
DOCTOR OF PHILOSOPHY

First principles simulation of cement for nuclear waste disposal

Kavanagh, Ryan

Award date:
2021

Awarding institution:
Queen's University Belfast

Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use

            • Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
            • Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
            • A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
            • Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
            • When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 23. May. 2023

https://pure.qub.ac.uk/en/studentTheses/80da6860-7969-4035-987c-cb1f74d9bde1


First Principles Simulation of Cement for
Nuclear Waste Disposal

A thesis presented upon application for
admission to the degree of

Doctor of Philosophy
in the Faculty of Engineering and Physical Sciences

by

Ryan Kavanagh
MSci (Hons) 2015

School of Mathematics and Physics
Queen’s University Belfast

Northern Ireland

27/05/2020



Abstract

The immobilization of wastes that arise from the decommissioning of the UK civil
nuclear program is a significant challenge facing industry and researchers. The nuclear
industry plans to dispose of wastes within a deep underground facility and to use
cement to immobilise many of these waste forms. However, not only is there a lack of
understanding regarding the true structure of cement, the properties of cement under
the effects of radiation are also poorly documented. This thesis aims to study the
properties of cement under the effects of ionizing radiation and any effects that arise
from the addition of radionuclides into the structure of cement. Beginning with a range
of possible structures of calcium silicate hydrate, a crucial hydration product of cement,
we study the effects of γ radiation on calcium silicate hydrate.

We demonstrate that the nanoscale structure of calcium silicate hydrate does not no-
tably influence the structure of the defects that form when cement interacts with ioniz-
ing radiation. In particular, we show that electrons locate in the water- and calcium-rich
interlayer region, where they may act as precursors to radicals and H2 gas. Holes, on
the other hand, appear to be benign. The holes point into the intralayer region where
they are unlikely to further react.

After determining the electronic structure of electrons and holes in cement, we turn to
thermodynamic integration and study the thermochemistry associated with reactions
that involve replacing atoms in cement with those of interest to the nuclear industry.
By comparing results with experimental findings as well as results from other theoret-
ical studies, we find that strontium, yttrium, zirconium and lanthanum are likely to
spontaneously replace calcium atoms within the intralayer of cement where they are
immobilised. By testing the same technique using a second crystalline model of calcium
silicate hydrate we show that the results of both models are in agreement that the stron-
tium decay chain is immobilised within the intralayer region. However, magnesium is



not trapped in cement and therefore another storage medium may be required to store
activated magnesium compounds, as they primarily react with other constituents of ce-
ment, such as aluminates. The techniques outlined present a framework for developing
atomistic models of cement-like minerals to study the storage of nuclear wastes within
cement.
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Nothing in life is to be feared, it is only to be
understood. Now is the time to understand more, so
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Silicon atoms are shown in dark blue, calcium in light blue, oxygen in

red and hydrogen in white. The isocontour of the spin density is drawn

at ±0.015 e Å−3 where the positive isosurface is shown in yellow and the
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3.22 Projected densities of states for jennite relaxed in the presence of an

excess electron (top) and a hole (bottom). The density of states for

the spin up and spin down channels are shown above and below the
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3.25 Projected densities of state for the neutral form of clinotobermorite.

The density of states for the spin up and spin down channels are shown

above and below the x-axis respectively. The plot is centered about the

Fermi Energy set at 0 eV and therefore the occupied states are located
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2p-oxygen orbitals which are occupied in part due to the excess electron.

The hole plot shows that new states are introduced into the band gap of
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3.28 Chart showing the radial distribution function (RDF) between calcium

and oxygen atoms in tobermorite 14 (TBB14) and MIT cement. The

RDF for tobermorite 14 Å is shown in red and MIT shown in black.
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3.30 Structure of MIT cement relaxed when (a) an excess electron has been

added into the unit cell and (b) when an electron is removed to form a

hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen
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4.3 Plot showing the Ca-O (blue), Sr-O (purple), Y-O (red) and Zr-O (black)

radial distribution functions within the C-S-H-like simulation cell. The

RDF plots for Sr-O, Zr-O and Ca-O are quite similar in that there are
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in the intralayer regions and the X-OH2 bonds of the corresponding

hydrated ions. On the other hand, Y-O bond lengths in the same region
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Radiation Damage in Cement:

Introduction and Background

The use of cementitious materials for the disposal of nuclear wastes is an important area

of research for the UK nuclear industry. A wide variety of materials require disposal

and as such numerous challenges have arisen. In regards to the the safe disposal of nu-

clear wastes, the importance of grout cannot be overestimated, therefore a fundamental

understanding of the both the intricacies and structure of its components is vital. To

make a grout, one must mix a cement, water and aggregate to produce a mouldable

paste that can be manipulated as required. However, the exact structure and chemical

composition are unknown, yet vital to understand the complex chemistry of this ma-

terial. The underlying processes that occur in cement are of particular importance, as

neutron bombardment, α β and γ radiation result in elaborate property changes and

the radiolysis of water. The reduction of stability of cement and the complex series

of detrimental reactions could compromise wasteforms. As finding solutions to these

problems is vital, research into improving the physio-chemical properties and radiation

resistance of cement wasteforms is a blossoming field of research aiming to facilitate

the safe disposal of nuclear wastes.

The nuclear waste inventory of the UK contains a diverse and massive range of materi-

als. Substances range from spent fuel to contaminated soils from the area surrounding

nuclear facilities. Radioactive wastes are defined as materials containing radionuclides

at concentrations or activities above the clearance levels established by the countries’
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Table 1.1: Waste classifications in the UK[1]. Cement may typically be used for LLW
and ILW, while vitrification in glass is necessary for most HLW.

Class Description
LLW Contains radioactive material other than those suitable for disposal with

ordinary refuse, but not exceeding 4 GBq per tonne of α or 12 GBq per
tonne of β or γ activity

ILW Wastes with radioactivity levels exceeding LLW, but do not need heating to
be taken into account when designing storage or disposal facilities

HLW Wastes in which temperature may rise significantly due to radioactivity; this
factor must be accounted for when designing storage or disposal facilities

regulatory authorities and for which no use currently exists.[1]

The Nuclear Decommissioning Authority (NDA)[11] defines 3 main categories of ra-

dioactive waste by activity, half-life and heat evolved; namely, high level waste (HLW),

intermediate level waste (ILW) and low level waste (LLW). The distinction between

the three types are outlined in table 1.1. Each type of waste is generally considered for

disposal in different ways. For example, HLW requires the most consideration due to

high levels of radioactivity present and LLW requires the least containment as it is the

least active waste type.

1.1 Types of Waste

High level waste can be broadly considered as the products of reprocessing fuels, the

wastes formed from the vitrification of liquid wastes and spent nuclear fuels (SNF) with

activity typically in the range of 104 to 106 TBq/m3. HLW generally contains large

concentrations of both short and long lived radionuclides and can typically release heat

of 2 W/m3 through radioactive decay for a few centuries. Due to the long term activity

and heat evolved, special considerations must be taken to ensure safe disposal.[12] The

2013 derived inventory of wastes puts the total packaged volume of waste at 656,000

m3 including 109,000 m3 of depleted natural or low-enriched uranium (DNLEU).[13]

At present in the UK the mass of irradiated nuclear fuel has been found to be over

9600 tHM (tonnes of heavy metal) and a further 2200 tHM are expected in the coming

years.[12]
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ILW is waste that has high concentrations of long and short lived radionuclides of a

higher activity level than LLW. As such, careful consideration of the storage method is

essential due the high levels of radionuclides that will remain active longer than insti-

tutional control can be relied upon. ILW has no significant heat evolution (less than 2

Wm−3) thus deep underground disposal is sufficient isolation from the biosphere.[12]

ILW is composed of a large range of items resulting from plant operation and de-

commissioning activities such as spent fuel reprocessing. These items include steel

components, fuel cladding, irradiated concrete, and contaminated radioactive sludges

containing eroded magnox fuel cladding from storage ponds. The ILW inventory cur-

rently stands at 110,000 tonnes and a further 200,000 tonnes are expected from future

decommissioning programmes.[13] ILW is of the greatest concern to the disposal of

nuclear wastes in cement.

LLW is waste with activity typically in the range of 4 GBq per tonne for alpha (α)

activity and 12 GBq per tonne for beta/gamma (β/γ) activity. LLW requires no heat

considerations and can be safely disposed of in near surface facilities in suitable robust

wasteforms for as little as a few hundred years. LLW is comprised mostly of steel,

building rubble and soil from dismantled facilities and is the most abundant form

of waste with over 4,600,000 tonnes expected to arise from future decommissioning

operations.[13]

1.2 Legacy Wastes

Legacy wastes spanning more than 50 years of operational history provide considerable

concern. These wastes are poorly understood and often stored in undesirable conditions

which result in a range of uncontrolled reactions and an even wider range of hazardous

materials. These wastes are stored collectively in the Sellafield legacy ponds and silos

and consist of a wide variety of materials including magnesium, aluminium and uranium

metals in the form of fuels and fuel cladding as well as various reactor components.[14]

The management of these legacy wastes is considered a top priority for the UK nuclear

industry as part of the NDA’s strategy[14]. The ultimate goal for the disposal of nuclear
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wastes is to store the remnants of the HLW and ILW in an appropriate wasteform that

is suitable for final disposal in a Geological Disposal Facility. These wasteforms are

expected to follow various standards and specifications that deliver passive safety to the

waste. Specifically, the waste should be chemically and physically stable when stored

and should be stored in a manner that minimizes the need for human monitoring and

maintenance[15].

To prevent harm to the environment and to mitigate the dangers of nuclear wastes,

they must be immobilised in an appropriate container. The goal of disposal in this

way is to minimize the possibility of migration or release of hazardous materials during

production, transport or storage. Immobilisation can be either a physical process, such

as trapping or encapsulation of particles, or a chemical process such as the incorporation

of wastes into the chemical structure of the immobilisation matrix.[1]

Typical high activity nuclear wastes such as spent fuels, depleted uranium, highly en-

riched uranium and plutonium as well as intermediate activity wastes such as magnox

sludge (Mg(OH)2), and fuel claddings are the primary targets of geological disposal.[16]

Many of these materials are hazardous above ground and require a long term solution.

The standard encapsulation techniques are vitrification and cement encapsulation. Vit-

rification is the process by which highly active liquors are dried into powders, mixed

into a molten borosilicate or phosphate glass, and solidified for storage in a disposal

facility. In general, vitrification is an expensive process generally for particularly dan-

gerous nuclear wastes such as plutonium that generate significant amounts of heat, but

may be used for ILW streams also. These wasteforms are often packed into grouted

steel drums or another suitable secondary barrier for extra security.[13]

The concept of a multi-barrier system is employed with the goal of trapping radionu-

clides for long enough that they sufficiently decay below exemption levels before their

release. For ILW, first barrier is often a cementitious matrix inside a steel package

intended to last for time scales that are comparable to those of the long-lived radionu-

clides. The challenge lies in determining the best storage method for the timescales

required which, as Figure 1.1 shows, approach tens of thousands of years. These nuclear

wastes are often cemented into a secondary barrier such as a steel container. All ILW

and HLW wasteform packages are then to be placed in a geological disposal facility
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which is subsequently back-filled with a carefully chosen cementitious material to pre-

vent removal.[1] As cement is used frequently throughout the disposal process it is vital

that the properties of the material, both over long timescales and under the effects of

radiation, are well understood.

Figure 1.1: Activity of common radionuclides from the reprocessing of 1 tonne of
spent nuclear fuel with respect to time. Q denotes the radioactivity of the waste in
mega Becquerel. Note that even the shortest lived radionuclides and their decay
daughters, 90Sr and 137Cs, remain active for around one thousand years. Adapted

from Ojovan et. al.[1]

1.3 Cementation of Wastes

Cement based encapsulation methods are generally considered the ideal way to store

ILW and LLW in the UK. Cement wasteforms consist of a thick waste-in-cement matrix

contained within a stainless steel boxes, often with ventillation methods incorporated

into the designs.[17] The cement acts as a diffusion barrier with a high surface area

that allows for the absorption of radionuclides and the steel acts as a physical barrier

to radionuclide transport.[18, 19] Cement has been accepted as an ideal wasteform for

ILW immobilisation due to various positive attributes that the material possesses[17]:
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• Long term chemical and mechanical durability

• Attractive mechanical properties including the ability to shield radiation

• The ability to chemically bind radionuclides and act as a physical barrier to

diffusion

• High pH (typically around 13.5) to render radionuclides insoluble in pore water

solution

Ordinary Portland Cement (OPC) is the most common and well known cement for-

mulation. OPC consists mainly of assorted calcium silicates along with iron and alu-

minium containing clinker. When grout is made from OPC, the resultant material is

a mixture of portlandite (Ca(OH)2) binder, calcium silicate hydrate and aggregates

such as sand and small rocks.[17, 20, 21] In this study, the crucial material of note is

the calcium silicate hydrate - a gel-like material with a variable composition thought

to be either amorphous or crystalline with domains of short range order but disor-

dered on the mesoscale. C-S-H is responsible for the setting and hardening of cement

pastes, and is therefore vital to understand fully if cement is to be used to store nuclear

wastes. While C-S-H pastes possess a highly variable Ca/Si ratio of 0.6 - 1.7.[2] Addi-

tionally, recent studies suggest a Ca/Si ratio of as much as 2.0.[22, 23] For example,

the natural analogues tobermorite 14 Å and jennite, have Ca/Si ratios of 0.83 and 1.5

respectively.[2, 24, 25]

On a basic level, cement phases are made of a mixture of poorly ordered crystalline

species and a highly alkaline pore water phase.[26] The pore water contains a mix

of ions such as sodium and potassium and is effectively an alkali hydroxide solution

saturated with respect to portlandite, as well as containing sulphates at an early age.

This structure, at the nanoscale, is fundamental to understand the effects of radiation

on cement and is outlined in detail in subsequent sections.
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1.4 The structure of Cement

The three main components of concrete worth discussing are the calcium silicate hy-

drate, free water and the aggregate. Typically the aggregate consists of crushed stones

or filler material such as crushed stone, gravel or sand. While aggregate is vital to

improving the bulk and compressive strength of a concrete, these materials are often

well understood and do not possess the rich chemistry of C-S-H. However, understand-

ing calcium silicate hydrate at the nano-scale is paramount to the success of cement

as a disposal medium. C-S-H is a complex group of materials that have been studied

extensively for almost a century[2, 27]. This phase is considered the “glue” of con-

crete and ultimately provides the strength of cement, making it a vital area of study.

Experimental determination of the Ca/Si ratio of C-S-H suggests a value of 1.7 in

plain OPC cements[28, 29], a value that has widely been accepted since[2]. C-S-H is a

poorly ordered phase with numerous morphologies reported in the literature including

fibres[30, 29, 31] flakes and globules[32, 33]. A detailed comparison of many of the

popular models written by Papatzani is used throughout this section.[34]

Underlying many of the structures that C-S-H forms is a foil-like structure seen by

higher resolution imaging techniques. This suggests that there is likely a single type of

C-S-H at the nanoscale that can arrange in different ways on the meso- and macroscale.

This foil structure is in agreement with current literature models, many of which

are slowly converging towards describing C-S-H as a tobermorite-like or jennite-like

structure.[2] Tobermorite forms the basis of many cement models stretching back from

the present day to a structure proposed by Bernal more than 60 years ago[35]. To-

bermorite can be described as a rare crystalline form of C-S-H discovered in Northern

Ireland that consists of long fibers on the nanoscale. Both tobermorite and jennite will

be discussed in detail in the following section.

The general structure of C-S-H can be broken into two distinct parts known as the

interlayer and intralayer regions. The interlayer and intralayers alternate such that

one region is sandwiched by two regions of the other type. The interlayer space simply

contains the chemically bound water and alkali and alkali earth metals such as calcium,

sodium and potassium.[2, 25] However, while this region is simple to describe, the
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Figure 1.2: Example of the structure of the intralayer region in C-S-H. This image
shows a schematic of the intralayer calcium atoms sandwiched by silicate chains.

These calcium are 6-7 coordinate, but most bonds have been excluded for simplicity.
Most notable are the repeating dreierketten silicate chains, which can be seen as any
series of repeating Si-O-Si bonds within the image. Within the dreierketten chains,
there are 2 types of silicate atom labelled “P” and “B”, meaning “pairing” and

“bridging” respectively. Typically, dreierketten unit consists of 2 pairing tetrahedra
and one out of plane bridging unit. a These dreierketten chains are a well known

phenomena expected in most C-S-H structures and may from cross-links with adjacent
dreirerketten chains to increase the mechanical strength of the C-S-H material.[2]

contents can alter the behaviour of the cement mineral. For example, in tobermorite,

the presence of more water results in a larger interlayer region.

The intralayer can be described as a sheet of Ca2+ ions sandwiched by silicate chains of

repeating SiO4
2– silicate units. The silicate tetrehedra that form these chains follow a

distinctive repeating pattern of 3 known as a dreierketten chain that is found in most C-

S-H structures[35]. The dreierketten chains form a repeating pattern of one “bridging”

and 2 “pairing” tetreheda due to coordination with Ca2+ ions. Two adjacent “pairing”

tetrahedra of the trimer share O-O edges with the central CaO layer between chains,

while the third “bridging” tetrehedra does not.[36] The bridging tetrahedron also shares

its apex with the Ca-O layers and points into the interlayer region. This helps to enforce

the regularity of the chains and balance the system charge. It is this regularity that is

often used to explain the fibrous structure observed at the nano-scale.[37, 38]
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1.5 Tobermorite and Jennite

There are 3 well known polymorphs of tobermorite, tobermorite 14 Å, tobermorite

11 Å and tobermorite 9 Å. These structures are named according to the the basal

spacing observed in the tobermorite. The basal spacing in tobermorite is defined as the

distance from the center of one interlayer to the center of the next nearest interlayer.

As such tobermorite 14 Å has an interlayer spacing of approximately 14 Å. Following

the naming convention, tobermorite 11 Å and tobermorite 9 Å have basal spacings

of 11.3 Å and 9.3 Å respectively. The fairly recent determination of the structure of

tobermorite 14 by Bonaccorsi and Merlino[6] has proven a significant breakthrough in

understanding the complexities of tobermorite, and by extension, cement. The various

types of tobermorite are summarised below in table 1.2.

Table 1.2: Table summarizing important properties of the Tobermorite family and
Jennite. An asterisk is used to show the anomalous forms of tobermorite 11 Å.

Name Chemical Formula Ca/Si Density (gcm−3)
9 Å Tobermorite ([39]) Ca5Si6O16(OH)2 0.83 2.865
9 Å Tobermorite ([39]) Ca5Si6O16(OH)2 0.83 2.861

11 Å Tobermorite* ([40],[7]) Ca4Si6O15(OH)2 · 5H2O 0.67 2.460
11 Å Tobermorite* ([40],[7]) Ca4.5Si6O15(OH)2 · 5H2O 0.75 2.460
11 Å Tobermorite ([37]) Ca5Si6O16(OH) · 5H2O 0.83 2.460

14 Å Tobermorite ([6],[37]) Ca5Si6O16(OH)2 · 7H2O 0.83 2.278
Jennite ([41]) Ca9Si6O18 · 8H2O 1.50 2.325

Structurally speaking, the main difference in the composition of the tobermorites is the

degree of hydration. The conversion from tobermorite 14, the most hydrated form, to

the 11 Å species occurs upon heating to 80-100◦C for a few hours, while further heating

to 300◦C converts it to tobermorite 9 Å. As table 1.2 shows, the amount of water present

decreases going from tobermorite 14 Å to 11 Å. In particular, the degree of hydration

decreases from 7 water molecules per unit cell to 5 per unit cell. The conversion to

tobermorite 9 Å occurs as a result of the structural rearrangement necessary to balance

the coordination of ’zeolitic’ interlayer Ca species. Upon dehydration, the dreierketten

chains are forced closer and must rearrange to bind to the zeolitic calcium in order to

preserve neutrality.[39, 42, 38] Tobermorite 9 Å possesses the lowest degree of hydration

of all 3 polymorphs with no free water molecules in the unit cell as well as the highest

density with respect to the other tobermorite minerals in table 1.2.[43]
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Figure 1.3: Example of the structure of the interlayer region in anomalous
tobermorite 11 Å. Note the links between pairing silicate tetrahedra across the

interlayer region. In anomalous tobermorite 11 Å there are water molecules, but no
ions present in the interlayer region.

Tobermorite 11 Å stands in the middle of the various tobermorite structure with its 11.3

Å basal spacing, but comes in 3 distinct forms - two normal tobermorite 11 Å minerals

and a third “anomalous” tobermorite 11 Å. The main differences between the normal

and anomalous forms are that upon heating to 300◦C anomalous tobermorite does not

lose most of the water molecules nor does it alter its basal spacing to 9.3 Å as one

would expect of tobermorite 11 Å.[7] The lack of structural change can be attributed

to a lack of zeolitic calcium in the anomalous forms, as well as the formation of cross-

linked silicate chains formed via Si-O-Si linkages.[7] An example of the interlayer region

containing these cross-links can be found in Figure 1.3.

Jennite is another mineral thought to closely resemble C-S-H. This mineral has a Ca/Si

ratio of 1.5 which is close to the experimental value of 1.7.[28]. The chemical formulæ

in table 1.2 suggests that the calcium content and level of hydration in jennite exceed

those of all the various tobermorite types and tends towards that of experimental C-

S-H. Bonaccorsi[41] proposed that the general structure of jennite agrees well with the

general structure of C-S-H and tobermorite. That is to say that jennite is composed

of alternating interlayer and intralayer regions in a manner similar to that outlined

previously. Once more, the intralayer of jennite is composed of dreierketten silicate

sandwiching the intralayer calcium atoms. The interlayer region contains calcium ions

and water molecules sandwiched between 2 adjacent intralayer regions. An example

of how the intralayer in jennite and tobermorite are composed is shown in Figure 1.2.
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Tobermorite 14 Å, jennite and generalised models based on these structures[44] are the

basis for many cement models and are considered among the most appropriate cement

surrogates to date.[24, 34]

1.6 Radiation Damage in Cement

The study of radiation damage in materials is a difficult and hazardous problem, and

thus relevant information on the subject is rare at best. As cement wasteforms are cheap

and can be tailored to suit the needs of a particular waste, cement is a hot topic in the

nuclear industry. The large knowledge base surrounding cement and the compatibility

of cement with steel, which is typically used as a secondary barrier, makes cement and

steel an attractive material combination for disposal containers. However, numerous

questions on the effects of radiation remain unanswered or are poorly understood due

to the combination of the dangers of radiation experiments and the complexity of both

the cementitious systems and the mechanisms that drive radiation effects.

The long-term degradation of concrete wasteforms under the heat of an underground

disposal facility is governed by a myriad of chemical and physical processes. The damage

and dissolution of C-S-H phases combined with heat-induced mechanical damage often

result in the induction of micro-cracks that alter the efficacy of cement as a storage

medium.[45, 46] There are numerous processes to consider when accounting for the

stability of a cement wasteform:

• Temperature effects are important to the efficacy of cements as the compressive

strength of cement tends to decrease with increasing temperature. However, typ-

ically in a GDF, these temperature ranges are unlikely. Loss of water from heat

damage is also significant as the resultant chemical changes can drastically reduce

the mechanical strength of cement.[47] Exposure to heat for extended periods is

known to cause changes in tensile and compressive strength, conductivity and

diffusivity. Tensile strength can be decreased by as much as 50% when temper-

ature is increased from room temperature, 20°C, to 100°C.[46] This suggests a

threshold temperature of around 95°C which can be achieved via the radiation of
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heat from high-level nuclear wastes.[48]

• Cracking occurs in all cements for numerous reasons including chemical effects,

radiation, heat, stress and ageing. The main detrimental effect of cracking is the

decrease in the barrier properties of cement. As a result, the transport of harmful

materials is promoted and degradation is accelerated as more cracks form.[49]

Compounds often found in nuclear wastes are known to expand in the presence of

water and cause cracking. Once such example is magnox, a magnesium-aluminium

alloy mainly used in the cladding of nuclear fuels. The magnesium contained

within the magnox cladding reacts with water to produce magnesium hydroxide,

leading to expansion as Mg(OH)2 is known for having a greater volume than its

constituents

• Radiation damage, in particular damage arising from γ (gamma) and neutron

irradiation, present the biggest challenges to cement as a wasteform. One of the

two predominant causes of radiation effects are the alteration of material prop-

erties via interaction with radiation. The second is the result of heating caused

by the absorption of radiation energy. Both mechanisms of damage can make

or break chemical bonds and induce defects into the C-S-H structure resulting

in the embrittlement of the cement. However, this issue is more complex than

it appears as large doses over a long period can actually increase the mechanical

strength of cement.[50]

While it is notoriously difficult to discern heat and radiation induced damage in cement

samples, direct radiation may also affect water via the radiolysis of water. The for-

mation of radicals may damage cement and produce hydrogen gas that can pressurise

cementitious wasteforms.[10] Additionally, the irradiation of cement with neutrons[48]

leads to a marked decrease in tensile strength and compressive strength. This is due to

processes such as the crystalline to amorphous transitions that occur in the both the

aggregate within the concrete as well as the crystalline components of cement. These

transitions cause a volumetric expansion and decrease in density as volumetric expan-

sion induced from neutron radiation takes not only the form of crystalline-to-amorphous

phase transitions, but also the disturbing of lattices via collisions.[9] The effects of γ

and neutron irradiation on cement phases is summarised in table 1.3.
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Table 1.3: Table showing the effects of γ and neutron irradiation on cement.[9] Note
that the effects on the solid phases are contradictory, as cement pastes can be either

strengthened or weakened by γ radiation.

Cement Phase Effects of γ-irradiation
Water Decomposed via radiolysis to generate H2 and H2O2 which de-

composes to water and oxygen. H2O2 can react with and damage
cement pastes, affecting strength. γ-heated water may react with
unhydrated cement and cause phase changes. Sulfide oxidation in
concrete results in expansive products that may lead to cracking

Solid Damage to bonds, disrupting covalent behaviour and distort-
ing alignment. Electrons ejected to form holes, may collide
with solids. Drying may cause cracking and shrinkage, lower-
ing strength, but reaction of unhydrated cement may improve
mechanical strength

Piszora[51] demonstrated that without heat effects, γ-irradiation of C-S-H pastes re-

sulted in volumetric expansion due to significant changes in the microstructure. OPC

possesses the lowest threshold (130 MGy) for radiation damage, reflected by differ-

ences in the mechanical properties of a concrete, while pastes with additives such as

fly ash (290 MGy) possess higher thresholds before damage begins. The extent of the

effect depends on the radiation resistance of the aggregates, the type of cement and the

proportions of contents. In general, the γ-irradiation of cement causes mass loss via

the radiolysis of chemically bound water. The irradiation of cement may also induce

carbonation that results in microcracking and increased porosity. The process of car-

bonation in cement, however, presents a positive feedback loop as increased porosity

enhances the rate of carbonation.[52]

Depending on dose rates and heat in the cement system, compressive strength may

actually increase. Soo and Milian investigated the properties of cement pastes upon

exposure to γ at various dose rates and temperatures. With low (0.1 MGy) doses

and 10°C, the sample strength decreased significantly. Conversely, samples exposed to

higher dose rates (10 MGy) and higher heat increased in strength as moderate heat

improves cement hydration kinetics and encourages the formation of hydrated cement

phases such as C-S-H.[53]
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1.7 Chemical Degradation Processes

• Chloride Corrosion - Chloride species have been known to damage cement ma-

terials for quite some time and this has prompted much durability analyses of

concrete structures. The main issue in cement wasteforms is not the cement

itself but with the steel container as chloride ingress does not readily lead to

expansion or cracking. Chloride ions readily react with aluminate phases in ce-

ments and form the Friedel’s salt: 3CaO ·Al2O3 ·CaCl2 · 10H2O, which is quite

stable over a wide range of chloride concentrations (a few mmol/L to 3 mol/L).

This results in a loss of strength due to volumetric expansion and the resultant

cracking.[54, 55, 56, 57]

• Carbonation - The penetration of carbon dioxide (CO2) into cementitious waste-

forms can be described as a series of reactions. Ingress of gaseous CO2 occurs and

dissolves into the pore solution. CO2 then dissociates into reactive ionic species

according to equations 1.1, 1.2 and 1.3:

CO2(aq) +H2O −−→ H+ +HCO3
− (1.1)

HCO3
− −−→ H+ +CO3

2− (1.2)

CO2(aq) + 2OH− −−→ H2O+CO3
2− (1.3)

At a high pH, such as those found in typical OPC concretes, the concentration of

CO3
2– rises due to reaction with hydroxyl species. In cement, the latter is vital as

the CO3
2– ion can react with calcium from the interlayer, forming calcite CaCO3.

The interaction of CO2 and alkaline pore water reduces pore water pH, decreasing

the passivity of the steel container and forms calcite CaCO3. The formation

of carbonates reduces the concentration of both calcium and hydroxyl ions in

solution, which alters the Ca/Si ratio and causes the dissolution of portlandite

and reduces the porosity of the cement as a consequence. Vodak has shown that

small doses of γ radiation can increase carbonate formation over long periods of

exposure, as well as triggering the release of chloride ions into solution.[58, 59]
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• Sulphate Attack - The presence of sulphate (SO4
2– ) is of low concern to nuclear

cement. However, sulphate is present in concretes as gypsum and other mixed

minerals in the clinker. Additionally, groundwater can contain significant levels

of sulphates that can attack cement wasteforms from the outside. Sulphate at-

tack leads to the formation of ettringite (Ca6Al2(OH)12(SO4)3 · 26H2O), gypsum

(CaSO4 · 2H2O) or thaumasite (Ca3[Si(OH)6 · 12H2O] · (CO3) ·SO4 which con-

tribute to volumetric expansion. As a consequence of expansion, precipitation of

these phases can cause strain within the cement wasteform.[54] Like carbonation,

sulphate works in tandem with chloride attack.[60, 61]

• Decalcification - The dissolution of portlandite and C-S-H phases in hydrated

cements upon exposure to excess water is of concern.[62, 63] Exposure to pure

or acidic water may cause the leaching of calcium ions in the form of Ca(OH)2.

Leaching of Ca(OH)2 causes a drop in pH which affects the passivation properties,

causes increased porosity and permeability and decreases mechanical strength.

The kinetics of calcium leaching are quite slow, but are accelerated by acidic media

such as carbonated water, ammonium nitrate and organic contaminants.[64]

The leaching of calcium is a process made of dissolution and diffusion parts. The

Ca2+ and hydroxide gradients introduced by the neutral or acidic media cause

diffusion of the aforementioned materials from the passive pore solution to the

aggressive lower pH solution. This lowers the amount of calcium in the pore

solutions in order to restore chemical equilibrium.

1.8 Radiolysis of Water in Cement

The radiolysis of water is a physio-chemical consequence that results from ionizing ra-

diation. This complex series of radiation-induced process produces a variety of radicals

and chemical species on an extremely fast time scale of 10−16s. The pore water in ce-

ment is a primary target for radiolytic damage and can be considered a significant weak

point of cementitious systems. The radiolysis processes occur as a cascading reaction,

for example, H2O+ can react with a molecule of water on the time scale of 10−14s to
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produce an ·OH radical and a H3O+ ion. If an electron is liberated, it can ionize further

water molecules and continue the chain reaction if the energy falls below the ionization

threshold of water (12.61 eV). The remaining energy is lost by causing vibrations and

rotational excitation in nearby water molecules.[10]

The excited species readily dissociate to form radicals such as O·, H· and ·OH on the

scale of molecular vibrations (10−14 to 10−13s). The radiolysis products are inhomo-

geneously diffuse throughout the water, with recombination reactions taking place to

form molecular products and secondary radicals. This entire chain reaction typically

occurs in less than 10−7s.[10, 3]

The radiolytic products vary based on purity, pH and the energy of the radiation in

question. When the radiation is high in energy, nearby spurs are more likely to react

and reform chemical species such as hydrogen. Different varieties of radiation can result

in different types of reaction. Within the high pH environment of cement as OH · and

H2 generation are favourable. As seen in table 1.4, the reformation of water is the most

common result in pure water, as the formation of water from H3O+ and OH– possesses

a rate constant of 14.0. In a cement medium the formation of H3O+ is unfavourable

and thus reactions involving H3O+ will be quenched. Therefore the rate of reformation

of water is reduced and the water in cement is more likely to decompose into harmful

radicals than water at pH 7.[10]

Table 1.4: Rate constants of main radiolysis reactions via γ irradiation in pure
water[10]

Reaction Rate Constant (1010mol−1dm3s−1)
e–

aq + e–
aq + 2H2O→H2 + 2OH– 0.55

e–
aq +H• +H2O→H2 +OH– 2.50

H• +H•→H2 0.78
e–

aq +HO•→OH– 3.00
e–

aq +H3O+→H• +H2O 2.30
HO• +HO•→H2O2 0.55
HO• +H•→H2O 2.0

H3O+ +OH– → 2H2O 14.0

The general equation for the radiolysis of water is:

H2O
IonizingRadiation−−−−−−−−−−−→ e−aq,HO·,H ·,HO·

2,H3O
+, OH−,H2O2,H2 (1.4)
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The formation of O2 is not a primary product in the radiolysis of water and in many

cases is not seen to increase in cement wasteforms.[53] The radiolysis of water can vary

significantly when a solid is nearby, which may affect the dosage received by water

or change the rates or initial yields of radiolysis products. Examples of this are quite

common in the nuclear industry with reactors or storage containers holding wet nuclear

materials.[11] As such, many of these possess solid/water interfaces that are subjected

to radiation and often produce explosive H2 gas.[10]

Different types of oxides have been shown to affect the yields of H2 in different ways, for

example CuO and MnO2 reduce H2 yield. ZrO2 and Nd2O3 increase H2 yield, which

is thought to be a result of scavenging of excitons by adsorbed water molecules.[10]

Therefore care should be taken to avoid such contaminants where possible, but this

presents difficulties with the widespread use of zircalloy, an alloy made of 95% zirco-

nium, as a fuel cladding for UO2. Zircalloy fuel cladding is a typical ILW that arises

from the decommissioning of magnox fuel elements[13]. Magnox cladding is commonly

found to carry small amounts of uranium metal as a result of the shearing process used

to separate fuel pins. In the presence of zircalloy, which will readily oxidize, uranium

metal and UO2 in storage may react with water and produce hydrogen gas. In turn,

UO2 can react with H2 and contribute to the formation of explosive and pyrophoric

UH3 even in the reducing conditions of a cement matrix.[65, 66]

The effects of radiolysis in a cement medium are also of interest, for example, Bouniol

and Bjergbakke[3, 67] have provided evidence of the evolution of gaseous products in

a cement matrix. The evolution of gas in this instance is thought to arise due to water

radiolysis and results in a significant increase in gas pressure from the evolution of H2

gas, that is, the primary stable radiolysis product in an alkaline medium. Alarmingly,

for a dose rate equal to 0.1 Gy/s gas pressure may double in cements containing high

water content. While it is important to consider this doubling of gas pressure due to

the chemical availability of flammable hydrogen gas, the pressurisation likely results in

a significant impact on the mechanical properties of the wasteform.

The rate of gas build-up varies relative to conditions, as the same work also demon-

strates that increased saturation of water leads to a lower gas pressure. All available H2

trapped in the aqueous phase will react with O · to form water. This can perpetuate
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the formation of radicals from the more stable hydrogen. The availability of hydrogen

in pore water is entirely dependent on pore water composition. Highly saturated, al-

kaline pore water will not readily dissolve large amounts of H2 and as such the gas can

travel throughout the wasteform depending on the permeability of the concrete. Dose

rate also shows a non-linear effect on gas pressure as increasing dosage to 0.2 Gy/s

increases the pressure, but further increasing the dose rate to 0.4 Gy/s decreases gas

pressure as the net destruction of H2 exceeds production rate. Figure 1.4 demonstrates

the radiolysis products in a pure water sample, eventually reaching an equilibrium after

around 1 year.[3]

Figure 1.4: Evolution of the main radiolytic species in cement pore water as a
function of time in a cement matrix under 0.1 Gy/s γ-radiation at a liquid saturation

degree of 0.75. The system contains an initial concentration of H2.[3]

As seen in figure 1.4, a sharp decrease in O2 concentration is observed in conjunction

with an inversion in concentration of many of the radiolytic products. This consumption

is the result of cascade of redox reactions that ultimately form peroxide O2
2– and that

cause disequilibrium in the system. The products that initially result from radiolysis

(equation 1.4), in particular the aqueous electrons e(aq)
– , can react with the oxygen

present to liberate superoxide O2
– . In this scheme, aqueous electrons acts as reducers

towards oxygen-containing species. The pathways for the interconversion of oxygenated
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radiolysis products are shown in Figure 1.5.

Figure 1.5: Schematic representation of the transitions between oxygenated radiolysis
products.[3]

Equations 1.5 and 1.6 show methods of formation of superoxide in an alkaline medium:

O2 +H2O+ e(aq)
− −−→ O2

− +H2O (1.5)

O− +HO2
− −−→ O2

− +OH− (1.6)

HO2
– is of particular note in the mechanism of peroxide formation as it is a homologue

of H2O2. Hydrogen peroxide is a dominant oxygenated product in radiolysis. Hydrogen

peroxide readily forms under the anaerobic conditions, which are prevalent over time

in these cement wasteforms, as Figure 1.4 shows the concentration of O2 is zero after

1 year. The lack of oxygen suggests that oxidation has occurred and the formation of

calcium carbonate is likely. Note that after 106 seconds, the level of e(aq)
– within the

system is high relative to the initial concentration, suggesting that on the timescales

studied, electrons are readily available to react at all times. Hydrogen peroxide acts as
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both a reactant and a precursor to other reactants such as O– and OH•. The newly

formed superoxide can then react further to form peroxide species or directly form from

radiolytic O– :

O2
− + e(aq)

− −−→ O2
2− +H2O (1.7)

O− +O− −−→ O2
2− (1.8)

These equations, supplemented by others described by Bouniol[67], result in the con-

version of dioxygen to peroxide in the overall equation:

O2 ⇋ O2
− ⇋ O2

2− (1.9)

Where the final product, peroxide, rapidly reacts with aqueous Ca2+ and portlandite

to form calcium peroxide octahydrate (CaO2·8H2O) precipitate resulting in equation

1.10:

Ca(OH)2(aq) +H2O2 + 6H2O −−→ CaO2 · 8H2O ↓ (1.10)

Calcium peroxide octahydrate is a slightly soluble product and a prime target for car-

bonation to form calcite. As described above, this result is consistent with experiment

[52] and this new carbonation mechanism effectively contributes to calcium leaching

into the pore water and causes a lowering of the Ca/Si ratio. Bar-Nes et al.[68] also

observed similar effects in irradiated samples and noted a reduction in the mechanical

strength of γ-irradiated cements with a total dose of 10 MGy.

The presence of CaO2·8H2O and Ca(OH)2 formed in-situ act as a mineralogical buffer

to limit H2O2 formation. When there is no CO2 available, the remaining CaO2·8H2O

may in fact increase the resistance of the system to radiolysis. However, the mechanism

of octahydrate formation is dependent on the accumulation of H2O2, which in turn
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depends on dose rate. This is because CaO2·8H2O only forms under sufficient build-up

of H2O2 which in turn depends on the dose rate. The combination of effects outlined can

provide vital information on the system integrity but the extent of the self-regulating

effects are unknown.[3]

The products of radiolysis and their chemistry are of vital importance in the first few

years of cement wasteforms. At this time, the amount of free water is at a maximum and

the cement has not fully hydrated. Reactions between cement components and radicals

may cause detrimental damage to a cement wasteform via a number of mechanisms,

including carbonation and dehydration.

1.9 Composite and Alternative Cements

To change the properties of a cement wasteform, OPC can be mixed with additives

in various proportions to match the specific needs of a given waste. Blast furnace

slag (BFS) and pulverized fuel ash (PFA) are among the most commonly implemented

additives. In the UK, blends containing high levels of BFS, 75% or more, are quite

common.[69] Both are strong candidates for use in immobilization as they impart dif-

fering beneficial properties to cement.

Blast furnace slag is a glassy solid with a high sulphide content which provides a

stronger reducing environment in the cement matrix. The highly reducing environ-

ment provided by BFS can inhibit the mobility of radionuclides in the wasteform. BFS

leads to a reduction of the heat of hydration which is vital for large cement slabs that

are prone to high heat generation. By adding BFS, the highly exothermic nature of

the hydration reaction, which results in the evaporation of the pore water, can be con-

trolled more easily. As a consequence, the addition of BFS contributes to a reduction

of the internal stress and thermal expansion, which may cause cracking and alteration

of the microstructure. Evidence has shown that BFS additives can significantly en-

hance mechanical properties and radiation resistance (4.77 MGy over 256 h) compared

to neat OPC. Cements containing BFS have a lower Ca/Si ratio and therefore the cal-

cium content slows formation of CaO2 · 8H2O and therefore inhibits radiation-induced
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carbonation processes.[50]

Pulverized fly ash is another common additive and is rich in SiO2 and Al2O3. During

hydration, PFA reacts with portlandite to form C-S-H at a much slower rate than

normal via a pozzolanic reaction. While PFA contributes strongly to late durability in

cements, the nature of the C-S-H phases may differ due to the high aluminate content

and lower Ca/Si ratio than typical cements.[70, 71]

Rather than focusing solely on additives to OPC, much research has gone into other

formulations of cements for nuclear waste disposal. Currently, the most prominent

option is the use of calcium aluminate cement (CAC). As the name suggests, calcium

aluminate cements are those rich in aluminate phases.

CACs are advantageous as they are not as high in pH, meaning these cements are ideal

for withstanding calcium-leaching effects. Aluminate cements produce calcium alumi-

nate hydrates upon hydradion and are quite durable. However these cements suffer

from a very high heat of hydration. A second issue is the significant volume changes

that occur from the conversion of initial metastable hydrates to thermodynamically

stable hydrogarnets.[72] In an attempt to overcome these issues, Majumdar et. al.[73]

showed that mixing 1:1 CAC:BFS resulted in a continuous increase in cement strength

for over a year, bypassing the initial loss in strength. The exact nature of the hydra-

tion properties of CAC-BFS mixtures is not currently known, but determination of

the properties and microstructure may eventually lead to the use of CACs for low pH

nuclear wastes.

Despite the potential drawbacks of cement outlined, calcium silicate hydrate materials

appear among the most promising disposal methods for nuclear wastes. While the high

pH and ease of use of cements significantly outweigh the flaws, the γ-irradiation of

cement minerals presents a significant challenge to the nuclear industry. Exposure to

γ-irradiation results in the formation of explosive hydrogen gas which may be detri-

mental to the efficacy of the wasteforms. Understanding the mechanisms that occur in

cement to produce this gas is therefore of vital importance. Many of the experiments

to determine these mechanisms are both dangerous and difficult as well as requiring

timescales stretching into centuries to adequately study. Thus we turn to simulation,
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in particular density functional theory or DFT for short, to provide insight into these

mechanisms. Determination of the properties of electrons and holes in cement, the end

products of γ radiation, represents the focus of much of this work. Building on the work

of Dezerald[74], attention will then shift to the study of radionuclide immobilization in

cement using molecular dynamics simulations.

1.10 Atomistic Simulation of Cements

The growing emphasis on cement for nuclear waste disposal in recent years is among

the plethora of reasons that have resulted in a boom of interest in the study of calcium

silicate hydrate. In particular, the two areas of interest are in the elucidation of the

structure of C-S-H and the effects of both radiation and the relevant immobilisation

processes. However, as emphasised in works by Richardson[2] and Nonat[27], deter-

mining the true structure is a complex, ongoing problem. In the atomistic space, there

are numerous different models and approximations that researchers use to study the

structure. While a majority of these studies do not present new models of C-S-H, many

studies consolidate existing information or allow researchers to manipulate C-S-H at

the nanoscale to present new information that is not readily available in reality.

One such avenue of study are classical force fields such as clayFF[75] and reaxFF[76]

that are widespread in studies of C-S-H.[77] ClayFF is of particular note due to the

presence of partial charges for different atomic co-ordinations to improve the flexibility

of the model. For example, Kalinchev[78] used clayFF to discuss in detail the behaviour

of water on a tobermorite surface, while Pan[79] exploited the flexibility of clayFF to

investigate the chloride absorption of generic C-S-H phases. However, clayFF does not

possess a suitable description of aqueous Ca2+ ions and therefore clayFF contains no

corresponding OH– ion. To combat this, Shahsavari[80] adapted clayFF, which as the

name suggests was developed predominantly for clays, into a new specialised force field,

CSH-FF designed for cement. However, the results of this study were benchmarked

against a model that is thought to be deeply flawed within the cement community.

Researchers such as Pellenq et al used a combination of CSH-FF and radical predic-

tive techniques to produce new, unusual possible C-S-H structures. However, due to
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problems with the structure that are discussed in detail in Chapter 3m this avenue of

research was not pursued beyond simple academic interest in this work.[81, 82]

Contemporary models for cements have undergone a shift from more descriptive models

to more advanced predictive models to describe C-S-H. However, more complex proper-

ties and phenomena, such as radiation processes or substitution reactions require more

computationally intensive methods such as density functional theory (DFT). Remjak

used DFT to describe properties such as Si NMR[83] in C-S-H, demonstrating that the

five Si sites tested within a generic C-S-H closely resemble tobermorite and jennite.

This study shows that the behaviour of the silicates rely both on the degree of conden-

sation as well as the local environment of the atoms, providing invaluable information

both the properties of tobermorite 14 Å and jennite as well as C-S-H.

Studies by Churakov also demonstrate important physical properties such as the acid-

ity of surface SiOH and CaOH2 groups in C-S-H gel using a combination of ab initio

methods as well as Monte Carlo techniques.[84] Furthering the methodology, Churakov

also investigated the incorporation of aluminium into the silicate dreierketten chains.

This study shows that while aluminium readily replaces silicon atoms within the chains,

particularly in the bridging sites, charge-balancing counterions are necessary and alu-

minium atoms can never be in adjacent dreierketten positions. Furthermore, the energy

penalty for incorporating aluminium into the chains was found to be approximately 20

kcalmol−1.[8]

While a plethora of studies exist to shed new insight into the properties of C-S-H,

computational research related to the effects of radiation on cement is still quite sparse.

While few studies focus on radionuclides, a range of studies utilize potential surrogates.

In particular, significant effort has gone into understanding the properties of Cs+ in

C-S-H gels. White calculated diffusion barriers for Na+ in tobermorite, suggesting that

diffusion barriers of sodium in tobermorite average around 30 kcalmol−1, therefore

the diffusion barriers for Cs are expected to be higher due to the larger ionic radius.

Furthermore, White shows that aqueous Ca2+ ions are more likely to be replaced than

intralayer Ca or Si atoms.[85] Jiang studied the absorption of Cs+ on the surface of C-S-

H gel showing that Cs+ tends to bond with the oxygen atoms of the dreierketten chains

on the surface, forming 4.6 coordinate inner-sphere Cs-O complexes. However, weaker
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outer-sphere absorption facilitates only a single Cs-O bond, weakly binding the outer-

sphere Cs+ to the surface. Additionally, this work also demonstrates that smaller alkali

metal ions such as Na+ and K+ more readily adhere to C-S-H surfaces than larger ions

such as Cs+. However, this study neglects any change to the mechanical properties of C-

S-H containing cesium, and does not examine absorption in the hydrated interlayer.[86]

As reported by Arayro, the diffusion of Cs+ into a C-S-H gel occurs over the timescale

of a few hours.

Finally, there are 2 notable studies related to the immobilisation of 90Sr within C-S-H

structures by Youssef[87] and Dezerald.[74] Together, these studies demonstrate that

the strontium decay chain of 90Sr, 90Y and 90Zr are all readily immobilised in C-S-H

gel and that these atoms do not significantly alter the mechanical properties of C-S-H.

However, these studies possesses numerous problems, such as using the aforementioned

C-S-H model by Pellenq[81] and not correctly accounting for various factors during their

substitution calculations. While potentially problematic, these studies have provided

significant groundwork for Chapter 4 of this study, in which their calculations are

repeated using a more robust methodology and a more appropriate model for C-S-H.

This work aims to address the behaviour of C-S-H, a vital component of cement, in the

context of two important problems in the field of nuclear waste disposal - the behaviour

of C-S-H in the presence of ionizing radiation (electrons and holes) and the uptake

of certain important radionuclides such as strontium and yttrium. However, before

performing the calculations required to study the effects of ionizing radiation within

C-S-H analogues, it is necessary to examine and build up an appropriate methodology.

The following chapter, Chapter 2, shall investigate DFT functionals in a case study

of tobermorite 14 Å to determine the appropriate parameters and DFT functionals to

accurately describe the effects of γ-irradiation in cement.



Benchmarking DFT Functionals

for Cement

The calculations that form this thesis use density functional theory (DFT) to study the

electronic structure of cement and to provide information on the processes that occur

in cement under the effects of γ-radiation. In this work, the motions of the nuclei were

modelled using classical mechanics as described in the relevant sections.

The Hohenberg-Kohn theorem[88] forms the basis of DFT and states that the ground

state energy of a system is a unique functional of the electron density.[89, 90, 91] Using

the Born-Oppenheimer approximation allows us to hold the atomic nuclei in statis and

study only the wavefunction of the electrons. The resulting molecular electronic energy

depends on the nuclear coordinates. Therefore, all of the properties of a system can

be expressed in terms of the density. Kohn and Sham[92] developed a formalism to

determine the total energy of a system as follows:

EDFT [ρ(r)] = EKE [ρ(r)] + Eext[ρ(r)] + EH [ρ(r)] + Exc[ρ(r)] (2.11)

Where EDFT is the energy of the system as obtained using the Kohn-Sham DFT,

EKE is the kinetic energy of the non-interacting Kohn-Sham system, ρ(r) refers to the

electronic density, Eext is the external potential, EH is the Hartree energy, also defined

as the electron-electron interaction energy in the mean-field approximation and Exc

which refers to the electron exchange-correlation energy.[90]
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The external potential, kinetic energy and Hartree terms of equation 2.11 are easy to

compute but the exchange-correlation energy is the hardest part of the total energy

to evaluate. The exchange correlation term can be broken into 2 separate terms, the

exchange term, Ex, and correlation Ec term.

The exchange term arises as a consequence of the Pauli principle. The Pauli principle

tells us that fermions, or particles with half-integer spins like electrons, must have

antisymmetric wavefunctions. In simple terms, the Pauli exclusion term is the energy

required by the system to satisfy the requirement that no two electrons in the system

have matching sets of quantum numbers. The Pauli exclusion is a quantum term and is

thus separate from the classical Hartree term, EH in the Kohn-Sham energy equation.

The electron correlation, however, is not as easy to define. Electron correlation, Ec,

comes about because the motion of electrons are correlated because the spatial positions

of electrons are linked to one another via Coulomb interactions. That is, the position of

an electron depends on the positions of all other electrons within a system. In chemical

terms, correlation is the reason that there is an interaction between the instantaneous

dipoles that form when pairs of molecules interact.[90, 93]

The exact exchange term is well understood and can be computed exactly by using

the integrals that appear in Hartree-Fock methods[94, 93]. Correlation, on the other

hand, is extremely costly to compute at a level accuracy similar to that of Hartree-

Fock exchange. Instead, the correlation is often evaluated at a lower level of accuracy

to avoid the expense. As the contribution of correlation is small, it is easiest to simply

compute the Exc term as a single functional with both components to a similar level of

accuracy[89]. This functional, however, is likely to be extremely complex and until the

functional is explicitly known, the term must be approximated. As outlined in Figure

2.1, there are numerous possible approximations with varying levels of complexity.

2.1 The bottom of Jacob’s Ladder - LDA and GGA

To determine an appropriate functional for this study, the unit cell for tobermorite 14

Å was obtained from literature and treated as an appropriate surrogate for a calcium
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Figure 2.1: Representation of Jacob’s ladder of chemical accuracy. Created from
information found in Perdew et al.[4, 5] The ladder denotes the various terms within
the exchange-correlation functional and as one ascends the ladder, both the accuracy
and cost of simulations increase. Hybrid GGA refers to the inclusion of EHartree

x

within the Exc term, while hybrid meta-GGA suggests the inclusion of both τ and
EHartree

x in the exchange correlation term. ρ(r) refers to the electronic density, ∇ρ(r)
denotes the gradient of the electron density, τ and ∇2ρ denote the non-interacting
kinetic energy of the electron density, εx and EHartree

x refer to the inclusion of exact
Hartree-Fock exchange and unoccupied ϕi denotes fully non-local functionals that

include the virtual orbitals, ϕi. In other words, all of the orbitals both occupied and
unoccupied are considered in this approach.
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silicate hydrate. The unit cell was then relaxed, using CP2K, at each level of theory

firstly at neutral charge, then in the presence of an electron and a hole separately. Note

that in these simulations, the location of the electrons and holes are ab initio - that is to

say, the locations of the electrons and holes are not manually chosen, such that electrons

are added into the LUMO, while holes are formed by removing an electron from the

HOMO. For the purpose of this study, we shall “ascend” the ladder and determine how

advanced the functionals must be to accurately study cementitious materials.

The first well-known approximation for the exchange-correlation term and the first step

in Jacob’s ladder of chemical accuracy[4, 5] was given by Kohn and Sham[92] in the

same influential paper in which the Kohn-Sham equation was introduced. The Local

Density Approximation, or LDA, suggests that one can simply treat the density as an

inhomogeneous electron gas and that the density can be considered locally homoge-

neous. One can thus write the following expression for Exc:

ELDA
xc [ρ(r)] =

∫
ρ(r)εhomxc [ρ(r)]dr (2.12)

Where ELDA
xc refers to the energy of the exchange-correlation term, ρ(r) is the density

and εhomxc is the energy density of the exchange-correlation where “hom” refers to the

homogeneous electron gas. Note that while this approach depends on the density, the

spins of the electrons within the density are not considered. For systems where spin-

polarization is necessary, such as those with excess electrons, it is necessary to replace

the density term with one that accounts for the spin. The equation for Local Spin

Density Approximation (LSDA) is shown below:

ELDA
xc [ρ↑(r), ρ↓(r)] =

∫
[ρ↑(r) + ρ↓(r)]ε

hom
xc [ρ↑(r), ρ↓(r)]dr (2.13)

This expression is similar to equation 2.12 with the exception that the density n(r) is

replaced by the spin-up and spin-down electronic densities, ρ↑(r) and ρ↓(r).

The localisation of excess electrons and holes within tobermorite 14 Å when the elec-

tronic structure is determined using LSDA is shown in Figure 2.2. The figure shows
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Figure 2.2: Structure of tobermorite 14 Å relaxed using LSDA functional when (a) an
excess electron has been added and (b) when an electron is removed to form a hole.

Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.008 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
Note that in (a) the excess electron locates in the interlayer region where the density
of the electron is spread over the calcium and over 6 of the nearby water molecules.
The electron appears to choose a single interlayer region to localise in. Isocontour (b)
shows that the hole is spread across many of the oxygen 2-p orbitals in both of the

intralayer regions.

that the spin density of the excess electron localises in the interlayer region and that it

is spread over an interlayer calcium and the nearby water molecules. LSDA is thus ca-

pable of modelling the electron in ways consistent with all other tested functionals that

are higher on Jacob’s ladder. The localisation of the hole, Figure 2.2 (b), shows that for

the LSDA functional the spin density spreads over all equivalent silicate oxygen atoms

in the unit cell. At this low level of accuracy, it is not possible to properly investigate

the lack of localisation of the hole. This weakness is likely due to the poor descriptions

of the exchange and correlation within the functional and we must investigate higher

levels of chemical accuracy to prove or disprove if this is the case.[95]

The LSDA formalism provides satisfactory results for metallic systems, but often pre-

dicts band gaps to be 40% too small and struggles to accurately describe Van der Waals

interactions.[96] The approximation of Exc in LSDA cannot account for dynamic charge

polarisation or instantaneous dipoles. LSDA also struggles with hydrogen bonding and

excited states while also containing self-interaction errors as every atom “lives” in a
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field created by all other electrons including itself. LSDA is also a completely “local”

functional, in that Exc depends only on the density at a given point and the correla-

tion term is parameterized from Monte-Carlo simulations. This is an issue as there is

non-zero correlation in single electron systems. Due to a combination of these issues

outlined and the results we obtained, the LSDA approach was deemed overly simplistic

and unsuitable for studying the electronic defects in this work, so we turned attention

to the second rung of Jacob’s ladder, the GGA formalism.

The Generalized-Gradient Approximation, or GGA, is the next logical step which builds

upon the LDA/LSDA methods. Unlike LSDA this technique recognizes that the density

of electrons can vary greatly over small distances, such as from one end of a molecule

to the other. Therefore, calculating the value of Exc by assuming the electronic density

across a molecule is uniform is not entirely correct. In GGA, Exc therefore also depends

on both the density and the gradient of the density. This is particularly notable as

accounting for the gradient is the first step in accurately describing the inhomogeneity

of the “real” electron density. GGA typically provides much better results than LDA as

it takes non-local information within the electronic density into account. The generic

equation for the energy of exchange correlation, Exc, defined in GGA is shown in

equation 2.14:

EGGA
xc [ρ↑(r), ρ↓(r)] =

∫
[ρ↑(r) + ρ↓(r)]εxc[ρ↑(r), ρ↓(r),∇ρ↑(r),∇ρ↓(r)]dr (2.14)

Where EGGA
xc refers to the exchange correlation energy of the GGA approach, ρ↑(r) and

ρ↓(r) refer to the spin-polarized electronic density with arrows referring the spin up and

spin down states, εxc is the energy density of the exchange correlation and ∇ρ↑(r) and

∇ρ↓(r) denote the gradients of these spin-polarized electronic densities.

The most prominent form of the GGA approach is the Perdew-Burke-Erzenhoff[97]

(PBE) functional. PBE stands out as unlike many GGA functionals as it is fully ab

initio and much more universal than many other GGA functionals that are fitted to

sets of molecules. PBE reverts LDA to the uniform limit and satisfies many nuances
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Figure 2.3: Structure of tobermorite 14 Å relaxed using the PBE functional when (a)
an excess electron has been added and (b) when an electron is removed to form a

hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
Note that in (a) the excess electron locates in the interlayer region where the density
of the electron is spread over the calcium and over 6 of the nearby water molecules.
The electron appears to choose a single interlayer region to localize in. Isocontour (b)
shows that the hole is dispersed across multiple oxygen 2-p orbitals in the intralayer

region.

such as the constraints on exchange and correlation holes. PBE generally provides a

good compromise between speed and accuracy, as PBE is typically more accurate than

LDA and while faster than higher rungs of Jacob’s ladder such as meta-GGA, PBE is

often less accurate.

The localisation of excess electrons and holes within the structure of tobermorite 14 Å

when the electronic structure is calculated using the PBE functional is shown in Figure

2.3. This figure shows that while one can clearly determine the location of the excess

electrons within tobermorite, the localisation of holes within cement are much more

difficult to determine. The electron localisation in LSDA and PBE are near identical,

however the spin density of the hole within tobermorite 14 Å appears to once again

spread thinly over all of the tetrahedral silicate oxygen atoms within the unit cell. While

this suggests to us that the silicate oxygen atoms are most likely to lose an electron,

the PBE functional appears to still lack the specific terms within the functional that

aid the functional in accurately describing holes within tobermorite. Thus once again
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it is necessary to test more advanced DFT functionals.

2.2 Jacob’s Ladder - Beyond GGA and the Heaven of

Chemical Accuracy

The next logical step in changing the exchange correlation functional in DFT is the

meta-GGA functional which corresponds to the third rung of Jacob’s ladder. In

meta-GGA, the GGA functional is simply improved upon by the addition of the non-

interacting kinetic energy into the exchange correlation functional. The basic form of

a meta-GGA functional is given in equation 2.15.

EmGGA
xc [n↑(r), ρ↓(r)] =

∫
[ρ↑(r) + ρ↓(r)]

×εmGGA
xc [ρ↑(r), ρ↓(r),∇ρ↑(r),∇ρ↓(r), τ↑, τ↓]dr

(2.15)

Here EmGGA
xc denotes the exchange correlation functional of the meta-GGA functional,

mGGA. As defined before, ρ↑(r) and ρ↓(r) refer to the electronic densities for the two

spins of the system. Meanwhile, εmGGA
xc is the energy density of the exchange correla-

tion, ∇ρ↑(r) and ∇ρ↓(r) are the gradients of the spin-polarised electronic densities and

τ↑ and τ↓ are the non-interacting kinetic energy densities.

The localisation of electrons and holes in tobermorite 14 Å using the M06-L functional

[98] developed by Zhao and Truhlar is shown in Figure 2.4. The M06-L functional is

a member of the M06 family of meta- and hybrid-meta- functionals, where the “L”

refers to “local” such that M06-L contains the meta-GGA elements but is fully local

and contains no Hartree-Fock unlike the other members of the family. As Figure 2.4

(a) shows, the results for the electron are consistent with those seen with the other

simpler functionals. While the electron localizes within the interlayer region on the

same atoms with similar spin densities, the shape of the density within the isocontour

of figure 2.4 differs slightly in shape. However, the spin density of the hole once again

cannot accurately pinpoint a precise location for the hole. Therefore it is likely that

the kinetic energy terms added into the Exc approximation do not appear to have any
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Figure 2.4: Structure of tobermorite 14 Å relaxed using the M06-L functional when
(a) an excess electron has been added and (b) when an electron is removed to form a
hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
Note that in (a) the excess electron locates in the interlayer region where the density
of the electron is spread over the calcium and over 6 of the nearby water molecules.
The electron appears to choose a single interlayer region to localise in. Isocontour (b)
shows that the hole is dispersed over many oxygen 2-p orbitals in the intralayer region.
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effect on behaviour of the holes and as such, other functionals must be pursued if we

are to more closely examine their behaviour.

The HSE06[99, 100] hybrid functional, developed in 2003 and improved in 2006 by

Heyd, Scuseria and Ernzerhof advances beyond the PBE level to include Hartree-Fock

exchange within the exchange Ex term. As a hybrid functional, HSE06 represents the

fourth rung of Jacob’s ladder. The HSE06 functional uses a linear combination of exact

exchange and PBE exchange to include a given percentage of Hartree-Fock exchange

in the exchange-correlation term. The HSE06 Ex term includes 25% Hartree-Fock

exchange with an error screened Coulomb potential. Therefore beyond this spatial

cutoff, the exact exchange of the HSE06 functional is identical the PBE functional.

That is to say, HSE06 contains no correlation therefore all correlation in the HSE-

06 functional is obtained from the PBE functional instead. The exchange correlation

functional for HSE06 is given in Equation 2.16:

EHSE
xc = αEHF,SR

x (ω) + (1− α)EPBE,SR
x (ω) + EPBE,LR

x + EPBE
c (2.16)

Where EHSE
xc is the exchange-correlation term within HSE06, ω defines the distance at

which one partitions the short-range and long-range components of the exact exchange,

often given as ω = 0.2 Å−1. Thus, SR and LR refer to the short- and long-range

components of the exchange term respectively and α refers to the percentage of Hartree-

Fock exchange within the functional. For HSE06, α is given as 0.25 (25%) exact

exchange. As defined previously, Ex refers to the exact exchange term from Hartree-

Fock theory while Ec denotes the exchange-correlation term from PBE.

The localisation of electrons and holes within tobermorite 14 Å that is obtained when

the HSE06 functional is used to calculate the electronic structure can be found in

Figure 2.5. The localisation of the excess electron within the unit cell closely resembles

the results from the PBE functional. This suggests that the addition of Hartree-Fock

components within the exact-exchange functional does not appear to significantly affect

the behaviour of electrons. However, the holes within HSE06 also closely match the

results of PBE in that the spin density of the hole is evenly spread over the numerous

tetrahedral silicate oxygen atoms within the unit cell. This tells us that the enhanced
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Figure 2.5: Structure of tobermorite 14 Å relaxed using the HSE06 functional when
(a) an excess electron has been added and (b) when an electron is removed to form a
hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3 where
the positive isosurface is shown in yellow and the negative is shown in blue. In panel
(a) the excess electron locates in the interlayer region where the density of the electron
is spread over the calcium and over 6 of the nearby water molecules. The electron
appears to choose a single interlayer region to localise in. Isocontour (b) shows that
the hole is dispersed across multiple oxygen 2-p orbitals in the intralayer region.
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accuracy of the short range exchange has no notable effects on the behaviour of the

holes in tobermorite 14 Å.

To determine if the range-separated nature of HSE06 affects the results, the calculations

were repeated for the PBE0 functional.[101, 102] PBE0 is a hybrid functional like

HSE06. PBE0 is distinct, however, in that PBE0 does not possess the range separation

within the exchange term. One can thus consider PBE0 to either be the PBE functional

with a fraction of exact exchange added, or HSE06 where the ω parameter is set to

zero. Contrary to HSE-06, the screening in PBE0 is a constant scale factor instead of a

cutoff that depends on a spatial parameter. As such the exact exchange of PBE0 decays

to zero as it approaches an infinite distance from the electron. Equation 2.17 shows

the Exc term in PBE0 closely resembles the Exc term in HSE06 with the exception

being that none of the range separated Ex terms found in HSE06 are in the PBE0

functional. In other words, PBE0 simply includes a fraction of Hartree-Fock exchange

at all ranges. The α parameter denotes the percentage of Hartree-Fock exchange within

the Exc equation and is set to 0.25, or 25%, for PBE0. Thus the PBE0 functional is

essentially the PBE functional but with 25% exact exchange and 75% PBE exchange.

EPBE0
xc = αEHF

x + (1− α)EPBE
x + EPBE

c (2.17)

Where EPBE0
xc is the exchange-correlation term within PBE0 and α refers to the per-

centage Hartree-Fock exchange within the functional. For PBE0, α is given as 0.25

(25%) exact exchange as determined semi-empirically by Becke.[103] As defined prior,

EHF
x is the Hartree-Fock term, Ex refers to the exact exchange term and Ec denotes

the correlation term.

The localisation of electrons and holes in tobermorite 14 Å that was obtained when

the PBE0 functional was used to determine the electronic structure can be found in

Figure 2.6. The results for the electrons once more closely match all prior results in

that the spin density can be found located in a single interlayer region spread over an

interlayer calcium and the surrounding water. The hole, however, behaved in a manner

that is different from the behaviour that was observed for all the other functionals. The

isosurface for the hole which was calculated within PBE0, Figure 2.6 (b), shows that
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Figure 2.6: Structure of tobermorite 14 Å relaxed using the PBE0 functional when
(a) an excess electron has been added and (b) when an electron is removed to form a
hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
Note that in (a) the excess electron locates in the interlayer region where the density
of the electron is spread over the calcium and over 6 of the nearby water molecules.
The electron appears to choose a single interlayer region to localise in. Isocontour (b)
shows that the hole locates on a single oxygen 2-p orbitals in the intralayer region.
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the hole collapses into a small region where the density is high. Approximately 80% of

the spin density of the hole can be found on a tetrahedral silicate oxygen atom, with

the remaining 20% is split between the closest intralayer calcium and another nearby

silicate oxygen atom. The significant difference in the results for the hole reveals that

exact exchange with long-range effects present plays an important role in describing the

unoccupied oxygen orbital that remains when the oxygen loses one of the 2p-electrons

to form the hole. The failure of the quite similar HSE06 functional thus likely stems

from the lack of long range Hartree-Fock exchange.

As the spin density of the hole can collapse into a small region in PBE0 but not HSE06,

an accurate description of exact exchange is essential when it comes to describing

the holes. The screening parameter of HSE06, ω = 0.2Å−1, effectively results in an

approximately 10 Å range for the exact exchange which is insufficient to cover the

distance from one intralayer region in tobermorite 14 Å to the other. Thus one can

assume that the short range of the exact exchange in HSE06 is insufficient to break

the symmetry of the many possible silicate oxygen orbitals on which the hole can

locate. The Hartree-Fock exchange in PBE0 decays towards zero when approaching

infinite distance, meaning there is non-zero exact exchange between adjacent intralayer

regions. It appears that this non-zero exchange between adjacent intralayer regions

allows for a symmetry breaking between the silicate oxygen orbitals.

To confirm this behaviour is not a one-off anomalous result due to properties of PBE0,

we move beyond hybrids and meta-GGAs, to hybrid meta-GGA functionals. These

more advanced hybrid meta-GGA functionals offer the best of both functional types as

they provide the advantages of hybrids, such as the more accurate energies resulting

from the inclusion of exact exchange, while including the necessary kinetic energy

terms from a meta-GGA. The M06 suite of functionals are well known family of such

functionals that provides a range of varying degrees of Hartree-Fock exchange with and

without the meta-GGA kinetic energy terms.[98] The M06 family of functionals uses

a hybrid functional form with a large number of semi-empirical parameters that are

fitted from experimental data sets. It is worth noting, however, that this approach is

not ab initio like PBE0, but like other popular semi-empirical functionals BLYP and

B3LYP. Despite this, the M06 family is well regarded for the balance of accuracy and
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cost the suite provides compared to other similar functionals[104, 105].

The most important, and possibly most generally applicable member of the M06 hybrid

meta family is the M06-2X functional which includes both the meta-GGA kinetic terms

as well as 54% Hartree-Fock exchange. In particular, M06-2X has been shown to pro-

vide accurate results regarding main group thermochemistry, kinetics and non-covalent

interactions[98, 106, 104]. A representation of the exchange correlation function for

M06-2X is given in equation 2.18:

EM062X
xc = αEHF

x + (1− α)EmGGA
x + EmGGA

c (2.18)

Here EM062X
xc denotes the exchange correlation energy of the M06-2X functional and

α refers to the Hartree Fock exchange in the functional, EHF
x , which is set to 0.54

in M06-2X. It is from this parameter that M06-2X is named, as the α parameter is

double that of many other hybrids such as PBE0 and HSE-06 The remaining terms,

EmGGA
x represents the 46% exchange obtained from the meta-GGA functional. Unlike

simple hybrids, this meta-GGA component contains the kinetic energy τ terms found

in equation 2.15. Finally, EmGGA
c is the correlation energy also found in equation 2.15.

Figure 2.7 shows that while the results for the excess electron remain largely unchanged,

that is to say the electron locates in the same region on roughly the same atoms, the

results for the hole match PBE0 only. Figures 2.2, 2.3, 2.4 and 2.5 show that when

using LDA, GGA, meta-GGA or range-separated hybrid GGA functionals, the hole

cannot successfully reduce to a single electronic orbital. On the other hand, Figure

2.7 shows that upon addition of both 54% Hartree-Fock exchange and a local function

for the exchange correlation term that depends on the kinetic energy of the density,

the hole can successfully reduce to a single oxygen 2p-orbital. When using M06-2X,

the hole localises with 85% of the spin density on a single tetrahedral oxygen atom,

with the remaining 15% found on the closest intralayer calcium. Like PBE0, M06-2X

can accurately describe the perturbations to the density that result from adding exact

exchange to break the symmetry of the orbitals that may contain the unpaired spin.

This symmetry breaking effect allows said spin of the hole to relax and localise in the

single oxygen 2p-orbital as observed in Figure 2.7.
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Figure 2.7: Structure of tobermorite 14 Å relaxed using the M06-2X functional when
(a) an excess electron has been added and (b) when an electron is removed to form a
hole. Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
Note that in (a) the excess electron locates in the interlayer region where the density
of the electron is spread over the calcium and over 6 of the nearby water molecules.
Isocontour (b) shows that the hole has now changed to locate on an oxygen 2-p

orbital in the intralayer region.
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Like PBE0, the M06-2X functional does not have range separation within the exact

exchange. In addition, it also contains the extra kinetic energy terms found in M06-L.

The results of M06-2X closely match those of PBE0, suggesting that either functional

would be appropriate for these cementitious systems. Like in PBE0, the exact Hartree-

Fock exchange allows the accurate description of the problematic holes or the self-

interaction issues that arise from non-Hartree-Fock methods. While M06-2X contains

approximately double the amount of exact exchange compared to PBE0, this appears

to not significantly alter the results for the electrons and holes in tobermorite 14 Å and

comes at no additional cost as the full Hartree-Fock term must be computed regardless.

When using HSE06 and the functionals that do not contain any exact exchange, the

spin density of the hole cannot break the orbital symmetry of the many high energy

silicate oxygens which are close to degenerate in energy. There is simply no way for

the Exc functional to discriminate between them. The results for PBE0 and M06-

2X suggest that the consideration of the Pauli exclusion principle via the addition of

exact exchange provides this symmetry breaking effect. This physical property is not

accurately captured in the functionals that do not have long range exact exchange and

therefore the use of a functional that contains a portion of exact exchange to break

the orbital symmetry in the silicate oxygen atoms is essential to describe these cement

systems.

2.3 Comparison of Timings and Choosing a Functional

Table 2.1: Table summarizing the average time taken for a single DIIS (direct
inversion of the iterative subspace) step for the tobermorite 14 Å model in the

presence of an excess electron. The tobermorite model used for this benchmark was
also the model throughout the simulations described in this chapter.

Functional Average Time per Integration Step (s)
LDA 1.1
PBE 2.1
M06-L 12.8
HSE-06 27.7
PBE0 28.9
M06-2X 31.2

Table 2.1 demonstrates the average time taken for a simulation step within the model
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framework chosen to determine the ideal functional to use for describing electronic

defects within a range of cement-like minerals. While LDA and PBE are inexpensive

at 1.1 and 2.1 seconds per step respectively, the holes in particular are not quite as well

defined as the corresponding excess electrons of the same functionals. Therefore, LDA

and PBE are not strong candidates despite their speed. Similarly, the meta-GGA M06-

L does not provide a significant improvement due to the lack of exact exchange. The

hybrid function HSE-06 also does not perform to the same level as PBE0 or M06-2X

but possesses a similarly large associated cost.

Later simulations using the hybrid PBE0 as well as the meta-hybrid M06-2X demon-

strate unique results that properly demonstrate the localisation of the hole within a

single orbital. We can now compare our results to those shown by Johnston, who stud-

ied holes in brucite[107]. This study by Johnston investigated the behaviour of electrons

and holes in magnesium hydroxide and chose a functional by comparing results to MP2,

a functional found on the “highest rung” of Jacob’s ladder. In his work, Johnston found

that M06-2X is the most appropriate functional by virtue of very closely resembling

the results obtained from MP2 calculations but at a much lower computational cost.

Johnston also demonstrated that when using the functionals below Hybrid-GGA rung

of Jacob’s Ladder the charge of electron holes distributed along the entirety of the

simulation unit cell, whereas in both M06-2X and MP2 the charge density localised

strongly on a single O-H bond, strongly paralleling what has been discussed within

this chapter, albeit in the context of cement-like systems instead. What makes this

work even more relevant to our study is that Johnston also used the CP2K simulation

package as well as focusing on the properties of electrons and holes in hydroxyl species

bound to alkaline earth metals. However it must be noted that in this work, MP2 is

prohibitively expensive due to the size of the unit cells required and we cannot further

verify the relationships between their work and this study further.

Using Johnston as a benchmark, we can determine that M06-2X more closely matches

the results than the alternatives proposed earlier within this section. In particular, the

localisation of spin density of the electron hole is the determining factor and M06-2X is

only 8% slower than PBE0. The M06-2X functional closely matches the behaviour of

PBE0 as well as providing the additional kinetics of M06-L. Thus by using M06-2X, the
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description of the exchange-correlation functional appears to contain all of the necessary

components as well as any unforeseen benefits of the meta-GGA kinetic terms. While

much simpler methods such as PBE would suffice as a basic yet rapid approximation,

PBE0 and M06-2X should be the golden standard for GGA-based methods of describing

the electrons and holes, despite their much higher computational cost. While M06-2X

performs slightly better, it is worth noting the limited availability of the functional as

while some suites such as CP2K possess the M06 library, it is currently unavailable in

many other codes such as Quantum ESPRESSO. Additionally, the symmetry breaking

artefacts may result from the much higher proportion of Hartree-Fock exchange in

M06-2X and therefore must be examined with additional scrutiny.

Our confidence in this choice can be further bolstered by the fact that M06-2X is

regarded as a powerful functional for studying main-group kinetics[104] and thermo-

chemistry. Additionally, M06-2X has also been found to accurately describe anionic

clusters and hydrogen bonding interactions, which may be important in cementitious

materials, at a level that is comparable to MP2[108]. The aforementioned functional

validation from Johnston[107] along with the broad applicability of M06-2X, we can

safely say that the functional is a safe choice, providing the best balance of speed and

accuracy for these types of calculations. Compared to PBE0, the M06-2X functional

provides additional complexity in the form of meta-GGA terms in the Exc term with

little additional computational cost and the broad applicability of the functional may

prove beneficial, adding to the usability of the functional for the study of cementitious

materials in the presence of electrons and holes.



Electronic Defects in Cement

To determine the efficacy of cement as a wasteform for the intermediate level wastes, it

is important to understand the effects that radiation may have on the cement matrix.

However, as the structure of cement is poorly understood at an atomistic level, it is

important to test a wide range of cement-like minerals to account for any possible

phenomena that may occur in a cement mineral under the effects of radiation. In

particular, understanding the effects of gamma (γ) radiation in calcium silicate hydrates

(C-S-H) is crucial due to the significant water content of cements. It is well established

that water will undergo radiolysis and produce a range of harmful radicals as well as

explosive H2 gas. Water in the interlayer is the main source of H2 gas in cement as the

ions found within the interlayer act as electron traps and encourage radiolysis in these

regions. This effect has been documented in the joint experimental and theoretical

study performed as part of this work[95], however, there may be other factors which

affect this behaviour such as C/S ratio and the structure of the cement mineral.

While numerous models for cement can be in the literature[109, 110], the tobermorite

family in particular tobermorite 11 Å and 14 Å, are among the most commonly used. In

addition, tobermorite 9 Å, jennite and clinotobermorite are also suitable “surrogates”

for calcium silicate hydrate[2, 29, 43]. These tobermorite minerals also provide a range

of differing structural as well as chemical compositions to test the behaviour of defects

in cement. In conjunction with the MIT cement model developed by Pellenq et al.

these models have allowed us to test the properties of both low and high Ca/Si ratio

cements as well as the effects of γ-irradiation in C-S-H that does not contain water. A



46 46

range of properties of these minerals, including Ca/Si ratio and chemical formulæ can

be found in Table 3.1.

To prepare the C-S-H models for study, each mineral was first optimized in the Quan-

tum ESPRESSO[111] package to test stability as well as to account for the positional

disorder found in tobermorite 11 Å and tobermorite 14 Å. In particular, tobermorite

11 Å and tobermorite 14 Å contain fractional occupancies that must be accounted for

on the nanoscale. These positional disorder problems are discussed in detail in the

relevant sections. All models were obtained from crystallography data produced by

Merlino et al. [42, 7] and Bonaccorsi et al.[6, 41], while the theoretical MIT model was

obtained from Qomi et al[81].

The experimental data was converted to an appropriate unit cell for use in Density

Functional Theory (DFT) and all models were relaxed using the Generalized Gradient

Approximation Perdew-Burke-Ernzerhof (GGA-PBE)[97] functional. The calculations

all employed plane wave cutoffs of 80 and 720 Ry for the expansion of the wave-

function and density respectively as all models contained the same elements. These

cutoff values were determined via the minimization of the energies of various tober-

morite unit cells used in the study. Calculations used the standard Vanderbilt ultra-

soft pseudopotentials[112] from the quantum ESPRESSO distribution to represent the

core electrons and Γ-centered, Monkhorst-Pack k-point grids with sizes 3x4x3, 3x4x3,

3x3x1, 4x4x1 and 2x3x1 were used for jennite, tobermorite 9 Å, 11 Å, 14 Å and clino-

tobermorite respectively to accurately sample the Brillouin Zone. These k-point grids

were chosen with respect to the size of the calculation unit cells employed. As such,

larger unit cells, such as tobermorite 14Å, possess smaller k-point grids. Furthermore,

due to the large size of the MIT model, single k-point (Γ-point only) calculations were

sufficient. The calculations were performed with periodic boundary conditions to cor-

rect dipole effects, while the DFT-D3 Grimme van der Waals correction[113] was used

to correct dispersion interactions within the models.

Following relaxation and testing with the PBE functional within Quantum ESPRESSO,

the relaxed unit cells were moved to the CP2K[114] code to study the electronic defects.

DFT within CP2K uses a mixed Gaussian with plane wave implementation (GPW)[115]

as part of the QUICKSTEP[116] implementation. These calculations use the CP2K



47 47

molecularly optimized (MOLOPT)[117] basis sets, at the TZVP level where available,

together with standard norm-conserving, dual-space, Goedecker-Teter-Hutter (GTH)

pseudopotentials[118]. As all models contain the same atom types, a uniform plane

wave cutoff of 800 Ry was employed throughout for the electronic density together

with the empirical DFT-D3 van der Waals correction[113]. It is important to note that

the cutoffs were converged once more when switching to CP2K due to the different basis

sets employed in CP2K. While both CP2K and Quantum Espresso use plane waves,

the addition of the aforemetioned MOLOPT basis constitutes a large enough change

that cutoffs should be re-examined. All simulations used the Unrestricted Kohn-Sham

(UKS) formalism to help accurately describe the spin densities of the electronic defects

with a compensating background charge present for simulations involving electrons and

holes. Additionally, the positions of the electrons and holes were determined by the

simulation code during the experiments. That is to say, the electrons were placed in the

LUMO of the system and relaxed, while the holes were formed by removing an electron

from the HOMO of the neutral structure and relaxed. This method is completely ab

initio and is no way influenced by the person conducting the simulation.

The PBE functional was found to be insufficient as it cannot describe the localization

of electrons within the cement minerals and thus the HSE-06[99, 100] hybrid-GGA

and the hybrid-meta-GGA Minnesota M06-2X[98] functional were used instead. The

HSE-06 uses have 25% Hartree Fock exchange while M06-2X uses 54% exchange. The

differences between these functionals as well as their performance on cement minerals

were compared in the theory section. These hybrid- and meta-GGA calculations all

made use of the CP2K Auxiliary Density Matrix Method (ADMM)[119, 120, 121] with a

truncated Coulomb potential to increase both the speed and accuracy of these methods

when using periodic boundaries. In order to study the localization of the spins within

the mineral structures, Hirshfeld spins are the main property of interest to this study.

Hirshfeld spins are derived from the electron deformation density, or the difference

between the molecular and unrelaxed charge densities. These net charges use well

defined atomic fragments to calculate the spin moments and are robust to changes in

the basis sets unlike schemes that are not based on electron density partitioning.



Table 3.1: Chemical formulæ, Ca/Si ratio and cell parameters for the various calcium silicate hydrate minerals studied in this work.
These parameters were taken from the experimental works, with the exception of the MIT cement model which was derived from theory.

Cell parameters for the minerals were reported in the references given in the tables. Tobermorite 11 Å and 14 Å as well as
clinotobermorite are monoclinic while jennite and tobermorite 9 Å and MIT cement are triclinic. The asterisk denotes the anomalous

form of tobermorite 11 Å which contains no interlayer calcium atoms. The three chemical formulæfor tobermorite 11 Å are those with x
values of 0, 0.5 and 1.0 for Ca/Si ratios of 0.67, 0.75 and 0.83 respectively.

Name Chemical Formula Ca/Si a b c α β γ

Tobermorite 9 Å[42] Ca5Si6O16(OH)2 0.83 11.156 7.303 9.566 101.08 92.83 89.98
Tobermorite 11 Å*[7] Ca4Si6O15(OH)2 · 5H2O 0.67 6.732 7.369 22.680 90.0 90.0 123.18
Tobermorite 11 Å[7] Ca4.5Si6O16(OH) · 5H2O 0.75 6.732 7.369 22.680 90.0 90.0 123.18
Tobermorite 11 Å[43] Ca5Si6O17 · 5H2O 0.83 6.732 7.369 22.680 90.0 90.0 123.18
Tobermorite 14 Å[6] Ca5Si6O16(OH)2 · 7H2O 0.83 6.735 7.425 27.987 90.0 90.0 123.25
Clinotobermorite[43] C65Si6O17 · 5H2O 0.83 11.276 7.343 22.642 90.0 97.28 90.0

Jennite[41] Ca9Si6O18(OH)6 · 8H2O 1.50 10.576 7.265 10.931 101.30 96.98 109.65
MIT Cement[81] Ca72Si44O235H150 1.64 13.244 18.182 23.869 90.08 92.59 86.62
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3.1 Tobermorite 14 Å

Tobermorite 14 Å has the largest unit cell of the naturally occurring tobermorite min-

erals. The cell is large because there are 7 chemically bound water molecules per unit

cell and because the interlayer regions contain hydrated calcium ions. Tobermorite

14 Å has a relatively high Ca/Si ratio of 0.83 and like the other tobermorite minerals,

tobermorite 11 Å and tobermorite 9 Å, tobermorite 14 Å is composed of an interlayer

region which contains water and alkali ions sandwiched by an intralayer which is made

of CaO polyhedra that are flanked by infinitely long tetrahedral silicate chains. A

representation of this structure is shown in Figure 3.1.
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Figure 3.1: Structure of tobermorite 14Å[6]. Silicon atoms are shown in dark blue,
calcium in light blue, oxygen in red and hydrogen in white. The interlayer region is
denoted with a red box while the intralayer is highlighted in blue. The dotted line

denotes a single unit cell which has been replicated in the b-direction for clarity. Note
that the silicate chains form regular “infinite” chains along the b-axis of the

intralayer. Tobermorite 14 Å contains 1 calcium atom and 7 water molecules per
interlayer region.
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When an excess electron is introduced into the simulation cell of tobermorite 14 Å,

it will locate on the interlayer calcium ion and the surrounding water molecules as

demonstrated in Chapter 2. This calcium ion, like all of those within the tobermorite

structure, will be directly complexed with 5 of the water molecules to form a hydrated

calcium species. Consequently, when the electron attaches its density is shared across

this whole hydrated calcium complex with approximately 21% of the Hirshfeld spin

on the calcium atom and the remaining 79% spread across the 5 water molecules as

in Figure 3.2 (a). Therefore the excess electron locates in the interlayer region where

the density of the electron is spread over the calcium and over 6 of the nearby water

molecules. The electron appears to choose a single interlayer region to localise in. This

localisation is likely driven by the influence of the electron on the relaxation of the

interlayer in which it locates.As no spin is found on the water molecules that are not

complexed with the calcium atom, it appears that calcium “directs” the excess electron

into the interlayer region.

When an electron hole is introduced it locates strongly on a single oxygen of the tetra-

hedral silicate. As seen in Figure 3.2 (b), the spin density of the hole resembles a 2-p

orbital located on the silicate oxygen atom. It is important to note that the spin density

is pointing into the intralayer region which does not contain any water molecules and

thus is unlikely to react the contents of the interlayer region.
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Figure 3.2: Structure of tobermorite 14 Å relaxed when (a) an excess electron has
been added and (b) when an electron is removed to form a hole. Silicon atoms are
shown in dark blue, calcium in light blue, oxygen in red and hydrogen in white. The
isocontour of the spin density is drawn at ±0.015 e Å−3 where the positive isosurface

is shown in yellow and the negative is shown in blue.

In order to confirm our results and to attempt to predict the behaviour of a cement

analogue in the presence of electrons and holes, the projected densities of state (PDOS)

were calculated. The PDOS of tobermorite 14 Å in the neutral state are shown in Figure

3.3.

The plot shows that the states below the Fermi level are predominantly tetrahedral

oxygen states which suggests that, should an electron be removed, it will come from

these oxygen orbitals. On the other side of the bandgap, the states are mainly those

of the calcium ions and water oxygens. Therefore, one might suspect that the calcium

ions and the water molecules are most likely to accept excess electrons that are added

into the simulation cell.

The behaviour observed in the PDOS plot for the neutral tobermorite 14 Å matches

what was observed for the isosurfaces in Figure 3.2. This PDOS plot demonstrates that

the highest occupied states of tobermorite 14 Å are those of the silicate oxygens while

the lowest unoccupied states belong mainly to the calcium and oxygen atoms. The

PDOS plot, therefore, confirms that the electron holes will form on the silicate oxygen

atoms while excess electrons will localise on the hydrated calcium ions in the interlayer
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region. Dharmawardhana[122] also measured the PDOS of tobermorite 14 Å and in

that study showed both similarities and differences to the PDOS plots presented in this

work. In that study, it was suggested that the band gap was approximately 5 eV as

opposed to the 8.34 eV presented here, however the general trend is the same and the

differences are likely due to the vastly different simulation software used. This study

employed the CP2K package with the M06-2X functional, MOLOPT basis sets and no

k-points, while the work by Dharmawardhana used the VASP with PBE, plane-wave

basis sets and a k-point mesh of 4x4x1. Additionally, it is worth noting that hybrid

functionals such as PBE0 and M06-2X tend to overestimate band gaps in solids.[123] In

particular, those with small band gaps on the order of 4-5 eV.[124] The results outlined

in both Dharmawardhana and this study agree that the PDOS below the band gap

(the HOMO) is dominated by non-water oxygen, that is to say those bound to silicon

within the tetrahedral structures while the peaks found in the PDOS beyond the band

gap (the LUMO) can be mainly attributed to interlayer calcium and the water atoms

bound withing water molecules.

The PDOS plots for tobermorite 14 Å with an excess electron and a hole are shown

in Figure 3.4. The PDOS in the presence of an electron shows a markedly different

behaviour to the neutral structure in the spin up channel, as the Fermi level shifts to

6.35 eV. The peak at the Fermi level is mainly due to states on the interlayer 4s-calcium,

but also has smaller contributions from the 2p-oxygen and 1s-hydrogen orbitals. In the

region beyond 7.6 eV, the PDOS is composed of mainly interlayer calcium and the

spin-up and spin-down channels do not match. The fact that these channels do not

match suggests that there are magnetic effects arising from the excess electron. This

series of observations again confirms the behaviour that was observed in the isosurfaces

in Figure 3.2. Essentially the excess electron localises on the interlayer calcium and the

nearby water molecules. In addition, the availability of empty calcium states beyond

the gap suggests that any subsequent electrons are also likely to locate on the other

hydrated calcium species within the unit cell.

In the PDOS of tobermorite 14 Å in the presence of a hole, the important differences lie

in the region around 2.64 eV and beyond 8 eV. There is a large peak in the spin-down

channel of the hole PDOS at 2.64 eV which is largely due to contributions from the
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Figure 3.3: Projected densities of state for relaxed neutral tobermorite 14 Å. The
density of states for the spin up and spin down channels are shown above and below
the x-axis respectively. The plot is centered about the Fermi Energy set at 0 eV and
therefore the occupied states are located in the negative x-axis only. The band gap of

both the spin up and spin down channels is 8.34 eV. The contributions from the
oxygen orbitals on the PDOS have been split into those coming from tetrahedral
oxygen atoms and those which belong to water molecules. It is clear from the data
that the dominant oxygen states present below the Fermi level are composed of

tetrahedral silicate oxygen orbitals.
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orbitals on the tetrahedral oxygen but which also has some smaller contributions from

other atom types. Once again, the PDOS far beyond the gap at 8 eV demonstrates

asymmetry that results from electronic effects that arise from the unpaired electron

that is left after the formation of the hole. The asymmetry in this peak suggests

that the unpaired electron resides on a tetrahedral oxygen atom and is responsible for

the large peak at 2.64 eV. The states that are present at 2.64 eV are predominantly

composed of orbitals that reside on the tetrahedral oxygen atoms. It therefore seems

likely that the when the hole forms an electron is lost from one of these orbitals. In

other words, the predictions from this PDOS are in agreement with the predictions

from the isosurfaces in Figure 3.2. The hole locates on one of the tetrahedral oxygen

atoms and the production of holes leads to the formation of the relatively stable O•–

radical.

From the results presented in Figures 3.2, 3.3 and 3.4 a few distinct trends can be

observed for tobermorite 14 Å. The isocontours along with the charged PDOS plots

show that the excess electron is drawn to the interlayer calcium and water. It is likely

that the electron can thus move throughout the interlayer and react with the pore

water. Holes form on the oxygen atoms of silicates within the intralayer where they

are constrained to the CaO polyhedra and physically hindered from migrating. As

such they are immobile and relatively stable. Tobermorite 14 Å therefore appears

to be more susceptible to damage from excess electrons than holes, as electrons are

mobile and can react with water to form H2 gas. Holes, meanwhile, are immobile and

physically constrained such that they are unable to interact with species other than the

CaO polyhedra.
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Figure 3.4: Projected densities of states for tobermorite 14 Å relaxed in the presence
of an excess electron (top) and a hole (bottom). The density of states for the spin up
and spin down channels are shown above and below the x-axis respectively. The plot
for the excess electron is centered about the Fermi Energy at 6.35 eV and therefore
the band gap of the spin up channel is 1.33 eV. This is likely due to the addition of
the excess electron occupying the orbitals of the interlayer calcium atom and water
molecules, as seen in Figure 3.2(a). The hole (lower) plot shows that new states are

introduced into the band gap of the spin-down channel at 2.64 eV which represent the
partially occupied silicate 2-p oxygen. This results in a band gap of 2.64 eV
corresponding to the singly occupied 2-p oxygen as seen in Figure 3.2(b).
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3.2 Tobermorite 11 Å

Tobermorite 11 Å is a mineral of the tobermorite family which is distinct from other

tobermorite minerals for 2 reasons:

• The formation of cross-linked silicate chains within the interlayer region, linking

the individual silicate chains together and are are known to form in aged cement

samples. This makes tobermorite 11 Å an ideal candidate material to represent

older cement samples.

• Occupational disorder within the interlayer region results in a variable calcium

content in tobermorite 11 Å. Therefore, by studying the range of tobermorite

11 Å minerals, it is possible to test the effects of varying the calcium content and

if this will affect properties of tobermorite when exposed to ionizing radiation.

The basic form of tobermorite 11 Å in Figure 3.5 can result in 3 distinct forms of

tobermorite 11Å.

The 3 forms of tobermorite 11 Å contain different amounts of calcium within the in-

terlayer and as such are denoted within this thesis using TBB11-067, TBB11-075 and

TBB11-083. The number after the hyphen here being their respective C/S ratios.

TBB11-067 (C/S = 0.67) is also known as “anomalous” tobermorite 11 Å as it contains

no calcium in the interlayer and thus has some rather unusual behaviours when it is

heated beyond 70 ◦C. TBB11-075 and TBB11-083 contain 1 and 2 interlayer calcium

atoms per unit cell respectively and thus C/S ratios of 0.75 and 0.83.

The results for tobermorite 14 Å, jennite and clinotobermorite do not differ considerably

with respect to the localisation of the excess electrons and holes. On the other hand,

tobermorite 11 Å may provide an insight into the effects of calcium content on the

properties of the excess electrons and holes that come from the irradiation of cement.

The range of possible structures of tobermorite 11 Å are identical with the exception of

interlayer calcium content, therefore any differences are likely due to the changing C/S

ratio. Studying the properties of the electronic defects in tobermorite 11 Å can provide

insight into how calcium content, a critical property of cement, changes the behaviour

of electrons and holes in cement.
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Figure 3.5: Structure of tobermorite 11Å[7]. Silicon atoms are shown in dark blue,
calcium in light blue, oxygen in red and hydrogen in white. The interlayer regions are
denoted with a red box while the intralayer is highlighted in blue. The dotted line

denotes a single unit cell which has been replicated in the b-direction for clarity. Note
that the silicate chains form regular “infinite” chains along the b-axis of the intralayer
and that all silicate chains join to other chains via Si-O-Si bonds along the c-direction
as seen in the red interlayer regions. Tobermorite 11 Å contains a variable level of

calcium atoms in the interlayer and 5 water molecules per interlayer region. The unit
cell of tobermorite 11 Å has two interlayer regions, A and B, and when neither

interlayer contains calcium the C/S ratio is 0.67. When a single region, A or B is
filled, the C/S ratio is 0.75 and when both A and B contain calcium, tobermorite

11 Å has a C/S ratio of 0.83.
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Figure 3.6: Structure of anomalous tobermorite 11Å relaxed in the presence of an
excess electron (a), and a hole (b). Silicon atoms are shown in dark blue, calcium in
light blue, oxygen in red and hydrogen in white. The isocontour of the spin density is

drawn at ±0.015 e Å−3 where the positive isosurface is shown in yellow and the
negative is shown in blue.

Anomalous Tobermorite 11 Å (TBB11-067)

The structures of anomalous tobermorite 11 Å in the presence of an electron and a

hole are shown in Figure 3.6. When an excess electron is introduced into anomalous

tobermorite 11 Å, the electron locates on the water molecules of the interlayer region.

As there are no calcium atoms to form the hydrated calcium complexes, the localisation

of the electron is likely dictated by the relaxation of the water molecules. The electron

influences the water molecules and causes a given cluster of water molecules to relax into

a configuration suitable for accepting the electron. As such, the water molecules of the

interlayer in which the electron is found share the density equally with approximately

20% of the Hirshfeld spin on each of the 5 water molecules in Figure 3.6 (a). As there

are no differences between the two interlayer regions of anomalous tobermorite 11 Å,

it can be assumed that the location of the electron in this instance was essentially

random. The likely answer to this behaviour is that a symmetry within the unit cell

has been broken by the addition of the exact exchange introduced by M06-2X. This

behaviour was also observed in the PBE0 tests performed as part of the benchmark in
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chapter 2 of this study. Interestingly, this phenomena may not be observed in HSE-06

likely due to the long range cutoff preventing the symmetry break in larger unit cells.

The simulation cells within this study are also subjected to disproportionately high

charges as when the relatively small simulation cell repeats due to periodic boundary

conditions, so too does the charge. Therefore despite being an artefact of the large

amount of exact exchange within the simulation cell, the observed symmetry break and

subsequent charge localisation, while unphysical, serve as an interesting case study of

a shift to a low symmetry structure.

When the electron hole is introduced, the hole locates strongly on a single oxygen of

the tetrahedral silicate. As seen in Figure 3.6 (b), the spin density of the hole resembles

a 2-p orbital located on the silicate oxygen atom, with a small (4%) contribution from

the nearby intralayer calcium polyhedra. The spin density of the hole points into the

intralayer region which does not contain any water molecules that it can react with.

Furthermore, as the hole points into the intralayer it is unlikely to react with any of the

species in the interlayer region. This behaviour is consistent with that of tobermorite

14 Å, as well as with that of other forms of tobermorite 11 Å.
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Figure 3.7: Projected densities of state for the neutral form of anomalous tobermorite
11 Å. The density of states for the spin up and spin down channels are shown above
and below the x-axis respectively. The plot is centered about the Fermi Energy which
is set at 0 eV and therefore the occupied states are located in the negative x-axis only.
The band gap of both the spin up and spin down channels is 8.42 eV. The data shows

that the dominant oxygen states present below the Fermi level are composed of
oxygen orbitals while those beyond the gap are predominantly hydrogen states that

come from the hydrogen atoms of the water molecules in the interlayer.

To confirm our results the projected densities of state (PDOS) were calculated. The

PDOS for anomalous tobermorite 11 Å in the neutral state is shown in Figure 3.7. The

plot shows that the states below the Fermi level are predominantly oxygen states which

suggests that, once again, electrons are first removed from the silicate oxygen atoms.

Beyond the band gap the largest states are those of the hydrogen atoms from the water

molecules. Therefore the water molecules, in particular the hydrogen component of

the water, are most likely to accept any excess electrons that are added into the cell

most likely because of the electropositivity of hydrogen in water compared to oxygen

in water.

The PDOS plot for neutral anomalous tobermorite 11 Å matches what is seen in Figure

3.6 as the plot shows that the highest occupied states for tobermorite 14 Å are those that

belong to the silicate oxygens. The lowest unoccupied states belong mainly to hydrogen

atoms in the water molecules. This therefore confirms that the the electron holes form
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on silicate oxygen atoms while excess electrons localise on the water molecules in the

interlayer region.

The PDOS plots for anomalous tobermorite 11 Å with an excess electron and a hole

are shown in Figure 3.8. The PDOS for anomalous tobermorite 11 Å in the presence

of an electron is unlike that of conventional cement minerals as, while the Fermi level

shifts to 6.72 eV like other minerals, the peak is not due to interlayer calcium but is

instead due to the hydrogen atoms from the water molecules. This shifted Fermi level

consists mainly of a hydrogen 1s peak, with small contributions from the other atom

types that are present. In the region beyond 8 eV, the PDOS is mainly composed

of hydrogen peaks but with a surprising contribution that comes from the intralayer

calcium atoms. This series of observations resembles the results found in Figure 3.6 (a)

and again points to the fact that the excess electron localises on the interlayer water

when interlayer calcium is not present.

In the PDOS for anomalous tobermorite 11 Å in the presence of a hole, the large

peak at 3.31 eV in the spin-down channel consists of a large oxygen signal with small

contributions from the other atom types. This peak shows that the hole again forms

when an electron is lost from the orbitals of a tetrahedral oxygen atom, forming the

aforementioned large peak. This peak tells us that the electron is almost entirely lost

from the single oxygen atom as in Figure 3.6 (b) and that when the electron is lost the

relatively stable O•– radical forms.
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Figure 3.8: Projected densities of states of anomalous tobermorite 11 Å relaxed in the
presence of an excess electron (top) and a hole (bottom). The density of states for the
spin up and spin down channels are shown above and below the x-axis respectively.
The plot for the excess electron is centered about the Fermi Energy at 6.72 eV and

therefore the band gap of the spin up channel is 1.26 eV. The significant shortening of
the band gap from 8.42 eV in the neutral structure to 1.26 eV in the presence of the
electron is due to the addition of the excess electron occupying the orbitals of the

interlayer water molecules as seen in Figure 3.6(a). The hole (lower) plot shows that
new states are introduced into the band gap of the spin-down channel at 3.31 eV

which represent the partially occupied silicate 2-p oxygen. The resulting band gap of
3.31 eV is therefore due to the oxygen radical that results from the hole as in Figure

3.6(b).
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Fully Occupied Tobermorite 11 Å (TBB11-083)

Tobermorite 11 Å contains the maximum occupation of 1 calcium atom per interlayer

region, resulting in a C/S ratio of 0.83. As such, unlike both other forms of tobermorite

11 Å, fully occupied tobermorite 11 Å is the only version of this mineral which contains

both water and calcium in all interlayer regions. Furthermore, unlike the partially

occupied version of this structure, the contents of the two interlayers are the same in

the fully occupied structure.

Figure 3.9: Structure of fully occupied tobermorite 11Å relaxed in the presence of an
excess electron (a), and a hole (b). Silicon atoms are shown in dark blue, calcium in
light blue, oxygen in red and hydrogen in white. Note that both interlayer regions
contain an interlayer calcium atom. The isocontour of the spin density is drawn at
±0.015 e Å−3 where the positive isosurface is shown in yellow and the negative is

shown in blue.
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The excess electron in fully occupied tobermorite 11 Å, Figure 3.9 (a), preferentially

localises in a single interlayer region with the spin density once again spread over the

hydrated calcium ion of one of the two interlayer regions. Once again, the spin density

dispersed across 5 water molecules and the interlayer calcium atom. The localisation

behaviour closely resembles other cementitious minerals without disorder and because

the interlayer regions now match, the electron is now forced to simply choose an inter-

layer in which to locate.

The structure of the electron hole is the same as prior models as the spin density, Figure

3.9 (b), shows. Once again the density locates mainly on a single oxygen from a silicate

tetrahedron, which is a behaviour that is consistent with the other variations of tober-

morite 11 Å and the other minerals studied. It seems, therefore, that calcium content

does not appear to affect the localisation of the holes. The spin density of the hole

localises with 36% on the interlayer calcium and the remaining 64% spread across the 5

interlayer water molecules just like in tobermorite 14 Å, jennite and clinotobermorite.

The PDOS of fully occupied tobermorite 11 Å was calculated in order to confirm that

the behaviour of the material matches other cementitious minerals. The PDOS of the

neutral structure is shown in figure 3.10 where it is clear that the shape and composition

of the PDOS does indeed match the shape of the PDOS as well as the behaviour

observed for tobermorite 14 Å, jennite and clinotobermorite. That is, a large peak

in the region below the Fermi level represents the tetrahedral oxygen atoms and the

peaks beyond the gap correspond to the contents of the interlayer region. We can thus

suggest that cementitious minerals of a “normal” composition all demonstrate similar

and predictable results. We can once again compare results with Dharmawardhana[122]

who measured the PDOS of tobermorite 11 Åİn that study, it was suggested that the

band gap was approximately 4.2 eV as opposed to the 8.58 eV presented here and

once again this discrepancy can be attributed to the band gap overestimation found in

hybrid GGA functionals as well as significant differences in simulation methods. The

results outlined in both Dharmawardhana and this study once again agree that the

PDOS below the HOMO is dominated by oxygen while the peaks beyond the LUMO

show mainly interlayer calcium and oxygen character.
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Figure 3.10: Projected densities of state for neutral fully occupied tobermorite 11 Å.
The density of states for the spin up and spin down channels are shown above and

below the x-axis respectively. The plot is centered about the Fermi Energy set at 0 eV
and therefore the occupied states are located in the negative x-axis only. The band
gap of both the spin up and spin down channels is 8.58 eV. The contributions from
the oxygen orbitals on the PDOS have been split into those coming from tetrahedral
oxygen atoms and those which belong to water molecules. It is clear from the plot

that oxygen states dominate the region below the Fermi level while states beyond the
gap are mainly those of calcium.
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Figure 3.11: Projected densities of states for fully occupied tobermorite 11 Å relaxed
in the presence of an excess electron (top) and a hole (bottom). The density of states

for the spin up and spin down channels are shown above and below the x-axis
respectively. The plot for the excess electron is centered about the Fermi Energy at

6.62 eV and therefore the band gap of the spin up channel is 1.55 eV. This peak in the
band gap is due to the electron occupying states across the calcium and water of the
interlayer. The hole plot shows that new states are introduced into the band gap of
the spin-down channel at 4.21 eV due to the partially occupied silicate 2-p oxygen,
giving a band gap of 4.21 eV. The large oxygen peak is due to the silicate oxygen

radical which forms in Figure 3.9 (b).
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The PDOS plots for fully occupied tobermorite 11 Å in the presence of an excess

electron and hole are presented in Figure 3.11 as the top and bottom plots respectively.

The plot for the excess electron shows quite similar behaviour to other conventional

cement minerals. As was observed for those minerals a significant peak is introduced

into the band gap at 6.67 eV and this peak is mostly composed of calcium states with

notable contributions from hydrogen and oxygen. Beyond the gap, the plot shows a

dominance of similar peaks consisting of calcium, hydrogen and oxygen states. These

peaks point to the fact that the electron occupies orbitals on the hydrated calcium ions

within the interlayer region. The strong dominance of these calcium peaks is likely due

to the fact that the unit cell of fully occupied tobermorite 11 Å contains 2 of these

regions and an actual cement mineral possesses a multitude of these regions.

The PDOS of the hole in fully occupied tobermorite 11 Å shows once again that the

hole localises in the form of a large oxygen peak at 4.21 eV in the spin-down channel.

A small calcium component in the peak demonstrates the usual small level of leakage

onto a nearby CaO polyhedra. The hole forms on a single tetrahedral oxygen atom to

form the O•– radical in the intralayer region where it is hindered from reacting with

the contents of the intralayer.
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Partially Occupied Tobermorite 11 Å (TBB11-075)

Studying tobermorite 11 Å (C/S=0.75), with a partially filled interlayer, provides in-

sight into the selectivity towards calcium that excess electrons demonstrate. The struc-

tures of half occupied tobermorite 11 Å in the presence of an electron and a hole are

shown in Figure 3.12 (a) and (b) respectively.

Figure 3.12: Structure of half occupied tobermorite 11Å relaxed in the presence of an
excess electron (a), and a hole (b). Silicon atoms are shown in dark blue, calcium in
light blue, oxygen in red and hydrogen in white. Note that only the lower interlayer
contains an interlayer calcium atom. The isocontour of the spin density is drawn at
±0.015 e Å−3 where the positive isosurface is shown in yellow and the negative is

shown in blue.
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Figure 3.12 (a) demonstrates that in half occupied tobermorite 11 Å, the electron

locates in the interlayer region which contains both calcium and water and not the

region that contains only water. Both interlayer regions in partially filled tobermorite

11 Å are the same with the exception of the single calcium in one interlayer region. The

calcium thus appears to “direct” the electron into the calcium rich regions. This strong

directing effect is likely due to the electropositive nature of calcium with respect to the

rest of the contents of the unit cell. In partially occupied tobermorite 11 Å, calcium

possesses 31% of the Hirshfeld spin density, with the surrounding 5 water molecules

sharing the remaining 69% of the spin.

Partially occupied tobermorite 11 Å in the presence of a hole demonstrates behaviour

that is quite similar to the rest of the tobermorite family of minerals. The spin density

of the hole is predominantly found on a single tetrahedral oxygen, but a small amount

of spin leaks onto the nearby intralayer calcium and in this case, a second oxygen

atom. Note that in this instance, the hole points towards the interlayer that does

not contain calcium. Hirshfeld charge analysis suggests that in general, the oxygen

atoms in close proximity to interlayer calcium have more available charge density than

those close to interlayer calcium atoms. While the difference amounts to as little as

0.001 − 0.003 e Å−3, over many oxygen atoms this may be enough of a difference to

provide a preferential location to an electron hole.

The PDOS for neutral partially occupied tobermorite 11 Å, Figure 3.13, matches the

behaviour seen in most other tobermorite minerals which contain both calcium and

water in the interlayer. Below the Fermi level, the PDOS is dominated by oxygen states,

suggesting that the highest energy orbitals are those that belong to the tetrahedral

oxygen atoms. The electrons are thus most likely to be removed from the silicate

oxygen atoms. Beyond the bandgap of 6.76 eV there are large peaks of predominantly

calcium, oxygen and hydrogen orbitals suggesting that, when added to the simulation

cell, excess electrons will localize in the water and calcium interlayer regions.
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Figure 3.13: Projected densities of state for relaxed neutral partially filled tobermorite
11 Å. The density of states for the spin up and spin down channels are shown above
and below the x-axis respectively. The plot is centered about the Fermi Energy set at
0 eV and therefore the occupied states are located in the negative x-axis only. The
band gap of both the spin up and spin down channels is 6.76 eV. The contributions

from the oxygen orbitals on the PDOS have been split into those coming from
tetrahedral oxygen atoms and those which belong to water molecules. It is clear from
the data that the dominant oxygen states present below the Fermi level are composed
of tetrahedral silicate oxygen orbitals. Beyond the bandgap, the states present are

dominated by calcium with notable contributions from oxygen and hydrogen.
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The PDOS plots for partially occupied tobermorite 11 Å on addition of an electron

and a hole in Figure 3.14 confirm the behaviours that have been observed previously.

The electron localizes on the calcium and water of the interlayer and a new peak is

introduced at the new Fermi level of 6.81 eV in the plot for the excess electron. The

rest of the plot remains much the same as for the other cement minerals in that the

dominant states at 0 eV consist of large oxygen peaks while beyond the bandgap (8 eV)

the dominant contributions to the peaks come from interlayer calcium states.

The PDOS plot for the hole once again closely matches those seen for other cement

minerals in that the the plot is made of a large series of oxygen peaks below the Fermi

level. Furthermore, a large predominantly oxygen peak forms within the band gap.

The peak at 5.22 eV represents the oxygen O•– radical and the small leakage of density

onto a second nearby silicate oxygen.

The observations from our simulations on partially filled tobermorite 11 Å clearly

demonstrates the effect the interlayer calcium have in tobermorite minerals. Partially

filled tobermorite 11 Å is the only material with unequal interlayer regions, and our

results clearly show that calcium directs the electron into the interlayer regions that

contain calcium. This result demonstrates that, to the excess electron, the electropos-

itive nature of the hydrated calcium ion is preferential when compared to just water.

Additionally, Hirshfeld analysis of the hole suggests that holes may preferentially locate

more closely to regions that do not contain interlayer calcium atoms.

The study of tobermorite 11 Å and the effects of varying the composition of the the

interlayer has provided a number of important results. The level of calcium in the

interlayer has been shown to interfere with the localisation of the excess electron. That

is to say, if an interlayer contains calcium, it draws the electron away from interlayer

regions which do not contain calcium. When no calcium is present, the spin density of

the electron instead localises on the water molecules of the interlayer and it is spread

over the water molecules therein. Therefore, lower calcium content is better as the

excess electrons remain mobile and could eventually recombine with holes to prevent

both damage to the mineral and H2 formation. However, the series of perturbations

of tobermorite 11 Å in which the level of interlayer calcium varies appears to have no

effect on the localisation of holes. The hole appears to always form a O•– radical on
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Figure 3.14: Projected densities of states for partially occupied tobermorite 11 Å
relaxed in the presence of an excess electron (top) and a hole (bottom). The density of
states for the spin up and spin down channels are shown above and below the x-axis
respectively. The plot for the excess electron is centered about the Fermi Energy at

6.81 eV and therefore the band gap of the spin up channel is 1.46 eV. This corresponds
to the electron occupying states across the calcium and water of the interlayer. The
hole plot shows that new states are introduced into the band gap of the spin-down
channel at 5.22 eV due to the partially occupied silicate 2-p oxygen resulting in a
band gap of 5.22 eV which corresponds to the spin density in Figure 3.12 (b).
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a singular oxygen and to share a small level of the spin density with a nearby CaO

polyhedron.

3.3 Tobermorite 9 Å

Tobermorite 9 Å is a member of the tobermorite family that is quite rare in nature but

is instead more easily obtained by heating tobermorite 11 Å or 14 Å beyond 225 ◦C

for a short period. As a result of this heating process, tobermorite 9 Å loses all of its

chemically bound water molecules and as a consequence the interlayer spacing decreases

to 9.3 Å. Therefore, tobermorite 9 Å is an interesting case study as an example of a

cement mineral that contains no chemical bound water molecules. The overall structure

of tobermorite 9 Å matches the other members of the tobermorite family as there is

still calcium within the interlayer and the CaO polyhedra are still flanked by infinite

silicate chains.
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Figure 3.15: Structure of tobermorite 9 Å. Silicon atoms are shown in dark blue,
calcium in light blue, oxygen in red and hydrogen in white. The interlayer region is
denoted with a red box while the intralayer is highlighted in blue. A dotted line

denotes the unit cell, and the cell has been replicated in the b- and c-axis for clarity.
The silicate chains form chains of “infinite” length along the b-axis. Tobermorite 9 Å
contains no water molecules and only calcium within the interlayer. The interlayer
region also contains 2 hydrogen atoms to balance the charge of the silicate chains.
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When an excess electron is added into the simulation cell of tobermorite 9 Å it splits

evenly between an interlayer calcium and an intralayer calcium atom. Both calcium

atoms receive 50% of the spin density of the electron, which is likely because of the lack

of water to share the density with as well as the close proximity between the interlayer

and intralayer calcium atoms. Additionally, the presence of a hole in tobermorite 9Å

demonstrates prominent regions of negative spin density on a number of intralayer

oxygen atoms. However, the spins on these intralayer oxygen atoms are all quite small

and are likely caused by the lack of water due to the fact that only this structure

contains no water.

The hole in tobermorite 9 Å localises in a manner that is similar to the other minerals

studied. Once again, the hole locates on an intralayer oxygen atom and points towards

the intralayer. In other words, and as expected, the water does not appear to have an

effect on the localisation of the hole as the hole demonstrates the same behaviour in

tobermorite 9 Å as was observed for the cement minerals that contain water.

Figure 3.16: Structure and isosurfaces of tobermorite 9 Å when relaxed with an
excess electron, (a) and when an electron has been removed to form a hole, (b).
Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and
hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3

where the positive isosurface is shown in yellow and the negative is shown in blue.
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Figure 3.17: Projected densities of state for neutral tobermorite 9 Å. The density of
states for the spin up and spin down channels are shown above and below the x-axis
respectively. The plot is centered about the Fermi Energy set at 0 eV and therefore
the occupied states are located in the negative x-axis only. The band gap of both the
spin up and spin down channels is 8.66 eV. As tobermorite 9 Å contains no water, the
oxygen peaks are composed entirely of silicate oxygen orbitals. It is clear that silicate
oxygen states dominate the region below the Fermi level. Beyond the gap, the states

are mainly composed of calcium orbitals.

The PDOS of neutral tobermorite 9 Å is presented in Figure 3.17. The behaviour

observed in this plot matches what was observed for the isosurfaces in Figure 3.16. In

particular, the plot shows that largest peaks below the Fermi level at 0 eV correspond

to tetrahedral silicate oxygen orbitals. It is this large tetrahedral oxygen peak that

represents the region in Figure 3.16 (b) on which the spin density of the hole will

locate. Meanwhile, the states beyond the gap suggest that excess electrons will locate

on the calcium atoms within the unit cell. However, tobermorite 9 Å is an unusual case

as the spin density of the electron evenly distributes across 2 calcium atoms with one in

the interlayer and the other in the intralayer. Compared to Dharmawardhana[122] who

also measured the PDOS of tobermorite 9 Å we once again agree that the dominant

character in the PDOS below the HOMO consists mainly of tetrahedral oxygen while
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the peaks beyond the LUMO show mainly interlayer calcium and very little oxygen

character. Both PDOS plots agree that the calcium character dominates here due to

the absence of water molecules in the material.
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Figure 3.18: Projected densities of states for tobermorite 9 Å relaxed in the presence
of an excess electron (top) and a hole (bottom). The density of states for the spin up
and spin down channels are shown above and below the x-axis respectively. The plot
for the excess electron is centered about the Fermi Energy at 7.43 eV and therefore
the band gap of the spin up channel is 1.64 eV. This is likely due to the addition of
the excess electron occupying the orbitals on the interlayer calcium as well as an

intralayer calcium atom. The hole (lower) plot shows that new states are introduced
into the band gap of the spin-down channel at 4.39 eV which represent the partially

occupied orbitals of the silicate oxygen. This results in a band gap of 4.39 eV
corresponding to the singly occupied 2-p oxygen as seen in Figure (b).

The PDOS of tobermorite 9 Å in the presence of an excess electron is shown in Figure
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3.18. The data in this figure suggests that the excess electron will occupy states that

are predominantly on calcium atoms within the unit cell. The spin density of the

excess electron, Figure 3.16 (a), shows that the spin density of the electron can be

found spread across the 2 calcium atoms in the interlayer and the peak at 7.43 eV

in the excess electron PDOS, Figure 3.18, represents this localisation behaviour. The

peak for the excess electron at 7.43 eV shows virtually no signal corresponding to

hydrogen despite the close proximity of interlayer calcium to the charge balancing

hydrogen atom present on a nearby silicate. The lack of a contribution from hydrogen

helps us to establish a “hierarchy” of which atom types are more likely to accept the

electron. As tobermorite 9 Å shows, calcium is more likely to accept the spin density

of the electron than the charge balancing hydrogen atoms. Therefore it appears that

the charge balancing hydrogen does not have an appreciable effect on the localisation

of electrons, and instead it is likely that the effect of water is simply the sharing of

charge between the calcium and oxygen of the water that may play a part. In effect,

charge balancing hydrogen has little effect on the behaviour of electrons and instead it

is important to focus on water and interlayer calcium content instead.

The PDOS of the hole within tobermorite 9 Å suggests that there is no difference in

the behaviour of holes in the presence or absence of water in these minerals. A large

oxygen peak will form within the gap at 4.39 eV as in other minerals and corresponds

to the silicate O•– radical which forms in the mineral. In tobermorite 9 Å, 87% of

the spin density of the hole locates on a single silicate oxygen with the remainder on

a nearby intralayer calcium, which suggests that there is no notable difference in the

localisation of the hole within tobermorite 9 Å when compared to the other minerals

studied. Once more, the presence of charge balancing hydrogen atoms on some of the

silicate oxygens also appears to have little effect.

Tobermorite 9 Å presents an interesting case where no water is available within the unit

cell. The electrons, when added to tobermorite 9 Å, appear relatively mobile due to the

small spacing between the layers. When an excess electron is added it thus shares its

density evenly across both the interlayer and intralayer regions. The hole, on the other

hand, behaves exactly as expected. The electrons are not in proximity to water to form

dangerous byproducts such as H2 gas and are more likely to recombine with the holes
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as a result. One can therefore assume that the ideal cements for nuclear storage would

contain minimal interlayer water to minimize the occurrence of potentially explosive

H2 gas.

3.4 Jennite

Jennite is a C-S-H mineral with a C/S ratio of 1.50, which is the highest ratio of the

natural cementitious minerals tested in this thesis. Jennite contains 1 interlayer calcium

and 8 water molecules per interlayer region. A special feature of jennite, apart from

its high symmetry, is that a number of oxygen atoms in the intralayer are terminated

with hydrogen atoms to form hydroxyl units. These hydroxyl units may change the

properties of the intralayer region and as such jennite, the structure of which shown

in Figure 3.19, possesses a slightly different intralayer to the tobermorite minerals. A

study on this material may, therefore, provide useful insight into the effects of intralayer

composition on the localisation of the holes.
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Figure 3.19: Structure of jennite. Silicon atoms are shown in dark blue, calcium in
light blue, oxygen in red and hydrogen in white. The interlayer region is denoted with
a red box while the intralayer is highlighted in blue. The dotted line denotes a single
unit cell which has been replicated in the b- and c-directions for clarity. Note that the
silicate chains form regular “infinite” chains along the b-axis of the intralayer and
that a number of the oxygen atoms within the CaO polyhedra of the intralayer are
terminated by hydrogen atoms to form hydroxyl units. Jennite contains 1 calcium

atom and 8 water molecules in each interlayer region.
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Figure 3.20: Structure of jennite relaxed when (a) an excess electron has been added
into the unit cell and (b) when an electron is removed to form a hole. Silicon atoms
are shown in dark blue, calcium in light blue, oxygen in red and hydrogen in white.
The isocontour of the spin density is drawn at ±0.015 e Å−3 where the positive

isosurface is shown in yellow and the negative is shown in blue.

When an excess electron is introduced into the unit cell of jennite, Figure 3.20 (a), the

electron localises on the calcium atom of the interlayer such that 18% of the density

is located directly on the interlayer calcium with the other 82% is spread over the

6 water molecules which form the hydrated calcium ion. This localisation behaviour

is not unlike what has been observed in the other tobermorite-like minerals. Jennite

differs from tobermorite 14 Å only due to the smaller unit cell and an additional 2

water molecules in the interlayer region. Despite the differences, the spin density of the

electron is spread over the interlayer, but jennite also contains small regions of negative

spin density on the 6 surrounding water molecules.

The manner in which a hole in jennite localises is illustrated in Figure 3.20 (b). The hole

appears in a slightly different place than previously observed in the tobermorite family

of minerals. The hole in jennite locates on a silicate oxygen atom pointing towards

the interlayer region of jennite as opposed to any of the oxygen atoms terminated with

H-groups within the intralayer.

The neutral PDOS of jennite is presented in Figure 3.21 and shows that despite the

differences in the structure of jennite, such as the hydroxyl units in the intralayer, the
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Figure 3.21: Projected densities of state for relaxed neutral Jennite. The density of
states for the spin up and spin down channels are shown above and below the x-axis
respectively. The plot is centered about the Fermi Energy set at 0 eV and therefore
the occupied states are located in the negative x-axis only. The band gap of both the
spin up and spin down channels is 8.83 eV. The contributions to the PDOS have been
split by element type. It is clear that oxygen states dominate the region below the
Fermi level while calcium dominates the region beyond the gap. Note the small

pseudogap between 9 and 10.5 eV where the peaks are mainly composed of calcium,
oxygen and hydrogen.

features of the PDOS are consistent with the other tobermorite-family minerals. Jennite

shows the signature peaks corresponding to tetrahedral oxygen in the region below the

gap which signify that it is the oxygen atoms which can lose an electron to form a hole.

A strong dominance of calcium, hydrogen and oxygen orbitals beyond the gap suggest

that the hydrated calcium ions accept any excess electrons added to the material. In

this study, we suggest a band gap of approximately 8.83 eV while Dharmawardhana[122]

suggests 4.3 eV. Once again, we are in good agreement otherwise with regards to the

HOMO and LUMO behaviour. That is to say, the LUMO is defined by a series of

oxygen peaks while the HOMO mainly corresponds to interlayer calcium.

The localisation of electrons in jennite closely resembles the other cement minerals

studied in that the electron in jennite manifests as a large calcium peak within the

band gap at around 7 eV. The extra water in jennite, therefore, appears to have little

to no appreciable effect on the properties of the excess electron because the interlayer
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calcium can correctly form the hydrated ions to accept the electron. Once again, the

isosurface plot for the excess electron matches what is seen for the neutral PDOS

plot and shows; namely, that the electron indeed locates mainly on the 4s-orbitals of

calcium, while sharing a significant portion of the density with hydrogen 1s- and oxygen

2p-orbitals on the surrounding water molecules.

The results obtained for the hole from the PDOS (Figure 3.22) reveal some interesting

properties of the hole. While the hole locates in the intralayer region as was seen for

the other tobermorite family minerals, the orientation of the hole differs. Instead of

the spin density of the hole pointing towards the calcium atoms of the intralayer, the

spin density of the hole points into the interlayer unlike the other cement minerals.

The large peak in the PDOS plot at 6.64 eV in the spin-down channel of the hole plot

reveals that, while the peak is mainly a result of the O•– radical, a notable contribution

appears to come from the intralayer calcium despite this calcium sharing only 7% of

the Hirshfeld spin density from the hole. The hole in jennite is the most stable by

far, with a gap of 6.64 eV suggesting that the hole here is particularly immobile. This

stability is likely due to the presence of the hydroxyl units which reduce the availability

of oxygen lone pairs to the hole when compared to cement models which lack these

hydroxyl species.

The results outlined for jennite show that, assuming that a given interlayer region

contains both water and calcium, the excess electron locates in the same regions as

the other cementitious materials. In other words, the interlayer calcium still complexes

with water to from a hydrated calcium ion that accepts the excess electron. The hole,

while locating in the same place, points into the interlayer instead of the intralayer

due to the lack of available silicate oxygen lone pairs within the intralayer. As such,

charge balancing cement minerals with hydrogen to form hydroxyl species can alter the

location of the hole, as the hole appears to avoid forming on silicate oxygen atoms that

have charge balancing hydrogen atoms. On a practical level, should a blend of cement

contain little interlayer water as the results for tobermorite would suggest, as well as

the increased hydroxylation of the silicate chains, one could potentially increase the

overall resistance of the cement towards damage via radiolysis.
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Figure 3.22: Projected densities of states for jennite relaxed in the presence of an
excess electron (top) and a hole (bottom). The density of states for the spin up and
spin down channels are shown above and below the x-axis respectively. The plot for
the excess electron is centered about the Fermi Energy at 7.12 eV and therefore the

band gap of the spin up channel is 1.96 eV. This larger than average band gap
suggests that electrons in jennite may be slightly more stable than typical tobermorite
minerals. The hole (lower) plot shows that the states which correspond to the hole,
which are mainly oxygen with a notable contribution from calcium, appear as a large
peak in the band gap of the spin-down channel at 6.64 eV. This results in a band gap
of 6.64 eV corresponding to the 2-p oxygen radical. This extremely large gap suggests

that holes in jennite are particularly stable.
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Figure 3.23: Structure of clinotobermorite. Silicon atoms are shown in dark blue,
calcium in light blue, oxygen in red and hydrogen in white. The interlayer region is
denoted with a red box while the intralayer is highlighted in blue. The dotted line

denotes a single unit cell which has been replicated in the b-direction for clarity. The
intralayer calcium within clinotobermorite shows an unusual “zig-zag” pattern. Note
that the silicate chains form regular “infinite” chains along the b-axis with a number

of chains bonding to other silicate chains across the interlayer as Si-O-Si bonds.
Clinotobermorite contains 1 calcium atom and 5 water molecules in each interlayer

region.

3.5 Clinotobermorite

Clinotobermorite (Figure 3.23) is a member of the tobermorite family that closely re-

sembles tobermorite 11 Å due to the similar basal spacing and that has a C/S ratio of

0.83. Clinotobermorite is essentially a dimorph of tobermorite minerals as clinotober-

morite contains a mixture of the cross-linked chains that are seen in tobermorite 11 Å

and the non-linked chains that are seen in tobermorite 14 Å. The unusual arrangement

of the silicate chains results in a minor shape change as the intralayer region takes on

a corrugated shape as opposed to the flat layer of CaO polyhedra that is common in

most tobermorite minerals.
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Figure 3.24: Structure of clinotobermorite relaxed when (a) an excess electron has
been added into the unit cell and (b) when an electron is removed to form a hole.
Silicon atoms are shown in dark blue, calcium in light blue, oxygen in red and

hydrogen in white. The isocontour of the spin density is drawn at ±0.015 e Å−3 and
the positive isosurface is shown in yellow and the negative one is shown in blue.

Clinotobermorite in the presence of an excess electron is shown in Figure 3.24 (a). This

figure shows that upon addition of an excess electron, the spin density locates in the

interlayer region and that it is spread over the interlayer calcium and 5 surrounding wa-

ter molecules that together form a hydrated calcium ion. The majority of the electron

spin density, 72%, distributes over the 5 water molecules that surround the calcium

while the remaining 28% can be found on the interlayer calcium ion. The localisation

observed here in clinotobermorite is not unexpected as all the minerals which resem-

ble clinotobermorite, that is tobermorite 14 Å and tobermorite 11 Å which contain

interlayer calcium, show behaviours that are identical.

The localisation of the spin density of the hole within clinotobermorite also resembles

what has been observed for the other minerals. That is, the density locates completely

on a single intralayer oxygen atom. For clinotobermorite the hole points into the

intralayer as usual, which suggests that the difference in the shape of the intralayer

has no appreciable effect on the properties of holes. The spin density of the hole in

clinotobemorite has 91% spin density on the singular tetrahedral oxygen and 9% on the

nearest intralayer calcium, which is similar to what was seen for the other structures.

The PDOS for the relaxed clinotobermorite unit cell is presented in Figure 3.25. This
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Figure 3.25: Projected densities of state for the neutral form of clinotobermorite. The
density of states for the spin up and spin down channels are shown above and below
the x-axis respectively. The plot is centered about the Fermi Energy set at 0 eV and
therefore the occupied states are located in the negative x-axis only. The band gap for
both the spin up and spin down channels is 8.65 eV. The behaviour observed in these
plots matches what was observed for the other minerals which contain both interlayer
calcium and water. The dominant oxygen states present below the Fermi level are
again predominantly composed of oxygen orbitals while those beyond the gap are

predominantly calcium and oxygen orbitals from the calcium and the water molecules
in the interlayer.

plot shows once again that the properties of clinotobermorite resemble those of other

tobermorite minerals. The region below the Fermi level shows a strong oxygen dom-

inance due to the large number of oxygen lone pairs that are present on the silicate

oxygens. Beyond the gap an increasingly large series of peaks consisting of calcium

and oxygen states are found. These peaks are likely due to the interlayer calcium and

water molecules present. The presence of these peaks match what is known about these

minerals, in that the interlayer calcium atoms are quite electropositive and thus are

the most likely atoms to accept any excess electron that is added into the unit cell.
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Figure 3.26: Projected densities of states for clinotobermorite relaxed in the presence
of an excess electron (top) and a hole (bottom). The density of states for the spin up
and spin down channels are shown above and below the x-axis respectively. The plot
for the excess electron is centered about the Fermi Energy at 7.33 eV and therefore
the band gap of the spin up channel is 1.21 eV. This feature is made of 4s-calcium,
1s-hydrogen and 2p-oxygen orbitals which are occupied in part due to the excess

electron. The hole plot shows that new states are introduced into the band gap of the
spin-down channel at 4.44 eV due to the partially occupied silicate 2-p oxygen. This
results in a band gap of 4.44 eV corresponding to the silicate oxygen radical which

forms in the intralayer region.
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The PDOS of clinotobermorite in the presence of an excess electron shows the distinct

peak within the band gap at 7.33 eV that is composed mostly of calcium states. This

peak represents the orbitals of the hydrated calcium ion in the interlayer over which

the excess electron spreads, as shown in Figure 3.24 (a). The peaks beyond this feature

show a strong calcium contribution, suggesting that the calcium atoms of the material

possess most of the empty states that are suitable for accepting the electron.

The PDOS of clinotobermorite relaxed in the presence of a hole possesses a feature

within the gap at 4.44 eV, which corresponds to the O•– radical. The radical results

from the hole locating in the intralayer region on a tetrahedral oxygen atom. This plot,

which closely resembles the hole plots for virtually all of the cement models tested,

suggests that the shape or orientation of the intralayer has no notable effect on the

behaviour of holes in cement.

Clinotobermorite can be considered a reasonable model for an ageing cement as it

closely resembles the tobermorite group, but possesses a reduced symmetry within

the intralayer space. Overall, clinotobermorite shows results consistent with the other

cement materials in terms of electronic defect behaviour. Excess electrons locate in

the interlayer region with the spin density spread over an interlayer calcium and the

surrounding 6 water molecules. Holes, like all other minerals, locate on a silicate oxygen

atom within the intralayer region.

3.6 MIT Model

MIT cement (Figure 3.27) is a model calcium silicate hydrate mineral that was produced

by researchers at the Massachusetts Institute of Technology. The MIT cement model

was developed by using grand canonical Monte Carlo methods to produce a model with

properties that match those determined by experiments,[81, 82] including small angle

scattering data and the density. This model is also known as the “liquid stone” model as

it is highly disordered. In particular, it contains silicate chains of variable length ranging

from dimeric units to infinite chains unlike all of the other models tested. However,

MIT cement does not conform to the 3n − 1 silicate chain length rule. The 3n − 1
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Figure 3.27: Structure of MIT cement. Silicon atoms are shown in dark blue, calcium
in light blue, oxygen in red and hydrogen in white. The interlayer region is denoted
with a red box while the intralayer is highlighted in blue. Note that the silicate chains
do not follow the typical (3n-1) chain length, nor do the chains possess the regular
dreierketten pattern. The silicate chains have irregular lengths and that there are
significant gaps in the silicate chains of the intralayer regions. MIT contains 12

calcium atoms per interlayer and 150 water molecules dispersed throughout the unit
cell.

rule is the basis of the distinct dreierketten chains found in the tobermorite and jennite

family of minerals, as well as numerous other silicates[2, 24]. Additionally, this model

validated quantitative x-ray diffraction (QXRD) data that itself was incorrect meaning

MIT cement possesses a C/S ratio of 1.63 and a density of 2.6 g/cm3 instead of 2.33

g/cm3, resulting from a warped a-axis parameter that was approximately double what

it should be.[125] Therefore the MIT model, with glassy, short-range silicate chains, is

not an ideal candidate for the study of cementitious materials.
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To demonstrate the disorder within the MIT model, the RDF (Figure 3.28) and inte-

grated RDF plots (Figure 3.29) for calcium and oxygen atoms within MIT cement and

tobermorite 14 Å were compared. The RDF plot shows that the large peak present

at 2.7 Å for tobermorite is shifted to 2.55 Å in MIT cement. As is commonplace in

DFT studies, the bond lengths of materials are often elongated, however the results

presented suggest that the CaO polyhedra present in MIT have warped or distorted

such that there is thus a reduction in the bond lengths relative to tobermorite. It is

worth noting, however, that typically Ca-O bonds in tobermorite are around 2.2 to

2.64 Å in length.[7, 43]

Tobermorite 14 Å shows distinct peaks at 2.7 Å, 3.4 Å and 4.8 Å and thus demonstrates

a regular ordering of the atoms within the unit cell. By contrast, MIT cement does not

show any significant peaks beyond the CaO polyhedra peak at 2.55 Å.

The i-RDF of tobermorite 14 Å and MIT cement, which shows the Ca-O coordination

number, possesses a notable shoulder at a coordination just above 6 for tobermorite

14 Å. This shoulder suggests that in tobermorite 14 Å, a single calcium bonds with

7 oxygen atoms in the intralayer. The calcium atoms of tobermorite have an average

coordination number of 6.4, with similar values observed for other tobermorite minerals

and jennite. In MIT cement, however, the coordination of interlayer calcium and oxygen

varies from 3 to 7. The lower end of the scale is chemically unfeasible and would not be

observed in nature. Thus, while the structure of MIT cement provides a satisfactory

match to the experimental parameters, the chemistry of the model cannot be considered

correct as noted by Richardson, who demonstrates that the Ca-O coordination number

is approximately 6.4.[24]
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Figure 3.28: Chart showing the radial distribution function (RDF) between calcium
and oxygen atoms in tobermorite 14 (TBB14) and MIT cement. The RDF for

tobermorite 14 Å is shown in red and MIT shown in black. Note the distinct peak in
the RDF for tobermorite 14 Å at 2.7 Å which corresponds to the average of the Ca-O
bond lengths in the intralayer region. The peaks at 3.4 (A) and 4.8 Å (B) correspond
to order on a longer range. In particular, peak A appears at the average distance

between the interlayer calcium and the bridging oxygen atoms of the silicate
tetrahedrons, while peak B is due to both a second set of interlayer calcium-pairing

oxygen distances as well as the distance between an interlayer calcium and the
furthest away silicate oxygen along the a-axis. Note that the bond length average is
smaller for MIT, which suggests that the bond lengths in the CaO polyhedra in MIT
are distorted. Beyond the large peak at 2.55 Å, MIT does not appear to have any

distinct features to differentiate Ca-O environments due to the high disorder.
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Figure 3.29: Chart showing the integrated radial distribution function (i-RDF)
between calcium and oxygen atoms in tobermorite 14 (TBB14) and MIT cement. The

i-RDF for tobermorite 14 Å is shown in red and MIT shown in black. The main
feature of interest in this graph is the notable shoulder in the coordination of TBB14
at 6.3. This shoulder is present because the average Ca-O coordination is between 6
and 7 in TBB14. This matches the RDF which shows that the bond lengths vary

from 2.6 to 2.8 Å in tobermorite 14 Å. The shoulder seen at 8 for TBB14 appears as a
result of coupling between the 6 coordinate hydrated calcium ions and the 2 nearby

silicate oxygens denoted as lengths A and B in Figure 3.28. The plot for MIT
indicates that there are no distinct shoulders. MIT cement, therefore, has a structure

that is liquid-like with a significant amount of disorder.



96 96

The result of adding an excess electron into the unit cell of MIT cement is presented

in Figure 3.30 (a). This figure shows that the excess electron locates in the water

and calcium rich interlayer region, like in the other studied minerals. While in this

structure the electron still localises in the interlayer, the electron does so near a break

in the silicate chains. Approximately 5% of the spin density of the electron spills into

the intralayer and locates on a calcium atom in the intralayer region. This leakage thus

grants the electron access to the intralayer region, which is something that we do not

see in the other materials studied. This leaking can obviously only occur in materials

containing chain breaks and extensive disorder, like early-age cements in which silicate

chains have not yet fully polymerised.

The removal of an electron to form a hole within MIT cement, on the other hand,

gives results that are consistent with the other cementitious structures as Figure 3.30

(b) shows. The hole once again localises a single intralayer oxygen atom. However,

in MIT cement the oxygen on which the hole forms is part of an Si-O-H chain within

the silicate instead of the typical Si-O terminated silicate seen in the results from the

tobermorite family. The hole also points towards the interlayer, like in jennite, simply

due to the highly disordered nature of the material.
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Figure 3.30: Structure of MIT cement relaxed when (a) an excess electron has been
added into the unit cell and (b) when an electron is removed to form a hole. Silicon
atoms are shown in dark blue, calcium in light blue, oxygen in red and hydrogen in

white. The isocontour of the spin density is drawn at ±0.001 e Å−3 where the
positive isosurface is shown in yellow and the negative is shown in blue.
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The PDOS of MIT cement relaxed with no electronic defects is shown in Figure 3.31.

The plot shows once again that the properties of neutral MIT cement share similarities

in behaviour compared to the tobermorite minerals but there are a few key differences.

The region below the Fermi level shows a strong oxygen dominance, like other models,

due to the large number of oxygen lone pairs that are present in the silicate chains. Be-

yond the gap there are an increasingly large series of peaks. These states are dominated

by contributions from the calcium orbitals, but instead of a series of discrete peaks, like

in tobermorite 14 Å, tobermorite 11 Å and jennite, these states beyond the gap appear

to blend together. This suggests that unlike the other materials, which have only 1 or 2

different chemical environments for the interlayer calcium atoms, the highly disordered

nature of MIT cement produces a continuum of differing chemical environments for the

24 different interlayer calcium atoms. Despite this feature, however, the PDOS plot

once again suggests that it will be the interlayer calcium that will accept any excess

electron in the unit cell.



99 99

Figure 3.31: Projected densities of state for the MIT cement with no electronic
defects. The density of states for the spin up and spin down channels are shown above
and below the x-axis respectively. The plot is centered about the Fermi Energy set at
0 eV and therefore the occupied states are located in the negative x-axis only. The
band gap of both the spin up and spin down channels is 8.15 eV. The trend in the

data matches the other minerals in which the region below the Fermi level is
dominated by oxygen while the region beyond the gap is mainly calcium states. This
electronic structure is consistent with the result observed from plotting the isosurface

and suggests that it is calcium ion that will accepts the excess electrons and the
oxygen atom which will lose electrons to form holes.
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Figure 3.32: Projected densities of states for MIT cement relaxed in the presence of
an excess electron (top) and a hole (bottom). The density of states for the spin up
and spin down channels are shown above and below the x-axis respectively. The plot
for the excess electron is centered about the Fermi Energy at 5.87 eV and the band
gap of the spin up channel is therefore 1.87 eV. This peak at 1.87 eV consists mostly
of 4s-calcium states which are occupied in part due to the excess electron. Small
oxygen and hydrogen contributions to this feature represent the spreading of the

electron to nearby water molecules. The results obtained for the hole show that new
states are introduced into the band gap of the spin-down channel at 4.74 eV due to
the partially occupied silicate 2-p oxygen. This results in a band gap of 4.74 eV
corresponding to the oxygen radical which points into the interlayer region.
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The PDOS of MIT cement in the presence of an excess electron shows a peak within

the band gap at 5.87 eV that is composed mostly of calcium states. This peak is clearly

due to the excess electron as it spreads across calcium and nearby water molecules like

in Figure 3.30 (a) which showed that the spin density of the electron localises mainly on

calcium atoms with in the interlayer, with a small portion of the spin density spilling

into the intralayer calcium. The peaks beyond this feature at 5.87 eV show a series

of strong calcium peaks, which once again suggests that the orbitals of the interlayer

calcium controls the localisation of electrons and that as a consequence the localisation

depends on the calcium content.

The PDOS of MIT cement relaxed with a hole appears to cause a feature within the

gap at 4.74 eV which represents the oxygen O•– radical. The stable O•– radical results

from the hole locating in the intralayer region much as it does for the tobermorite family

of minerals. This peak shows only oxygen states unlike many of the other hole PDOS

plots, which often have small contributions from the intralayer calcium. Interestingly,

the oxygen on which the hole localises retains the Si-O-H bond suggesting that this

radical does not break the oxygen-hydrogen bond. The hole orients itself in a way that

is similar to the orientation of the hole in jennite. In other words, the hole points into

the interlayer where it may be capable of reacting with the water of the interlayer.

MIT cement can be considered an edge case to represent cement blends with a very

high C/S ratio or those with significant disorder. Despite the significant flaws of the

model and the fact that the C/S ratio is notably higher than that of the other minerals

tested, the results remain strikingly consistent. The results observed for this model

are consistent with other models despite the significant disorder of the atoms in MIT.

This study of MIT suggests that the chemistry of the cement plays a larger role in

determining the properties of cement than the arrangement of the atoms. The electrons

still localise in the interlayer on the most appropriate hydrated calcium ion and the holes

can be found on the oxygen atoms of silicates. Simply put, the differences in behaviour

of MIT compared to the tobermorite family can be attributed to the disorder of the

silicate chains. In particular, the chain break allows the electron access to the intralayer

and the twisting of the same chain grants the hole access to the interlayer.
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Figure 3.33: Hirshfeld integrated spin densities of water, interlayer calcium and
intralayer calcium in the presence of an excess electron. The various models tested are

on the x-axis. Notice that in all cases, except tobermorite 9 Å where water is not
present, the majority of the spin is found on the interlayer water molecules. The spin
density within tobermorite 9 Å is split evenly across both the interlayer and intralayer

calcium atoms. In the chart, TBB refers to tobermorite and the numbers after
TBB11 refer to the Ca/Si ratios in each form of the mineral. As there is a single

excess electron present, the total spin for an individual mineral will equal 1.
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Figure 3.34: Hirshfeld integrated spin densities of tetrahedral oxygen atoms and
intralayer calcium in the presence of a hole. The various models tested are on the
x-axis. Notice that in all cases the majority of the spin is found on the tetrahedral

oxygen atoms with a small fraction of density on nearby intralayer calcium atoms. In
the chart, TBB refers to tobermorite and the numbers after TBB11 refer to the Ca/Si
ratios in each form of the mineral. As there is one hole present, the total spin for an

individual mineral will equal 1.
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3.7 Conclusions

The results presented in this chapter show that both electrons and holes localise in

extremely specific regions, regardless of the overall structure of the cement. The use of

the M06-2X functional in conjunction with the simulation methods demonstrates that

when using some fraction of exact exchange it is possible to determine the localisation

and properties of an excess electron or hole with high accuracy. The study mentioned

throughout by Dharmawardhana/[122] is largely consistent with what we show here,

despite the discrepancies in the band gap values highlighted in the relevant sections.

Building upon the work by Johnston[107], we show that it is possible to systematically

screen possible cement-like candidates to determine blends with suitable properties.

Figures 3.33 and 3.34 demonstrate a surprising consistency in the results relating to

both electrons and holes. In other words, electrons always locate in the interlayer near

or on interlayer calcium while holes are found on silicate oxygen atoms within the

intralayer. This information in conjunction with the results of this chapter presents the

2 following important findings.

First, the accumulation of excess electrons within the interlayer presents a danger in

that potentially explosive H2 gas may be produced by the reaction of electrons with the

interlayer water. Therefore we demonstrate that low water-content cement blends may

be preferable in regards to immobilizing intermediate level wastes. Experimental work

undertaken in conjunction to the simulations outlined validate this theory, as evidence

shows that increased water content results in an increased H2 gas yield.[95] However,

there may be additional phenomena at work such as confinement effects that may cause

the water to not follow typical radiolysis behaviour that are difficult or impossible to

study at the atomistic scale.

Secondly, the holes locate within the material with such consistency that their be-

haviour may be exploited to reduce the effects of electrons. This means that one can

exploit the stable O•– radicals[126, 127] to capture excess electrons by building up the

concentration of holes in the mineral. These holes can capture electrons, recombin-

ing to form stable O2– silicates[126]. Therefore in the context of radionuclide storage,

the range of cement-like minerals tested show that ionizing radiation has no significant
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effect on the cement storage medium. Furthermore, this study corroborates experimen-

tal evidence such as Mobasher[50], who shows that in cements containing blast furnace

slag, ionizing radiation is beneficial to cement and may in fact increase the mechanical

properties to a degree. From the results shown, it can be suggested that no appreciable

damage occurs in cements under the effects of ionizing radiation and therefore cement

is an ideal candidate for storing intermediate level wastes.



Substitutional Defects in Cement

As discussed previously, the safe disposal of nuclear waste products using cement is

an ongoing challenge facing the UK nuclear industry. The main method of storage

involves immobilising harmful radionuclides within a cement matrix. Disposal in this

way provides both a chemical[19] and physical barrier to trap the radionuclides within

the cement. The goal of immobilisation is to prevent the release of radionuclides into

nature where they may cause harm. Cement is a prime candidate for immobilization,

as it is possible to replace harmless atoms in cement with radionuclides, such 90Sr.

The reaction in which element X replaces a calcium atom within cement is shown in

equation 4.19. In this equation “CSH” refers to the cement and X denotes the atom

substituting the calcium within the material.

CSHCan +Xaq ←→ CSHCa(n−1)X + Caaq (4.19)

The mechanisms by which these barrier effects work are poorly understood as relevant

experiments are not practical. For example, directly studying radionuclides such as
90Sr and its decay daughters[128] 90Y and 90Zr is not feasible because these materials

are extremely harmful and because 90Sr has a half-life of 28.79 years. This problem is

even worse for other materials of interest, such as plutonium, which possesses a half-live

of 24,100 years. Furthermore, when elements such as plutonium undergo radioactive

decay, the daughter products may present a new set of challenges as they may have

different chemical properties from the initially immobilized radionuclides.[129, 130] As
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such, there are a range of factors limiting the feasibility of the experiments that could

guide the designing a of disposal medium. Simulation is thus the ideal method for

studying substitutions within cement.

4.1 Simulation of Substitution Reactions in Cement

The simulation of substitutions within cement remains a largely unexplored area and

there is thus little literature on the subject. One such study employs static DFT

calculations to study the incorporation of the 90Sr decay chain into the MIT model[74]

by determining the substitution energy associated with 90Sr, 90Y and 90Zr replacing

calcium atoms in the model. The substitution energy for replacing calcium within

cement with element X, where X is any atom of interest, is defined by equation 4.20,

according to Dezerald et al.[74]. In this expression ∆Ex(i) is the substitution energy,

ECan−1X(i) is the energy of the cell with element X at site (i), ECan is the energy of

the cement before substitution and Ebulk
Ca and Ebulk

X are the energies of atomic Ca and

element X respectively. That is to say, invdividual atoms within a vacuum.

∆Ex(i) = ECan−1X(i)− ECan + Ebulk
Ca + Ebulk

X (4.20)

The results presented by Dezerald show that all three members of the decay chain, 90Sr,
90Y and 90Zr are lower in energy than the pure material. These defects are therefore

stable, when they substitute for the intralayer Ca2+ ions within the model. However,

the material in which an intralayer calcium is substituted by 90Zr is actually higher in

energy with respect to the bulk phase at 0 K but lower in energy with respect to the

solvated Zr4+ ion at 298.15K. The results for 90Zr in particular show that consideration

of the reference state of the radionuclides is of vital importance, as the results obtained

for 90Zr depend on the reference phase, Ebulk
X . One, therefore, must take care to use an

appropriate reference state and ensure that the method used accounts for the necessary

physics.

It is in this regard that the method used by Dezerald et al.[74] shows two faults. Firstly,

when one replaces the intralayer Ca2+ ions with non-isovalent Y3+ and Zr4+, a charge
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mismatch occurs. This charge mismatch introduces errors such as a shift in the Fermi

Level of the material. Equation 4.21 shows how the total energy of defect formation

(Eform(Xq)) should be modified so as to include an appropriate correction for the

change in energy that occurs when the substitution takes place[74]:

Eform(Xq) = Etot(X
q)−

(
Etot(Bulk)−

∑
i

nxµx

)
+q(Efermi+EV BM )+Ecorr (4.21)

Here Etot(X
q) is the total energy of the cell containing the defect, Etot(Bulk) is the total

energy of the perfect bulk simulation cell and nxµx is the reference energy of n added

atoms of element x at chemical potential µx. The q(Efermi + EV BM ) term accounts

for the difference in the chemical potentials of the pristine and defective materials

in relation to the valence band maximum, (EV BM ), and the top of the Fermi level

(Efermi). The final term, Ecorr, incorporates all other relevant corrections such as

corrections for spurious charge differences and the change in the number of electrons,

such as the Madelung[131] and FNV corrections.[132] It has been reported that the use

of hybrid functionals such as HSE06 can alleviate the bandgap problem and allow one

to neglect a number of these corrections.[133] However, none of these methods were

employed by Dezerald.

A second problem with the method Dezerald employs is the inappropriate reference

energies for the Ebulk
Ca and Ebulk

X terms in equation 4.20. These terms depend heavily

on the properties of the reference state. In the calculations performed by Dezerald,

the reference potentials used[134] for the hydrated ions are given at 298.15 K whereas

calculations performed for the bulk phases and the defect simulation cells were per-

formed at 0 K. Freysoldt[135] suggests that while it is OK to ignore contributions

from pressure and temperature in the solid phase, the same cannot be said about the

gas and aqueous phases and so neglecting these contributions can introduce errors into

the calculations. Therefore the data produced by Dezerald is likely missing vital com-

ponents, in particular the entropic contributions and the finite-temperature effects in

general. Methods to bypass this requirement are numerous, such as the particle inser-

tion method proposed by Widom[136, 137]. Particle insertion allows the calculation of
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the energy of individual aqueous phase ions and works by adding the ion of interest into

a simulation box filled with water and subsequently calculating the difference in energy

after insertion. The particle insertion method, however, would prove time-consuming

as the method requires multiple particle insertion calculations to compute the necessary

ensemble averages as well as the static calculations for the initial and final states of the

substitution reaction.

4.2 Thermodynamic Integration Methodology and Bench-

marking

There are techniques that bypass the need to account for differences in the number of

particles and electrons present within a simulation cell that also account for the entropic

contributions. These methods, therefore, correct many of the issues with the method

of Dezerald. Thermodynamic integration, proposed originally by Kirkwood[138], uses

a pair of well defined states for the initial and final states of a reaction respectively

and couples them using molecular dynamics to perform an alchemical reaction, such

as reaction 4.19. In this instance, the term alchemical refers to the spontaneous re-

placement of one atom with another, such as replacing calcium with strontium, but

exploiting Hess’s law to neglect the pathway through which the reaction must occur.

One can use thermodynamic integration to compute the change in the Helmholtz free

energy for an alchemical reaction by computing the ensemble average of the energy.

One advantage of calculating the substitution using this particular form of thermody-

namic integration is that, in the reactant and product states, the number of atoms and

electrons are preserved as the initial and final states contain exactly the same atoms

arranged differently. That is to say, the number of atoms does not vary. By doing

the calculation in this way we therefore bypass the need for all of the corrections out-

lined previously. In addition, the finite-temperature contributions to the entropy are

accounted for as the molecular dynamics simulations are performed at a fixed tem-

perature. Therefore, by computing the Helmholtz free energy using thermodynamic

integration, we overcome the weakness of Dezerald’s method as we no longer need to

compute these difficult-to-calculate corrections and can calculate the energy required
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to replace a given atom within a unit cell directly. The thermodynamic integration

method has already been successfully used by Churakov and Labbez[8] to study alu-

minium defects in a cement model by calculating the Helmholtz free energy of the

substitution reaction. As this method has a proven record in cementitious systems,

thermodynamic integration was employed for the simulations presented in this chapter

as the term involving the chemical potential is thus zero and can be neglected. This

method presents an issue that is commonplace in simulation work in that to prevent

extremely large and often unfeasible unit cells, the substituent concentration is often

quite high as the unit cell would require thousands of water molecules to produce an

appropriately low concentration of the substituent.

The thermodynamic integration method requires that one defines the Hamiltonians

of the initial and final states for a reaction H0 and H1 respectively, and that these

Hamiltonians are linearly coupled using a coupling parameter, λ.[139] The combination

of H0 and H1 produces a mixed Hamiltonian of the initial and final states, Hλ. This

mixed Hamiltonian, Hλ can be evaluated using equation 4.22:

Hλ = (1− λ)H0 + λH1 (4.22)

In this expression H0 is the Hamiltonian for the reactants and H1 is the Hamiltonian

for the final products. A graphical example of this behaviour can be found in Figure

4.1 in which the positions of 2 atoms are switched to produce the mixed Hamiltonian.

We can calculate the Helmholtz free energy change for reaction 4.19, ∆F , by performing

the integral in equation 4.23:

∆F =

∫ 1

0

(
∂F

∂λ

)
N,V,T

dλ (4.23)

where ∂F
∂λ is the partial derivative of F with respect to λ holding the number of atoms,

N , the volume V and the temperature T fixed. We know from elementary statistical

mechanics that:

F (λ) = −kBT lnZ(λ) (4.24)

where Z(λ) is the canonical partition function at a particular value of λ and kBT is
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Figure 4.1: Schematic of the interlayer and intralayer regions of tobermorite 14 Å
that illustrates the transition from the initial (left) to final (right) configurations of
the substitution reaction, equation 4.19. Calcium is shown in light blue, silicon in
dark blue, oxygen in red and hydrogen in white. Atom X, which moves from the
aqueous region and replace an interlayer calcium atom, is shown in pink. As λ

increases, the fraction of the purple atom type in the intralayer increases.

the Boltzmann constant kB times temperature T . The partition function, which tells

us how many micro-states are available to our system, can be evaluated using:

Z(λ) =

∫
e−βHλ(x)dx (4.25)

where β = 1
kBT . Inserting this expression for the partition function, Z, into equation

4.24 and differentiating with respect to λ gives:

∂F

∂λ
= −kBT

∂

∂λ
ln

[∫
e−βHλ(x)dx

]
= − kBT

Z(λ)

∫
∂e−βHλ(x)

∂λ
dx

=
1

Z(λ)

∫
∂H

∂λ
e−βHλ(x)dx

=

⟨
∂Hλ

∂λ

⟩
(4.26)

When the final expression of equation 4.26 is inserted into equation 4.23, we arrive at:

∆F =

∫ 1

0

⟨
∂Hλ

∂λ

⟩
dλ =

∫ 1

0

(
∂⟨Hλ⟩
∂λ

)
dλ (4.27)

Where the final equality holds here because our Hamiltonian, Hλ, is classical. We can
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evaluate the integrand ∂⟨Hλ⟩
∂λ using the method outlined below. In our simulations we

have opted instead to use the potential energy instead of the total energy, which is the

sum of the kinetic and potential energy, to calculate the ensemble averages. We can

use the potential energy rather than the total energy, however, because we are always

calculating energy differences and because the ensemble average of the kinetic energy

is identical in all our simulations because the temperature is constant. The thermody-

namic integration method requires that the ensemble average potential energies, which

are the energy values represented by ⟨Hλ⟩ are evaluated using the coupled λ-dependent

Hamiltonians Hλ where λ = 0, 0.25, 0.5, 0.75 or 1. Therefore, we can calculate the

Helmholtz free energy of reaction 4.19 by numerically solving equation 4.27.

• A series of five independent molecular dynamics trajectories are produced using

the linear combination of H0 and H1 to produce the final ensemble average of,

Hλ where λ = 0, 0.25, 0.5, 0.75 or 1.

• The potential energy values obtained from each trajectory of Hλ are used to

calculate the ensemble average for the potential energy at a given value of λ, Eλ.

• After determining the five necessary values of Eλ, the ensemble average poten-

tial energy values are numerically integrated using Simpson’s rule according to

equation 4.28.

We opt to insert our ensemble average potential energy values into a Simpson’s rule[84],

as given in equation 4.28 instead of evaluating the integral as rectangles or trape-

zoids. Simpson’s rule works in much the same way as the rectangle rule but uses

3-point parabolas to evaluate the curve instead of rectangles. Simpson’s rule is there-

fore more accurate and it can capture the features of complicated curves. The method

requires that the function being integrated numerically is evaluated at an even number

of points.[140] In the simulations performed, we have 5 values for ⟨Hλ⟩ and thus four

approximate values for the quantity
(
∂⟨Hλ⟩
∂λ

)
that we are integrating. The Simpson’s

rule[84] used is given as:
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∆dpF ≈ ∆dpF̄ =
7

90

[
⟨E⟩0 + ⟨E⟩1

]
+

32

90

[
⟨E⟩0.25 + E⟩0.75

]
+

12

90

[
⟨E⟩0.5

]
(4.28)

In this equation, ∆F refers to the change in the Helmholtz free energy, E0 is the en-

semble average potential energy of the reactants, E1 is the average potential energy of

the products of the end products and E0.25, E0.5 and E0.75 are the average potential en-

ergies from simulations using linear combinations of the initial and final configurations.

The use of Simpson’s rule gives the results found in tables 4.1 and 4.2.

In practice, to perform these types of calculations, two simulation cells corresponding

to the desired start (C-S-HCa + Xaq) and end configurations (C-S-HCa(n−1)X + Caaq),

where the aqueous atoms are relaxed in the water box during simulation, are required.

Throughout the simulations, the chemical formulae of the unit cells are maintained. The

C-S-H-like thin layer of C-S-H has a chemical formula of [Ca4Si5O12(OH)4] x 131H2O

x [X(OH)n] where X is either Sr, Y, Zr, Mg or La. n is equal to 2 for Sr and Mg, n is

equal to 3 for Y and La and n is equal to 4 for Zr. This quantity takes different values

for the different ions because it must be set so that the unit cell charge is balanced.

The chemical formula for the tobermorite cell is Ca19Si24O64(OH)8+nX · 28H2O where

X is either Sr, Y or Zr. As with the C-S-H sheet, it is necessary to balance charge by

adding of n hydroxyl units. The charge balancing n is equal to 2, 3 or 4 for Sr, Y and

Zr respectively.

Molecular dynamics simulations were performed in the canonical (NVT) ensemble

for the coupled the Hamiltonians of the reactants and products using equation 4.28.

Therefore, 5 independent molecular dynamics trajectories are needed to evaluate the

Helmholtz free energy of the substitution reactions.

This methodology works by exploiting Hess’s law, which states that the energetics of

a reaction going from the initial to final states is independent of the path that the

reaction takes. We can, therefore, perform these substitution reactions as alchemical

transitions.

The simulation cells that were used for this series of calculations consists of a single
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Figure 4.2: Representation of the orthorhombic simulation cell adapted from
Churakov [8], where a C-S-H-like sheet wraps along the top and bottom of the unit

cell along the a- and b-directions. Calcium is shown in light blue, silicon in dark blue,
oxygen in red and hydrogen in white. Atom X, which moves from the aqueous region

and replace a calcium atom, is shown in pink.

flat sheet of C-S-H composed of tobermorite 14 Åthat is identical to the intralayer of a

typical tobermorite mineral. This sheet is then flanked by a water box which contains

enough water molecules to reach a density of 1 gcm−3 in a style similar to that of

Churakov et al.[8] (Figure 4.2). The reasoning behind this approach is that should

we successfully replicate the behaviour observed by Churakov we can be assured that

our approach is comparable to that of peer-reviewed works. A second supercell of

tobermorite 14 Å, which is simply tobermorite 14 Å replicated twice in both the a- and

b-directions twice to form a 2x2x1 supercell, was also tested. The use of a supercell is

to reduce the self-interaction of the defect with its periodic images.

Using the QUICKSTEP[116] module of the CP2K[114] DFT package, the initial and

final configurations for the reactions in question were relaxed at the PBE level using

a methodology similar to that outlined in the previous chapter. All simulations once

again used the CP2K molecularly optimized (MOLOPT)[117] basis sets, at the TZVP

level where available, together with standard norm-conserving, dual-space, Goedecker-

Teter-Hutter (GTH) pseudopotentials[118]. Both the large tobermorite 14 Å unit cell

as well as the orthorhombic unit cell (Figure 4.2) used a plane wave cutoff of 900 Ry.

All simulations used the DFT-D3 van der Waals correction[113] and the Unrestricted
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Kohn-Sham (UKS) formalism.

Molecular dynamics simulations were performed assuming the Born-Oppenheimer ap-

proximation at 330 K using the NVT ensemble with 0.5 fs time-steps integrated us-

ing the standard velocity Verlet algorithm and the CSVR[141] (Canonical Sampling

through Velocity Rescaling) thermostat. This thermostat is particularly robust and

provides thermostatting by rescaling the velocities of the particles within the simu-

lation cell by a random factor. Note that the temperature is higher than than typi-

cally expected to prevent the glassy behaviour of water observed at 300 K when using

DFT.[142]

4.3 Substitutional Defects in Tobermorite

The substitution energies of various atoms replacing intralayer calcium in the C-S-H-

like sheet are presented in Table 4.1. The table shows that any aluminium atoms,

which replace the bridging silicon atoms of the silicate chains are unstable with relative

to silicon. The results presented here for aluminium closely resemble those found by

Churakov[8] who showed that the substitution energy for replacing silicon with alu-

minium at an arbitrary pairing site is 1.1145 eV which is similar the value of 1.131 eV

that is quoted in table 4.1 for the same arbitrary bridging site. As the substitution

values for aluminium closely matches that of Churakov, we can be confident that our

methodology successfully replicates theirs. These results also suggest that the change

of functional from BLYP to PBE does not significantly alter the results, meaning no

further alterations to the techniques used are required. Furthermore, experiments by

L’Hôpital[143] demonstrate that aluminium readily replaces silicon in cement, predom-

inantly in the bridging sites and not the pairing sites, that is, silicate sites which

resemble the cross-linking silicates in tobermorite 11 Å. However, all other possible

silicate sites can potentially be replaced with aluminium provided there are protons

or extra calcium ions within the material for charge balancing, despite these positions

being less energetically favourable for the substitutions to occur.[36, 144]

Table 4.1 also shows the free energy changes associated with replacing the interlayer
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Table 4.1: Substitution energies (eV) relative to the hydrated ions at 330 K. The
dagger (†) symbol next to aluminium is there to remind the reader that aluminium

does not replace the intralayer calcium, but instead replaces one of the pairing silicon
atoms within the silicate chains in this particular instance. The ‡ symbol next to

magnesium indicates that the substitution of magnesium into the intralayer is relative
to Mg(OH)2 rather than a hydrated Mg2+ ion. Notice that for all atom types except
for magnesium are stable the structure is more stable when the calcium is replaced.
Further note that for the Sr to Y to Zr decay chain, each decay daughter is more

stable than the previous atom type.

Atom Type Substitution Energy (eV) Stable vs hydrated ion?
Al† 1.131± 2.5× 10−2 No
Sr −0.2514± 3.2× 10−4 Yes
Y −1.1259± 5.2× 10−4 Yes
Zr −3.8096± 1.7× 10−3 Yes
La −0.4886± 6.5× 10−4 Yes
Mg‡ 0.3271± 5.9× 10−4 No

calcium with strontium, yttrium, zirconium and lanthanum. The substitution reactions

for intralayer calcium with the aforementioned 4 atom types are thermodynamically

favourable, as the replacement of the Ca++ ions in the intralayer region possesses a

negative Helmholtz free energy change. The results for strontium, yttrium and zirco-

nium are consistent with the calculations that were performed on the MIT model[74]

in that they agree that all 3 atom types are more stable in the intralayer relative to the

hydrated phase. However, while the figures provided in that work closely match the

values for strontium, the data for yttrium and zirconium disagree. The values given

for the MIT model suggest that the substitution energy of intralayer calcium with Y

relative to the aqueous phase is -3.26 eV compared to -1.125 eV presented here, while

they suggest the substitution energy for Zr is -6.28 eV compared to -3.809 eV. Thus,

while the trend matches, the values for the MIT model are larger in general.

The differences between the data presented here and in Dezerald et. al[74] are likely

due to the differences in the model, as they employ the MIT model while we use a

C-S-H-like C-S-H in a water box. Furthermore, the simulation codes differ (Quantum

ESPRESSO vs CP2K) and the techniques used are also not the same. As discussed

previously, the substitution method employed by Dezerald does not account correctly

for the changes in chemical potential, µ, and simply compares values to the hydrated ion

Gibbs free energies at 298 K[134]. As there is a temperature dependence on the Gibbs
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Figure 4.3: Plot showing the Ca-O (blue), Sr-O (purple), Y-O (red) and Zr-O (black)
radial distribution functions within the C-S-H-like simulation cell. The RDF plots for
Sr-O, Zr-O and Ca-O are quite similar in that there are 2 large peaks in the region of
2.2-2.8 Å which represent the X-O bonds in the intralayer regions and the X-OH2
bonds of the corresponding hydrated ions. On the other hand, Y-O bond lengths in
the same region are quite varied, with a large number of small peaks. This is due to
the Y-O bonds in the intralayer showing 3 distinct sets of bond lengths, as well as 2

different Y-OH2 bond lengths.



118 118

free energy, these values are not necessarily correct at 0 K. However, both the method

by Dezerald and the method presented here possess the same notable weakness as the

method of Churakov - the unit cells chosen possess very high substituent concentrations

not indicative of reality. This is a common problem in simulations and typically requires

unit cells that are orders of magnitude larger to reach an appropriately low substituent

concentration.

Despite the differences in methodology, the calculations agree that the three members

of the strontium decay chain are likely to be successfully immobilised in cement wastes.

To verify this, the results have been compared to theoretical data by Youssef[87] and

experimental data by Tits[145, 146], Evans[147] and Atkins[144]. Youssef reports that

the substitution of 90Sr in MIT cement is favourable when using classical methods,

while Evans reports that 98.4% of strontium is taken up by the solid phase of cement

and as theory suggests, yttrium and zirconium are more stable than strontium when

substituted into the same atomic positions. It is therefore likely that cement successfully

immobilises the strontium decay chain. Any warping of the structure that results from

the addition of these atom types appears to have no significant effects on the mechanical

properties of the cement when the radionuclides are added in small loadings. However,

in some instances the local properties, such as bond lengths, can vary greatly compared

to that of typical cement. Examples of the unusual bond lengths, particularly of Y-O

bonds, can be seen in Figure 4.3. The figure shows that the Y-O bond lengths are

unlike those of Sr, Zr and Ca as there are multiple peaks in the 2.2-2.8 Å region instead

of the 2 large peaks present for Ca-O, Sr-O and Zr-O. The Y-O bond lengths are also

longer than expected, with a number of Y-O bonds reaching 3 Å.

The case for lanthanum is harder to make as no direct studies have focused on lan-

thanum, while much work has gone into europium and the actinides. The adsorption of

europium, thorium and uranium into cement by Tits[148] and Pointeau[149] show that

cements with low Ca/Si ratios are favourable in immobilising radionuclides in cement,

as all 3 are readily taken into the solid phase with negligible leaching. In particular,

studies on europium show that europium will load fully into the both the interlayer

and intralayer by replacing the corresponding calcium. As many of the lanthanides

have similar ionic radii and possess similar chemistry by forming 3+ ions, lanthanum
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is likely to behave in a manner that is similar to europium, by becoming immobilised

in the intralayer region.[147]

Magnesium does not readily replace calcium in the intralayer as it shows a positive

Helmholtz free energy. However, this is expected as magnesium is a known source of

damage in cements. The solid phases of Mg(OH)2 gather in the pores and form an

expansive solid that swells in the presence of water. As a consequence, magnesium in

cement forms highly insoluble Mg(OH)2 by reacting with water in the interlayer. The

resultant effect of Mg(OH)2 forming in the available space is a tensile stress as the

Mg(OH)2 absorbs water and expands. It is therefore unsurprising that magnesium in

the form of Mg(OH)2 will not replace intralayer calcium, but will instead remain in the

interlayer.[144]

Table 4.2: Substitution energies (eV) relative to the hydrated ions at 330 K. Notice
that all atom types are more stable when replacing intralayer calcium in tobermorite
14 Å. That is to say that Sr, Y and Zr are more stable in the intralayer than the

interlayer region. Unlike the other simulation method, Y is less stable than Sr and Zr
in the intralayer, but more stable than calcium due to the negative Helmholtz free

energy.

Atom Type Substitution Energy (eV) Stable vs hydrated ion?
Sr −4.937± 5.0× 10−4 Yes
Y −0.532± 5.2× 10−4 Yes
Zr −6.233± 1.0× 10−3 Yes

The results of the substitution of Sr, Y and Zr into a tobermorite 14 Å supercell are

presented in table 4.2. The data shows that once again, all 3 elements are stable in

the intralayer space relative to calcium. However, unlike the previous predicted values,

the stability increases as Y > Sr > Zr instead of Sr > Y > Zr as was seen for the MIT

and the C-S-H models. The deviation in the trend does not affect the end result as the

yttrium in tobermorite 14 Å is still more stable than intralayer calcium. One possibility

that may account for this difference is the unusual bonding character of the Y-O bonds

that is seen in the C-S-H-like structure. Figure 4.3 shows that while the Ca-O, Sr-O

and Zr-O bonds are quite regular the Y-O bonds are not. It is entirely possible that the

warping of the intralayer region induced by yttrium changes the energetics, resulting

in an energy “penalty” that increases the energy of the substitution with respect to

strontium and zirconium.
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4.4 Conclusions

The aim of this chapter is to show the immobilization behaviour of radionuclides in

a cement-like surface and how the presence of these radionuclides affect the structure

of the cement. We observe that in tobermorite-like crystal presented, it is possible to

immobilize radionuclides, in particular the strontium decay chain, within cementitious

materials. Calculations show that the immobilisation of the strontium decay chain is

energetically favourable in this case, supporting theoretical results presented by Dezer-

ald and Youssef[74, 87] as well as experimental evidence by Tits[145, 146]. This section

demonstrates for the first time the immobilization of the entire strontium decay chain

under conditions relevant to In fact, the results presented support the research of Bar-

Nes that shows that the gamma radiation of C-S-H samples containing strontium show

in marked decrease in the fraction of leached strontium ions relative to non-irradiated

samples.[68] While this result has not been extended to include yttrium or zirconium,

the findings presented here show that the continued immobilization of the strontium

decay chain is likely favoured even in the presence of ionizing radiation.

The method presented builds upon the method of Churakov[8] and correcting the results

of Dezerald. While the results are similar, the thermodynamic integration method

overcomes the incorrect starting state of the radionuclides in the study by Dezerald by

instead introducing aqueous radionuclides instead of ions in the vacuum. An analysis of

the radial distribution functions also demonstrates little to no structural warping when

these radionuclides are inserted into the intralayer region, showing that ions similar

in size are ideal for immobilization within the intralayer of cement. Furthermore, the

suitability of this structure was shown for lanthanum and aluminium, suggesting a much

broader range of substituent ions of interest such as cesium and europium as a number

of charges ranging from +2 to +4 have also been tested. Throughout the simulations,

no immobilized ions deviated significantly, showing a strong trapping behaviour of the

ions within the cement. These results show that cement is indeed a strong candidate for

the immobilization of the strontium decay chain, and potentially other radionuclides of

interest.

While both experiment and theory show that the immobilization of many of these
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radionuclides is favourable, further investigation is necessary to confirm this suspicion

[145, 74]. In particular, by finding a way to overcome the high substituent concentration

within the simulation cell and by building up a larger suite of tested radionuclides, the

adapted thermodynamic integration method presented could prove extremely valuable

in screening other radionuclides for potential storage applications in the future.



Conclusions and future work

In order to understand the usefulness of cement as a medium to store nuclear wastes,

we have pursued 2 avenues of study. We have investigated the effects of γ radiation

in cement and then the substitution reactions that may occur in cement that contains

radionuclides. The studies undertaken allow us to develop an understanding of both

how radionuclides are immobilized in cement and any physical and radiological phe-

nomena that may occur. We begin this final section with a brief summary of the thesis

by highlighting the important results, before finishing with concluding remarks and

possible direction for future work.

Summary and Conclusions:

The main results of this work were presented in Chapters 3 and 4. Chapter 3
introduced the range of cement-like crystalline models employed in this work
and the effects that addition or removal of electrons has, i.e the formation of
excess electrons and holes respectively, in cement. Crucially, chapter 3 shows
that if a cement-like model has an interlayer region containing water and calcium,
alternating with the silicate intralayer regions, the behaviour across the range
of models is strikingly consistent. In particular, this study suggests that the
structure of the C-S-H does not significantly affect the localisation behaviour.

It was found in this same chapter that electrons locate in the interlayer region
without fail, regardless of the water or calcium content within the interlayer.
This behaviour is the crux of the immobilization argument, as the production of
hydrogen gas is one of the potential points of failure of cement-based immobiliza-
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tion. Holes that form in cement appear to always locate in the silicate intralayer
regions that contain no water and only silicate tetrahedra and intralayer calcium
atoms. One important technical finding is that these holes are extremely consis-
tent and one could exploit the structure of a cement to control the localisation
or recombination of holes and electrons to circumvent the effects of radiolysis
in a cement in ways described by Dimitrevic.[150] Additionally, the work pre-
sented here and experiments performed in conjunction to this study show that
in C-S-H, the main radiolytic yield is tied to the water concentration in the ce-
ment sample.[95] Therefore, one can conclude that cement is a suitable storage
medium for radionuclides if the main challenges relate to the storage of materials
that release ionizing radiation, especially if care is taken to minimize the water
content.

Chapter 4 introduced the ideas behind thermodynamic integration, a method
that can be used to study substitution reactions while avoiding many of the cor-
rections required in traditional substitution techniques. The main reasoning for
using this tool was to demonstrate if cement is a suitable material for the storage
of important radionuclides, in particular the strontium decay chain. The chapter
shows that across a study of two models, a foil-like sheet of C-S-H and a tober-
morite 14 Å supercell, it is possible to successfully immobilise strontium and its
decay daughters, yttrium and zirconium, within cement. Most importantly, with
the knowledge presented in chapter 3, we can also determine that in tobermorite-
like cements, the resultant substitution product is likely to demonstrate the same
radiation resistance shown in the cements tested.

As expected, atoms of a similar size and valence are preferentially integrated into
the C-S-H structure, while atoms that do not conform to calcium-like properties
are not immobilized. While ions such as Zr4+ are highly unstable in water,
and despite the size mismatch of 72 pm compared to the 114 pm of Ca2+, the
energetics still push the reaction to favour the immobilization of zirconium within
the C-S-H. The work presented here builds upon this idea as it was presented in
the work of Dezerald and confirms the favourable substitution in more physically
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relevant simulation cells.[74] The results of chapter 4 show that the energetics of
the atoms in question are much more important than physical size, suggesting that
one could potentially engineer the immobilization medium to force the uptake
of radionuclides into a suitable cement or ceramic medium. In other words,
cement is a strong candidate for storing nuclear wastes containing radionuclides,
in particular those of the strontium decay chain and atoms of similar sizes and
charges to calcium. Furthermore, the broad applicability of the new methods
presented help to establish a range of simulations that one could use to test the
properties of various blends of cement for use in nuclear disposal.

To summarise, this thesis shows that cement is an ideal candidate for storing in-
termediate level nuclear wastes as chapter 3 suggests that the effects of electrons
and holes are a non-issue to cements, while chapter 4 teaches us that the stron-
tium decay chain in particular is readily absorbed into cements. Furthermore,
by combining what we have learned from chapters 3 and 4, we can determine
that the electrons released in the β decay of 90Sr are unlikely to damage the
wasteform. Further work into a larger range of radionuclides and the effects of
ionizing radiation in cementitious materials would yield additional information
to determine the true applicability of cement. The current work, however, sug-
gests that cement is appropriate wasteform for use cases relating to both chemical
immobilization as well as wastes that emit ionizing radiation.

Future work: The simulations presented in Chapter 3 study the after-effects
that of γ radiation in cement, but do not account for the actual radiation pro-
cesses. It may, therefore, prove useful to simulate the propagation of the radiation
within the system. In the γ radioactive process, a γ photon is released with a
given energy and momentum. As the photon moves throughout a material, the
photon may undergo ballistic collisions with the atoms of the material and trans-
fer energy into the material to satisfy the conservation of momentum. Following
these collisions, one may study the propagation and resultant displacement of
atoms that may occur in the system using molecular dynamics or using Monte
Carlo methods.[151] As radiation damage at the macroscopic level depends on
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these displacements and lattice defects that come from the energy transfer from
the photons to the atoms, the electrons and holes that result from ionizing radi-
ation only partially paint a picture of range of damage-inducing processes. Ad-
ditionally, one could simply expand the models to further encompass the true
cementitious environment within a nuclear wasteform by including domains of
aggregate materials or additonal C-S-H phases.

Furthermore, one could study the recombination of electrons and holes in ce-
ment using time-dependent DFT (TD-DFT) as a means to study the efficiency of
radical production within cement. One must consider that, should the electrons
and holes recombine rapidly, there is little availability for the electrons to produce
radicals. Thus one could use TD-DFT to provide mechanistic insights into radical
formation and to predict the excited state dynamics within cement.[152, 153] For
example, one could study different blends of cement and study the electron and
hole trapping behaviour, as well as the recombination mechanisms to determine
which blends are most resistant to radiation.

Another obvious avenue for future work is to expand the catalogue of radionu-
clides of interest. In particular, 137Cs and the actinides are of particular im-
portance. However, appropriate basis sets and pseudopotentials do not exist for
many of these materials within CP2K, meaning one must switch simulation code
or personally develop the pseudopotentials. Another important aspect would be
to examine the kinetics of diffusion during the substitution reactions outlined in
Chapter 4. As thermodynamic integration models an alchemical reaction, the
kinetics are not taken into account. Modelling the diffusion constants and the
dynamics of the substitution process could provide insight into the mechanisms
by which cement traps radionuclides. This may prove particularly important as
many radionuclides are immobilized in cement by replacing intralayer calcium.
The effects of the silicate chains that flank these calcium atoms, which act as a
barrier to both the entry and exit of the radionuclides in the intralayer region,
on diffusion may present an interesting problem to study.

A final avenue of study could be to repeat the simulations outlined using alter-
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natives to calcium silicate hydrates, such as geopolymers or clays. The study of
alternatives could help determine the applicability of different cement blends to
the ingress of different radionuclides, thus building a catalogue of which cements
are most appropriate to dispose of a particular waste. Much of the literature fo-
cuses on calcium silicate hydrates with respect to nuclear decommissioning, but
there are numerous promising alternatives that are worth studying using simula-
tions, such as calcium sulphoaluminate cements.[154, 155, 156]
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