact RF (kHz)
CP contact time (ms)
Recycle delay (s)
INADEQUATE tau periods
(ms)

Size of FID (F1)

Size of FID (F2)

Size of real spectrum (F1)
Size of real spectrum (F2)
Acquisition mode
Spectral width F1 (ppm)
Spectral width F2 (ppm)
Scans

Figure

0 0.15
9.4 9.4

8 8

64 64

80 80

42 31

6 5
3.75 2.86
25 25

96

2048

1024

16384
States-TPPI
100.5 100.5
628.5 628.4
128 256
S8A S8B

0.4
9.4
8
64

80
42
9
1.5
25

100.6
1256.9

1408

3C,
S8C
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Figure S7: Pulse sequence and coherence pathway of the INADEQUATE experiments.

Table S6: NMR parameters for 29Si-?Si EXSY and SUPER experiments

Experiment EXSY SUPER
(Zn:Si); 0.4 0.4
Magnetic field (T) 9.4 9.4
MAS rate (kHz) 5 5
'H pulse/dec RF 100 100
(kHz)

29Si pulse RF (kHz) 69 69
29Si CP contact RF 72 72
(kHz)

CP contact time 3.5 3.5
(ms)

29Si CSA recoupling N/A 61
RF (kHz)

'H cw decoupling N/A 30
during delays in

CSA recoupling

(kHz)

Recycle delay (s) 1.5 1.5
Size of FID (F1) 256 48
Size of FID (F2) 4096 4096

197



Size of real spectrum 256 1024

Fi

Size of real spectrum 4096 4096
F2

Spectral width F1 62.7 62.7
(ppm)

Spectral width F2 1253.2 1253.2
(ppm)

Scans 12 256
Figure S9, S10 S11

Vb. Through-bond analysis

2D INADEQUATE spectra were recorded for conventional and zinc-modified C-S-H samples
with different (Zn:Si); to establish 2Si-**Si though-bond connectivities. The 2D experimental
spectra were initially sheared to produce a COSY-like representation and fit to six different
2D Gaussian distributions centred at the expected QW-QM), QMW-QEr), QZr)-QW), QZr)-Qh),
QZP)-Q) and QEr)-QEr) frequency pairs, using Topspin v4.0.8.

Figure S8 shows three INADEQUATE experiments which correspond to C-S-H samples with
(Zn:Si); ratios of 0, 0.15 and 0.40, respectively. Figure S8A shows the expected connectivities
between QM-QW), QEP-QM), QZ)-QEP) and QEr)-Q(P) species. On the other hand, consistent]
with the geometry of the C-S-H silicate chains, correlations between Q®Z"-Q® or Q@2-Q2P)
species are not observed. Figure S8B and S8C show the same correlations whereas no signals
corresponding to Q%% connectivities are detected. This is consistent with our hypothesis that
this species is not bonded to other silicate species, but only to a zincate species as a Si-O-Zn

dimer.
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Figure S8: INADEQUATE spectra for C-S-H samples with (Zn:Si)i of A) 0, B) 0.15 and C) 0.40 with

a COSY-type representation and their respective 2D deconvolutions.

Vc. Through-space analysis
Exchange spectroscopy (EXSY) experiments were carried out at a MAS rate of 5 kHz for a

zinc-modified C-S-H sample with (Zn:Si); of 0.40. Figure S9 shows a series of EXSY

experiments with increasing mixing times: 500 s, 0.1 s, 100 s and 150 s.
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Figure S9: 2D ?9Si EXSY spectra from a zinc-modified C-S-H sample with (Zn:Si)i of 0.40 acquired
with a mixing time of A) 500 ps, B) 0.1 s, C) 100 s, and D) 150 s.

At mixing times of 100 s and 150 s (Figure S9C, S9D) a correlation between 2Si species at —
78.9ppm and —72ppm can be observed which suggests that the new 2’Si species at —72ppm is
in close proximity and therefore part of the zinc-modified C-S-H structure, even if not directly
bonded to another silicate species. This further confirms the assignment of this species as a
Q20 7Zn-Si pair. Additionally, Figure S10 shows the changes in the cross-peak intensity with

increasing mixing time.

A B
- - e
_~
_—— — B e —
{ -84.36ppm
‘ - -90
0 - -85
E
= -78.9ppm
--80 =
-
® :
w©
2
-75 §
o
;;;@
-72.0ppm
- -70
- -65
T T T T T T T T T T T T
-65 -70 -75 -80 -85 -90 -65 -70 -75 -80 -85 -90
#°Si chemical shift (ppm) **8i chemical shift (ppm)

Figure S10: A) DNP-enhanced 2D 2'Si EXSY spectrum of a zinc-modified C-S-H sample with
(Zn:Si)i of 0.40 at a mixing time of 150 s and B) 1D horizontal cross-sections extracted at —72 ppm, —

78.9 ppm and —84.4 ppm and at mixing times of 150 (red) and 0.1 s (blue).
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Vd. Chemical shift anisotropy analysis

A DNP-enhanced ?Si CP-SUPER experiment [5] was performed on a zinc-modified C-S-H

sample with (Zn:Si); of 0.40 (Figure S11). The F1 spectral width was scaled using an

anisotropic chemical shift scaling factor of 0.155 and the spectrum was then sheared parallel

to F1 with a shearing factor of 3.3 (0.512/0.155, where 0.512 is the shearing factor to equalize

the isotropic shift scaling factor with the anisotropic shift scaling factor) [5]. Columns were

extracted at the isotropic chemical shifts of interest: -72 ppm (corresponding to Q14" species),

-78.9 ppm (corresponding to Q1) and QP21 species), and -84.36 ppm (corresponding to Q(r)

species) and the CSA pattern of the resulting 1D anisotropic spectra was fitted with the ssNake

program [4]. The results presented in table S6 are expressed in the Herzfeld-Berger convention

[6].

Table S7: Skew and span numerical results from the CSA fits.

Isotropic shift
-72 ppm
-78.9 ppm
-84.36 ppm

Skew (x)

-0.151
-0.166
0.204

T T T T T
-65 -70 75 -80 -85

238i chemical shift (ppm)

-90

I -200

-160

F-120

- -80

L -40

L a0

Span (Q)
59.67
65.50
80.73
-84.36ppm
-78.9ppm
-72ppm
/\ A, S AW )

#8i chemical shift (ppm)

Figure S11: A) DNP-enhanced 2D 2°Si CP-SUPER spectrum of a zinc-modified C-S-H sample with

(Zn:Si)i of 0.40 and B) 1D anisotropic spectra (blue) extracted at the pertinent isotropic shifts: -72

ppim, -78.9 ppm and -84.36 ppm together with their respective CSA fits (red).
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Figure S12 shows the DFT calculated spans (£2) of the species expected at -72 ppm, -78.9 ppm
and -84.26 ppm. In general, we see a good agreement between the DFT calculated and fitted
spans, especially for Q(12n1) species which in both cases shows the lower span. Some
inconsistencies can be observed for the signal at -78.9 ppm whose span is overestimated in the
DFT calculations. However, this can be due to the fact that in this region there is a spectral

overlap between QW) species and Q(2P%") species which might affect the accuracy of the CSA

fits.
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Figure S12: DFT calculated mean span () values (blue) for the silicate species QY), Q(z0), Q(1.%Zn)

and Q%% and their standard error (black bars).
Ve. Quantification of Q species

Results from ICP of the supernatants show that 99-98% of the zinc atoms are incorporated in
the C-S-H structure (Table S2, Section Ilc). The integrated intensity of the signal at —72 ppm
accounts for Q%1 species, and the integrated intensity of the signal at ~79 ppm accounts for
both Q) species and Q%% species; these two signals (72 and —79 ppm) are assumed to
include the totality of silicate species which are connected to zincate species in zinc-modified
C-S-H, but the Q®»Z0) and QU signals are unresolvable. However, the percentage of zinc
participating in Q%" sites can be calculated by dividing the (Zn:Si); ratio by the molar
fraction of Q%" sites. This operation yields the molar fraction of zinc atoms that participate

in Q2" dimers:

(1,Zn): Si
(Q(Zn: Si)l) =(QWM™:zn) (@)
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The percentage of zinc corresponding to this site is found to be around 2/3' of the total zinc
(70% in the case of (Zn:Si); of 0.15 and 60% in the case of (Zn:Si); of 0.40). By definition, the
molar fraction of Q%% species is equal to the molar fraction of Zn! species. Because these
zinc species represent a known fraction of the total zinc species, the rest of the zinc is assumed
to be occupying the bridging site: ZnP, which is consistently the most energetically favourable
zinc substitution. Hence, the number of Q2% species needs to be double the number of Zn"
species since every zinc in a bridging site yields two Q(2P%1) species. Because the signals from
Q@) and QW species overlap, the intensity from Q®2PZ2) species is subtracted from the

intensity from Q) species.

With the fractions of Q%) and Q) species properly recalculated, and the fractions of Q(1:%n),
Q) and Q") species that were obtained through the deconvolutions of the 1D multiCP
spectra, we can plot the molar fractions of every Q species in each sample and provide a
quantification analysis, as shown in the main text (Figure 5). Table S7 shows the integrals of

all five sites considered in the deconvolutions.

Table S8: integrals resulting from the deconvolution of the three multi-CPMAS spectra corresponding

to samples with (Zn:Si)i of 0, 0.15 and 0.40, respectively.

(Zn:Si)i QW) Q2p) Q(2b) Q(1,2n) Q(2p2n)

0 1.32E+11 3.63E+10 1.82E+10 0.00E+00 0.00E+00
0.15 7.6TE+10 3.26E+10 1.63E-+10 1.65E-+10 1.57E+10
0.4 3.68E-10 4.81E+10 2.40E+10 5.86E-10 8.59E-10

Vf. Quantification of chain distributions

The positions of the isotropic ?’Si shifts extracted from the deconvolution of the conventional
C-S-H 1D multiCP spectrum and their widths are used to construct six 2D Gaussian
distributions that are centred at the frequency pairs of the expected 2Si connectivities at high
Ca:Si ratio C-S-H samples. These 2D Gaussians have fixed widths and chemical shifts and are
used to deconvolve the INADEQUATE NMR spectra from Figure S8. These yield the following
six intensities: I(Q1|Q1), I(Q1|Q2p), I(Q2p|Q2b), I(Q2b|Q2p), I(Q2p|Q2b) and I(Q2p|Q2p).

The intensity of a peak can be expressed as:

I(B|A) = f(B|A)P(B|A)R, (4) (3)
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where f(B|A) is an amplitude transfer factor that accounts for differences such as CP efficiency,
J-coupling distributions and T’ relaxation between the different silicate species. Pyw(A) is the
population of a @Q species as calculated from the 1D multiCP population analysis but
renormalized over pair participation. For example, the Q®) sites are neighbouring with two
other silicates and therefore the populations of Q) are multiplied by two. P(B|A) is the
conditional probability that a 2’Si nucleus B which has evolved with a partner nucleus A has

been detected and it is directly related to the mole fraction of dimers, since:
P(Q(1)|Q(1)) = Xo1-01 4)

In the case of conventional C-S-H the intensity of the signal centred at —78.9 ppm in F1 and
at —78.9 ppm in F2 corresponds solely to Q1) — QM) connectivities. Therefore, the molar fraction
of dimers in a zinc-free sample can be directly derived from equation (4) since xqi-q1 is the
dimer molar fraction in the sample (given that the intensities have been normalized for pair
participation). Therefore, 1-xqi-q1 is the molar fraction of building blocks which have a higher
degree of polymerization (i.e. pentamers, octamers, undecamers, etc). In conventional C-S-H,
the molar fraction of dimers (xq1-g1 = xo) is 0.86, which is consistent for high Ca:Si ratio C-S-

H samples?.

However, the calculation of the molar fraction of dimers (xo) for samples with incorporated
zinc needs to take into consideration both the QW) — QM) connectivity intensity from the 2D
INADEQUATE deconvoluted spectra and the percentage of zinc that has been incorporated
into the C-S-H structure. The latter is carried out in order to account for QW) — Zn
connectivities, which are heterogeneous dimers and are therefore included in the dimer molar
fraction (xo) in samples with zinc. In addition, the signal corresponding to Q") — Q) dimers
needs to be re-scaled since this signal also accounts for the Q) — Q2021 connectivities given
by zinc substitutions of Q") sites. I(Q1|Q1) is re-normalized considering that there is a
percentage of this signal which is due to Q) — Q220 connectivities, which is given by the 1D

multiCP analysis described in section Ve.

After re-normalization of all the intensities involved, we obtain the population P(Q1|Q1) which
corresponds to the molar fraction of QM) — QU dimers (xqi-qi) that yield a signal in
INADEQUATE experiments. However, the Q1) — Zn connectivity signals are not present in
2D INADEQUATE experiments since the silicate species is isolated from other silicates. We
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add the molar fraction of Si — Zn dimers (xqizn-q1), which is equal to the population of Q%)
species in each case, to the analysis. Adding the populations of Q) — QW dimers and QM) —
Zn dimers yields the total dimer molar fraction (xo) in each case. Results from this analysis
yield the molar fractions of dimer structures (xo) and of higher degree units (x,) and is
summarized in Table 1 in the main text and is in agreement with an increased mean chain

length as more zinc is incorporated in the C-S-H structure.

A4-6 VI. Structures of Zinc-modified C-S-H

Figure S13 shows a representative [7] (with a Ca:Si ratio of 1.7 and the Q populations described
in the main text) 2D structure of a sample of zinc-modified C-S-H with a (Zn:Si); of 0.15 with
the Q7" and QZ»%n) sites. Figures S14 shows a representative structure of a sample with
(Zn:Si); of 0.15, but with also the two additional DFT-predicted sites (Q(P2%%) and Q- Zn_int)),
Figures S15 shows a representative atomic-level structures with four layers of silicate chains of
zinc-modified C-S-H with (Zn:Si); of 0.4 with the two new sites found in this work. Finally,
Figure S16 shows a representative structure of the sample with (Zn:Si); but including all four

possible sites.

=
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Figure S13: 2D representative atomic-level structure of zinc-modified C-S-H as determined with
(Zn:Si); = 0.15 and Ca:Si = 1.7 (the 3D model is shown in Figure 6). The structure measures
approximately 39 A x 31 A. Silicate tetrahedra are depicted in blue; zincate tetrahedra are depicted in
yellow; and calcium ions are depicted in light blue. In this structure, the two sites discovered in this

work (Q(1Z%) and Q(20:2Z0) are shown.
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Figure S14: Representative atomic-level structure of zinc-modified C-S-H as determined with (Zn:Si)i
= 0.15 and Ca:Si = 1.7. The structure measures approximately 27 A x 31 A x 31 A. Silicate
tetrahedra are depicted in blue; zincate tetrahedra are depicted in yellow; and calcium ions are
depicted in light blue. In this structure, the two additional DFT-predicted sites (Q(2»22) and

Q(LZn_int)) are also included apart from the Q12" and Q(2r:2Zn) sites.

Figure S15: Large representative atomic-level structure of zinc-modified C-S-H as determined with
(Zn:Si); = 0.4 and Ca:Si = 1.7. The structure measures approximately 27 A x39 A x31A and
includes QP2 and Q22 a5 the new silicon sites. Silicate tetrahedra are depicted in blue; zincate

tetrahedra are depicted in yellow; and calcium ions are depicted in light blue.
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Figure S16: Large representative atomic-level structure of zinc-modified C-S-H as determined with

(Zn:Si); = 0.4. Silicate tetrahedra are depicted in blue; zincate tetrahedra are depicted in yellow; and
calcium ions are depicted in light blue. In this structure, the two additional DFT-predicted sites

(QEr:2Zn) and Q(Zn_int)) aye also included apart from the Q1% and Q(2r-22) sites.

A4-7 VII. Zinc substituting for calcium in C-S-H

The incorporation of heavy metals into C-S-H was mostly investigated with XRD and XPS in
former works. It was observed that C-S-H can incorporate up to 6 wt.% zinc [8], and that this
incorporation does not appear to influence the calcium and silicon content [9]. While it was
first theorized that zinc replaces calcium in C-S-H [10], it was later concluded that zinc
is incorporated into C-S-H in tetrahedral coordination, and according to measured Ca-Zn
distances indicates that the zinc tetrahedra substitutes the silicon tetrahedra [11], which was
also observed with ?Si NMR [12]. The ?Si NMR suggests a Zn-O-Si linkage, where a silicon

tetrahedron is linked to silicon and zinc tetrahedra.
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Additionally, our DFT-relaxed structures where zinc substituted for calcium in the main layer
presented zinc in a quasi-6-fold coordination and with interatomic distances between zinc and
oxygen which were unusually long (20% more than expected for C-S-H systems). Tetrahedral

coordination was never achieved.

Figure S17: Structure where zinc substitutes calcium in the main layer.
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A5 Supplementary Information — Chapter 5

Ab5-1 Surface construction

The Ca-Si chains for the surface are composed of the same groups of atoms (figure S1) as the
upper and lower Ca-Si chains of the main layer [1]. Some of the different combinations of atom
groups that can be used to form a single surface block are shown in figure Sla. Surface blocks
1 to 4 give a silicon termination of the C-S-H surface, where 1 and 2 show a block with the
missing Q2 site, and 5 to 8 give calcium termination, where we have a calcium in the bridging
site (5 and 6), or calcium in the bridging site with an additional calcium next to it (7 and 8).
The surface charge arises from the pH-dependent protonation of surface oxygens and
deprotonation of chemisorbed water molecules 2], which can be accounted for in the model as
seen in pairs 1-2, 3-4 and 5-6, leading to a net charge. Although not shown in figure Sla, partial
protonation and deprotonation, or additional hydroxides in the case of calcium termination
are possible. Since classical molecular dynamics does not account for bond breakage and
creation, the degree of silanol deprotonation as well as hydroxide presence on the surface needs
to be chosen beforehand. Figure S1b shows an assembly of different surface blocks to form a
mixed Ca-Si surface chain in the b-axis direction.

4y ¥ ¥

o

&

of.0..

Charge: Oe Charge: Oe Charge: Oe Charge: Oe
a) Notation: >"> Notation: >'S"™> Notation: >C> Notation: >C>0Co
2) 4) ’; 6) ho / 8) O o
Charge: -2e Charge: -2e Charge: +2e Charge: +2e
Notation: >> Notation: >S> Notation: >'C"> Notation: >C>C
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(001) C-S-H Surface

b) &

b C-S-H Bulk Interlayer

Figure S1. a) Possible C-S-H surface blocks, with net charge and building block notation [1] for the
upper surface (in ¢ direction); b) Mixed Ca-Si surface chain constructed from different surface blocks,
(for the upper surface). Color code: Turquoise — calcium, dark blue — silicon, red — oxygen, white —

hydrogen.

As is the case for the C-S-H bulk structure [1], there can be many possible local arrangements
of different surface blocks to build a representative C-S-H surface. Local arrangements here
refer to the length of individual silicate chains (dimer, pentamer, ...), the protonation of silanol
groups and location of calcium and hydroxide ions at the surface. It is crucial that the
constructed C-S-H structure (bulk with surface) mimics the experimental results as accurately
as possible [3]. The Ca/Si ratio significantly affects a wide range of phenomena [3-10]. In
particular the water structure at the surface will be directly related to the surface termination,
and this will determine the hydrodynamic properties of flows through cement porosity [3, 11],

since it can be substantially different to bulk water [12].

Experimental data
Figure S2 shows the collected experimental data by Duque-Redondo et al. [13] which was used
throughout the manuscript. The MCL values are from references [14-18], while the Si-OH/Si

and Ca-OH/Ca values are from [19-22].

The round colored markers show the data points which were used to construct the atomic-

scale model of the C-S-H nanofoils. The exact values of the markers are given in table S1.
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Figure S2. Collected experimental data by Duque-Redondo et al. [13] Colors correspond to the values
which were used through the manuscript to construct the atomic-scale models of C-S-H nanofoils at a

given Ca/Si and thickness.

Table S1. Values which were taken for the construction of the C-S-H nanofoils through the
manuscript. The values were chosen from the collected data by Duque-Redondo et al. [13] and are

highlighted in figure S2.

Ca/Si MCL Si-OH/Si Ca-OH/Ca
1.1 4.9 0.35 0.12
1.3 3.9 0.25 0.25
1.5 3.4 0.16 0.36
1.7 3.0 0.09 0.45

C-S-H nanofoil with Mixed-Surface

This section provides a detailed explanation on how to construct a C-S-H nanofoil model with

the (001) Mixed-Surface termination for any given Ca/Si ratio.

First the size of the system model needs to be specified:

e A — number of defective tobermorite 14A unit cells in a-axis direction
e B — number of defective tobermorite 14A unit cells in b-axis direction

e L = number of calcium-silicate sheets (layers) in z-axis direction (L = 3 for 3 layers, 2

interlayers C-S-H)

212



The mean chain length (MCL) is defined"?? as

Q" (1)
05- Qi:th _ QZb

MCL =

where Q' denotes either the exact number of given Q species in the atomistic model, or the
proportion of @ species as given by 2’Si NMR.? i is either 2b, 2p or 1. Each Q2" is always

accompanied by two Q? silicates, therefore the MCL can be also written as

Q' +30Q% (2)

MCL =
¢ 0.5- Q1

The maximum amount of Q species (QM4%) for a given model of the nanofoil equals to

MAX — 01 4 Q20 4+ Q%P + Cay (3)

where Cag stands for all the bridging sites, which are missing a Q?" silicate, and are presumably

occupied with a calcium atom. Due to the structure of the silicate chains, one third of the

QMAX are linking the dimers. This gives the next relation:
MAX
4
Q — = 0% + Cay (4)

Combining equations (2), (3) and (4) gives the number of Q" silicates, which is needed for
ensuring the right MCL of the computational model (equation 5). The number of Q2" silicates

should be equally distributed between the calcium-silicate chains of the nanofoil.

Q2 = EQMAX MCL -2 (5)
3 2-MCL+2

where QMAX is calculated from the parameters which decide the size of the atomistic system:
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QMAX = 6-A-B-L (6)

From the total amount of silicates (Si) in the system:

Si = EQMAX + QZb (7)
3

the needed amount of calcium (Ca) for a targeted Ca/Si ratio can be calculated as

c (Ca) §i
a=\|\—r ol
Si/target

Assuming there is no calcium missing from the main layer calcium-silicate sheets, one can
calculate the amount of calcium atoms which is in the interlayers and on the surfaces, while

excluding the amount of calcium in the bridging sites (Cag):

(9)

2
Caint+surf =Ca— §QMAX —Cag

where:

(10)

As seen in the review paper of Duque-Redondo et al. [13] and figure S2 the Si-OH/Si ratio
decreases linearly with the increase in Ca/Si ratio. The linear fit of the experimental results

(see figure S2) yields:

Si— OH (11)

0.8217
Si +

Ca
= —0.4306 (—)
L/ target

214



Assuming a deprotonation rate of surface silanol groups (Dsut = 0.9 for 90% deprotonation),

the number of silanol groups in the interlayers can be calculated as:

Si— OH

4 (12)
nt  _ L Ci — . 02b
NS{l—OH - ( Si )eqll Si 2.1 —2 (1 Dsurf) QZ

Finally, the amount of calcium which is associated with the interlayer and surface (equation
9), needs to be divided between them. The packing of the interlayers with calcium will depend

on the desired Ca/Si ratio of the bulk (Ca/Sibul):

Ca Cag (13)
Ca; =<—) - Si —Z'L—Z'(Z'A'B+—)
, 2-L-2 (14)
Slbulk = T - Si
Casurf = Caint+surf — Cape (15)

Summary on constructing a C-S-H nanofoil with the (001) surfaces and targeted

Ca/Si ratio

The C-S-H nanofoil was constructed with the in-house brick model code from Kunhi Mohamed
et al. [1] (the code can be requested by contacting the authors). The example of the code is

shown below.

Step-by-step guide to construct the nanofoil:

1. Define the targeted Ca/Si ratio and the size of the bulk C-S-H (number of layers — L,
number of bricks in x-axis and y-axis direction — A and B). Use the Ca/Si ratio to
define the MCL (figure S2). The MCL can also be calculated from the proportion of Q

species (equation 2).

2. Calculate the nanofoil properties (Si, Q*", Ca, Cap, Camt, Casuf, ...) with equations 4

to 15.
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3.

If starting from a CIF file of tobermorite 14 A

Multiply the tobermorite unit cell in the x, y and z-axis direction to create a
super cell of L+2 thickness, A number of unit cells in x-axis direction and B

number of unit cells in y-axis direction.

Delete the calcium silicate chains and interlayer Ca?" and H20 placed at zmin
and zmax. With this a tobermorite nanofoil was constructed which has L layers

and is terminated by (001) surfaces.

On each side of each layer remove Cap/(2L) number of Q2" silicates and replace
them with Ca?' ions. The Q?" silicates are removed by removing the Si atom
and two O atoms, which are not shared with the neighboring silicates.

Remaining Q? silicates should be equally distributed on the individual layers.

On the surface deprotonate Dyt silanol groups. Start by deprotonating the
upper silanol groups, followed by the lower (closer to the calcium oxide sheet)

silanol groups. Silanol groups should be equally distributed on the surface.

On each interlayer surface distribute Nsion™!/(L-1/L) silanol groups. The
silanol groups should be attached to the non-sharing oxygens of the Q%" silicates.
Silanol groups should be equally distributed throughout the interlayer, firstly

placed on the silicate oxygens which are closer to the calcium oxide sheet.

The tobermorite interlayer holds one Ca?" per brick. Add or remove so many
Ca’! in the interlayers that the total amount of Ca’?' (excluding Cap in the
bridging sites) equals the calculated Car. Make sure each interlayer holds the

same amount of Ca?" and that they are equally distributed through it.

Calculate the charge of each interlayer. By removing one hydrogen from the
water molecule, you create an OH- ion which lowers the charge in the interlayer
by -1 e. Create so many OH- ions to achieve charge neutrality of the bulk.

Distribute the OH- equally through the interlayers.

If needed add additional H2O molecules to the interlayers to raise the 2H/Si

ratio. Make sure to equally distribute the HoO molecules.
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9. Close to each surface equally distribute Cagwt/2 number of Ca?'. Between the
placed Ca?" add OH- ions. For charge neutral surface Cag,f number of OH-
should be placed. If a positive surface is desired, place less OH- ions, so many

to obtain the desired surface charge.
10. Place a water slab above each surface.
4. If using the in-house brick model code:

1. Follow the same steps (1 to 8) as in step 3 to generate a description of the C-
S-H nanofoil according to the brick model nomenclature (example below). Use

this code to generate the model structure.

2. The brick code generates structures in DL Poly format which can be converted
to XYZ format. This can be done for example with the visualization program

VESTA [24].

3. Packmol [25] (uses XYZ data format) can then be used to insert Caguf/2 number
of Ca?" and the desired number of OH- ions in the proximity of each surface.

Packmol can be also used to insert a water slab between the surfaces.
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Example of the Brick Model [1] code of a C-S-H nanofoil measuring 3 layers, 2 interlayers in

the c-axis direction, 5 bricks in the x-axis direction and 6 bricks in the y-axis direction, without

Cagut on the surface. For a detailed description of the brick model we refer the reader to the

publication of Kunhi Mohamed et al. [1]
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Figure S3. Correlation of the overall Ca/Si ratio on the Ca/Si of the bulk structure for the 4 layers, 3

interlayers and 2 layers, 1 interlayer C-S-H structures with given (001) surfaces terminations.

Table S2. Mean chain Length (MCL) and Ca/Si of investigated C-S-H nanofoils with overall Ca/Si =

1.7 and different surface terminations.

MCLurLk MCLsurrace €Ca/SiBurk

4 layers, 3

interlayers

Si-Surface 1 3.5 2.0 1.9
Si-Surface 2 2.0 o0 2.2
Ca-Surface 3.5 2.0 1.76
Mix-Surface 3 3 1.7
2 layers, 1

interlayer

Si-Surface 1 5.0 2.0 2.26
Si-Surface 2 1.2 00 3.77
Ca-Surface 5.0 2.0 1.86
Mix-Surface 3 3 1.7

Ab5-2
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A5-3 Force Field

In the following the force field parameters are listed. The force field is an improved version of
the previous full charge force field of Valavi et al. [26] and Kunhi Mohamed et al. [27, 28] The
TIP4P /2005 water model [29] is used in conjunction with the SHAKE algorithm. All
simulations were carried out with LAMMPS. [30] For the description of the used interatomic
potentials we refer the reader to the LAMMPS documentation [30] or the SI section of Valavi

et al. |26]. The kspace solver used was the pppm/tip4p with an accuracy of le-4.

Table S3. Atomic charges.

Atomic species Charge Description

Ca +2.0 Calcium

Si +4.0 Silicon

O +0.848 Silicate oxygen - core
O(S) -2.848 Silicate oxygen - shell
Ow -1.1128 Water oxygen

Hw +0.5564 Water hydrogen

Oh -1.4 Hydroxide oxygen

H +0.4 Hydroxide hydrogen
Cl -1.0 Chlorine

Table S4. Buckingham interatomic potentials.

A [eV] e [A] C [eV A9

Ca-O(S) 2152.3566 0.309227 0.09944
Si-O(S) 1283.9 0.3205 10.66
Si-Ow 1283.556 0.3202 10.66
Si-Oh 983.5 0.3255 10.66
0(S)-0(S) 22764.3 0.149 27.88
O(S)-Ow 22764.3 0.149 28.92
O(S)-Oh 22764.3 0.149 13.94
O(S)-Hw 512.0 0.25 0.0
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Table S5. Lennard-Jones interatomic potentials.

e [eV] o [A]
Ca-Ca 0.0121188 2.8331
Ca-Ow 0.00984634 2.996
Ca-Oh 0.0151386 3.0613
Ca-Cl 0.00247555 3.87545
0O(S)-Cl1 0.00309242 4.103625
Ow-Ow 0.008 3.1589
Ow-Oh 0.012299878 3.28945
Ow-ClI 0.002113497 4.03835
Oh-Oh 0.018910874 3.42
Oh-Cl 0.00309242 4.1689
Cl-Cl 0.000505691 4.9178
Table S6. N-M interatomic potentials.
Eo [eV] ro [A] n m
O(S)-H 0.0073 2.71 9 6
Ow-H 0.055 2 9 6
Oh-H 0.0073 2.71 9 6
Table S7. Harmonic bonds.
K [eV/A2] 1o [A]
0-0(8S) 37.5 0
Ow-Hw 9.7563 0.9572
Table S8. Morse bond.
D [eV] a1/ Al ro [A]
Oh-H 7.0525 3.1749 0.942
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Table S9. Harmonic angles.

K [eV] 6 [
0-Si-0
Oh-Si-O 7.74815 109.47
Oh-Si-Oh
Si-Oh-H 7.74815 141.5

A5-4 Simulation protocol

Since the brick model inserts atoms in a predetermined way, which can result in atoms being
in close proximity to each other, therefore experiencing large initial forces, a suitable
equilibration protocol was used. CS ensemble refers to the core-shell equilibration. For the
details on the core-shell equilibration we refer the reader to the work of Valavi et al. [26] The
used thermostat is the Nose-Hoover with Tdamp values 100 times the timestep, while Pdamp

was 1000 times the timestep.

Table S10. Simulation protocol.

Timestep Number of Atomic Temperatu Pressure

Run [ps] Timesteps Ensemble  species re [K]| [bar]

1 0.0001 10e3 NVT Ca,Ow,Hw 10 -> 300

2 0.0001 100e3 NVT all 10 -> 300

3 0.00028 o0e3 NVT all 300

4 0.00028 10e3 CS all 300

S 0.00028 960e3 NPT all 300 1 bar (z
direction)

6 0.00028 200e3 NPT all 300 1 bar (x,y
directions)

7 0.00028 60e3 NPT all 300 1 bar (z
direction)

8 0.00015 200e3 NVT all 300 -> 700

9 0.00015 200e3 NVT all 700

10 0.00015 100e3 NVT all 700 -> 300

11 0.00015 60e3 NPT all 300 1 bar (z
direction)

12 0.00028 70e6 NVT all 300

In the first run only calcium and water are thermostated. This is done with a smaller timestep
so that the calcium and water can move away from the hydroxides (the code packs them
relatively close). A slow equilibration follows, where the entire system is heated to the desired

temperature. Next (4) is the core-shell equilibration, where the core-shell movement is

222



decoupled and rescaled, which is necessary to prevent the overheating of core-shell pairs and
keeping the total energy of the system constant [31]. From (5) to (7) a series of NPT runs is
carried out in order to relax the simulation box in the z-direction (obtaining bulk water
properties), and x-y-directions for C-S-H structure relaxation. The entire NPT run is carried
out as a series of shorter runs, since due to the shrinkage of the simulation box the kspace
mesh needs to be recalculated between the runs. Next (8-10) is the heating cycle which is
necessary to overcome possible energetical barriers and reach a lower energy minimum. The
timestep was lowered, since at the default 0.00028 ps the Oh-H bonds of surface silanol groups
were broken. The last (12) run is the production run in which the density number of atomic
species in z-direction are recorded, as well as trajectories and the radial distribution function.

For more information we refer the reader to the LAMMPS input file (in.ZigaFF2)

A5-5 Surface charge density

The surface charge density of the proposed model, shown in figure 5 of the main text, is
calculated as follows. From table S11 the ionization fraction (a) at a given pH and surface silanol
density (SSD) is chosen. From this the number of deprotonated silanol groups per surface area (DSG)

is calculated as:

DSG = SSD - a [0~ /nm?]

The assumption follows the adsorption of n - Ca?* and 2(n — 2) - OH™ per deprotonated silanol

group. Therefore, the surface charge density, o, equals to:

o = DSG [e/nm?],

since the surface charge density without adsorbed calcium at the deprotonated silanols equals

— DSG |e/nm?|, and after adsorption to + DSG [e/nm?|.
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Table S11. Ionization fraction («) for different surface silanol densities (4.8, 2.8 and 0.8 OH/nm?) and
pHs as predicted by Grand Canonical Monte Carlo simulations for surfaces in contact with 2 mM

CaXa solutions [9]. X stands for any monovalent ion.

o at 4.8 o at 2.8 o at 0.8

pH OH/nm?> OH/nm? OH/nm?
8 0 0 0

9 0.2 0.131 0.07

10 0.82 0.55 0.25

11 2.23 1.64 0.61

12 3.64 2.48 0.77

13 4.5 2.76 0.8

14 4.74 2.78 0.8

A5-6 Calcium adsorption: Si-Surface 2

To examine Ca?* adsorption at the Si-Surface 2, the tobermorite 14 A structure with the (001) surface
was investigated. We remind the reader, the basal (001) surface of tobermorite (cut through the
interlayer) is the Si-Surface 2 in the present paper. The tobermorite structure was 3 layers, 2
interlayers thick, and placed in contact with a calcium-chloride solution (figure S4). The (001) surface
was modeled with 90% deprotonation of silanol groups. The negative surface charge was
compensated with Ca?* ions (45 ions). Additional Ca?* ions (8 in total) and Cl ions (16 ions) were placed
between the surfaces. The surfaces were separated by approximately 80A. All ions and water

molecules were randomly placed between the surfaces [25].

The inspection of the system reveals that approximately 14% of Ca** were inner sphere adsorbed.
Inner sphere adsorption here is defined as silicate oxygen (protonated or deprotonated) entering the
first coordination shell of Ca?*, which happens when the distance between the calcium and oxygen is
less than 3.15 A [32]. The preferential outer sphere adsorption is further confirmed with the radial
distribution function for calcium-oxygen (figure S5), where the first peak at approximately 2.4 A points
to inner sphere adsorption, while the intensity of the second peak at 4.7 A points to preferred outer
sphere adsorption (62% of Ca®*). This can also be seen from the number density distribution along the

z-axis (figure S5). 24% of Ca®* remain in solution.
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Closer inspection of the adsorption sites reveals two mechanisms for inner sphere adsorption
(figure S6). First is the adsorption on top of the Q*-Q% dimer, where Ca?' inner sphere
adsorbs to the sharing oxygens of the silicates and an additional deprotonated silanol group.
The deprotonated silanol group can be the upper non-sharing oxygen of the next in-chain Q2"
(shown in figure S6b), or the lower non-sharing oxygen of the neighboring silicate chain Q.
This adsorption site was first reported by Kalinichev et al. [12], where they studied calcium
adsorption on the tobermorite 9 A (001) surface. A similar site was also observed by Kunhi
Mohamed?? in the C-S-H interlayer, who carried out a density functional theory study of the
favorable calcium sites and reported this site as the energetically most favorable. The second
inner sphere adsorption site (figure S6¢) is due to only one silicate oxygen entering the first
coordination shell of Ca?". The upper silanol group was identified as highly acidic (pKa =
6.15) [34], where the solvent contribution for deprotonation is high. Further, Androniuk and
Kalinichev carried out a metadynamics adsorption study [35], where they identified this second

site as energetically preferential for Ca?! adsorption.

The typical environment for outer sphere adsorption is shown in figure S6 with a triangle. Due
to the structural characteristics of the tobermorite structure each next silicate chain is shifted
in the b-axis direction by one silicate. Therefore, looking in the a-axis direction a Q?*’-Q? dimer
is neighboring a Q" silicate. The upper deprotonated silanol groups of the Q2" silicates (corners
of the triangle in figure S6) seem to be equally attractive to the calcium ion, positioning it
approximately in the geometrical center of them. There are two distinguished heights of
adsorption, as seen in figure S7a and the number density along z-axis direction in figure S5.

The lower height is approximately at the same height as the upper deprotonated silanol group.
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Figure S6. Location of inner (star) and outer (triangle) sphere adsorbed Ca?". Everything beside the
silicates and surface calcium is hidden for clarity. First shell coordination is shown with a bond. Color

code: Ca-cyan, Si-blue, O-red, H-white.

Labbez et al. [9] predicted a surface charge of 4.5 e/nm?, for this type of surface at 90%
deprotonation (pH 13) in contact with 2mM CaX> solution (X being any monovalent anion).
Accounting for all inner and outer sphere adsorbed Ca?" (below 53 A in figure S5) the resulting

surface charge of the surface equals —1.2 e/nm?.

A5-7 Calcium-Hydroxide Surface Network

The calcium-hydroxide network of the C-S-H (001) surface was investigated for the Ca/Si =
1.7 system, as described in the main text. To exclude possible effects of the initial configuration,
two separate simulations with different initial configurations were carried out. The difference
was in the initial placement of Ca?" and OH- next to the surface (see figure S7). The first (1)
initial configuration had the calcium placed according to the adsorption sites in the literature
[12, 33, 35]. As explained in the previous section, those sites are Ca?' on top of the Q*-Q2*
(Q-QY) dimer and on top of the Q" silicate. The OH- were placed in the proximity of the
Individual calcium ions. The second (2) configuration had the same Mixed-Surface with Cap

and Q2" termination, although the required Ca2" and OH- were randomly placed in the 30 A
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slab next to the surface. The ions, as well as the water molecules were inserted using Packmol

[25].

In both cases a similar calcium-hydroxide networks formed on the surface (figure S9). Both networks
started to form in a similar manner, therefore only the first (1) initial configuration will be examined
in the following discussion. The final configuration data files for both simulations are provided as part

of the SI.

Figure S7. Initial configuration of the C-S-H nanofoil: 1) Ca?" located at the dimer and Q2" adsorption
sites and 2) Ca?" located on top of the deprotonated silanol groups, the remaining Ca?" and OH- are

randomly inserted next to the surface. Color code: Ca-cyan, Si-blue, O-red, H-white.
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As seen in figure S8, The Ca-O radial distribution function (rdf) shows the affinity of Ca* for
inner sphere adsorption to the deprotonated silanol groups (O). The high intensity peak for
the Mixed-Surface with Ca?t and OH- adsorption, at approximately 2.3 A, clearly points to a
preferred inner sphere adsorption in comparison to the Si-Surface 2 with Ca? adsorption. The
higher packing density of Ca?' next to the surface is further confirmed with the Ca-Ca rdf.
The Ca-OH network of the Mixed-Surface results in Ca-Ca distance of around 4 A, while the

pure Ca2' adsorption on the Si-Surface results in Ca-Ca distances of roughly 7 A.

! F — Ca** —OH~ 251 F —— Ca®t —OH-
6 | Ca'.’+ ‘ Ca2+
20
5 h
o ‘ \ 5151 “
%3 ‘ \ Py A SV ; '*'r\f.
p)
[ 5 } \
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r [A] r [4]

Figure S8. Comparison of Ca-O and Ca-Ca radial distribution functions for the Si-Surface 2 with Ca?'

adsorption (orange) and the Mixed-Surface with Ca?" and OH- adsorption (blue).

Excluding Cag (calcium in the bridging site) 30% of the Ca?* are inner sphere adsorbed. Again,
here we refer to inner sphere adsorption if a Ca2' is less than 3.15 A away from a silicate
oxygen (first shell coordination). Including Cap roughly 60 % of calcium at the surface is inner
sphere adsorbed. As can be seen in figures S10 and S11, the inner sphere adsorption is
exclusively associated with the adsorption on top of the Q-Q' (Q*-Q?) dimer, which was
previously observed by Kalinichev et al. [12] The adsorption at the dimer site is further favored
when the neighboring silicate chain carries the Q" species. However, in 50 % of the inner
sphere adsorptions (Cap excluded) a hydroxide (OH") is acting additionally as a bridge between

the adsorbed Ca?' and the main layer calcium (figure S11, black arrow).
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Figure S9. Final configuration of the C-S-H nanofoil shown in figure S6. Color code: Ca-cyan, Si-blue,
O-red, H-white.

Figure S10. Formation of the calcium-hydroxide network. Cap corresponds to the calcium in the
bridging site. The star marks the inner sphere adsorbed calcium. Gray lines show the direction of the

silicate chains (b-axis). Color code: Ca-cyan, Si-blue, O-red, H-white.
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Figure S11. Typical inner sphere adsorption of calcium ions and the start of the calcium-hydroxide
network. The star marks the inner sphere adsorbed calcium, Cap is calcium in the bridging site
(linking dimers), and the arrow points to the hydroxide on the main layer calcium chains, which acts
as a bridge for calcium adsorption. Gray lines show the direction of the silicate chains (b-axis). Color

code: Ca-cyan, Si-blue, O-red, H-white.
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