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Abstract

The proposed final resting place for radioactive waste in the UK is a geological disposal

facility that will be built at a location in the UK, which has yet to be chosen, at some un-

specified time in the future. To safely commit a waste material into this facility requires

knowledge about the long-term behaviour of the material in the disposal conditions. It

is critical to consider what effect the ionising radiation introduced by contaminants will

have. In the case of Magnox sludge, a complex material that exists in large quantities, it

is known that hydrogen gas will be produced by radiolysis. It is clear that fundamental

understanding of this process is required to build confidence in the proposed disposal

plans.

In this investigation, we start with a simple model of bulk brucite, the main component

of the Magnox sludge. When a high-energy ionising particle interacts with matter, its

initial passage leaves a cylindrical track where there will be a high density of ions and

radical species created. This process will spawn many secondary electrons with a lower

energy than the initial particle and these will create small secondary tracks, known as

spurs, near the main track. Additional electrons will be created at successively lower

energies, and this cascade will continue until the electrons can no longer induce ioni-

sations. The end result is that the largest population of electrons contains those with

low energies, around the ionisation potential of the material being irradiated. Thus, in

our calculations, using density functional theory, the effects of two types of electronic

structure defect were considered. The first is the addition of an excess electron into

the system, representing one of these many low energy electrons. The second is the

addition of an excess hole, which simulates an ionisation. Molecular dynamics simula-

tions were used to give insight into the effects of the defects on the material at room

temperature. Complexity was added to the model by the creation of a surface. Initially,

this surface was in contact with vacuum. Subsequently, water was added to the system,

first as monolayers adsorbed on the slab surface, and then later as bulk water.



ii

This work shows that excess holes are particularly damaging to brucite, potentially

leading to the dissociation of hydroxide groups at room temperature, while excess

electrons are relatively inert. This process could be the first step in a reaction pathway

that may directly or indirectly lead to molecular hydrogen formation. The presence of a

water interface has a considerable effect on the results, the most significant of which is

that an excess hole will localise near the surface of the bulk brucite or even in the bulk

water, which could reduce damage to brucite mineral. Similarly, an excess electron will

localise at the surface and will become solvated by the water monolayer. These results

suggest that the water in the sludge, rather than the brucite itself, is a larger problem

with regard to the stability of the waste following disposal.
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Introduction

The United Kingdom’s Nuclear Legacy

The public debate over the safety, environmental ethics and cost-effectiveness of nu-

clear power has been reinvigorated in recent years by EDF Energy’s project1 to build

the UK’s first new nuclear power station in a generation. It will be the first since con-

struction started on Sizewell B in 1988. What is often neglected in these debates is

that nuclear waste already exists in the UK. Even if government policy changes and

a decision to reject nuclear energy is taken, nuclear waste dating from as far back as

the 1940s already exists. The Sellafield site in Cumbria (Figure 1) is the main site

dedicated to storing and processing contemporary wastes and historical wastes - the

so-called “legacy” wastes.

Although frequently besieged by environmental protesters, Sellafield’s primary mission

is the safe decommissioning of this radioactive legacy. Progress is slow, with opera-

tions expected to continue for the next 100 years.2 There are many reasons for this

pace of progress, but the root cause is the need to ensure safety. Any change to the

waste through processing could have unforeseen consequences that worsen the situ-

ation rather than improving it. Even changes to the conditions in which the waste is

stored can result in unexpected changes to the waste-forms. As a result, any actions

on site are taken in a deliberate and measured way, and only after thorough analysis

and planning. In many cases, the first step in this plan is an extensive survey of what a

waste stream is actually composed of, as documentation is often unavailable. In other

cases, what is absent is the basic science necessary to understand what chemical or
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physical processes are occurring in a waste.

Figure 1: Aerial view of the vast 6 km2 Sellafield site,3 looking towards
Cumbria from the Irish sea. The contrast of old and new is visible through-
out the site. To the left, at the rear of the site, the shiny ‘golf-ball’ contain-
ment building of the shutdown Windscale Advanced Gas-Cooled Reactor
(WAGR) test reactor is visible. Slightly right, one will notice the remain-
ing flue stack of the infamous Windscale Pile reactor that suffered a fire in
1957.4 To the right of the river Calder, which cuts the site in two, towards
the rear of the site, the four square units of the shut-down Calder Hall
power station can be seen.

Early Nuclear Power in Britain

In this thesis, we consider one such example of a legacy waste stream known as Magnox

sludge. Before understanding what Magnox sludge is, it’s important to understand the

conditions and pressures that ultimately resulted in the formation of this waste stream.

Following the end of the Second World War, the United Kingdom’s cooperation with the

United States on atomic weapons and power came to a sudden end following the sign-
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ing of the Atomic Energy Act of 1946 (the MacMahon act) into law by President Harry

S. Truman. This act restricted British and Canadian access to the nuclear technology

that the two countries had helped the United States to develop during the Manhattan

Project, the clandestine project to develop the first atomic bomb. For the United King-

dom, this act caused considerable resentment as it overturned two previous agreements

made during the war to ensure technology sharing in the post-war years.5

Having been ejected from the United States’ program, the UK made the decision to

develop its own atomic weapons due to the delicate nature of peace in Europe at the

time. While the US had ambitions to be the only nuclear-armed nation for at least a

decade, the first successful nuclear test by the Soviet Union was detected by the US

and announced to the world in a speech by Truman on 23rd September 1949.6 While it

was not a surprise that the Soviet Union was pursuing its own program, it was a shock

that they had advanced so quickly. Thus, for the UK program, there was a wartime-like

urgency to make progress.

However, for the UK such an accelerated program was a major undertaking. The UK

lacked any of the required infrastructure or technology to produce and separate pluto-

nium, which was also covered under the US technology embargo. To embark on the

development of an atomic bomb would thus require the development, design and con-

struction of all of the supporting infrastructure. Any cooperation with the US seemed

highly unlikely. In a 1946 memo7 to then Prime Minister, Clement Attlee, the Controller

of Production (Atomic Energy), Viscount Portal, supported by the Chiefs of Staff, noted:

“However, it would certainly not be long before the American authorities

heard that we were developing the weapon ‘through the normal channels’

and this might well seem to them another reason for reticence over techni-

cal matters, not only in the field of military uses of atomic energy but also

in the general ‘know-how’ of the production of fissile material.”

Although the decision to proceed with the program was formally made in January

1947, British scientists working on the Manhattan project with knowledge of the United

State’s Hanford B pile reactor had been considering building British piles even before

the end of the war.8 When the time came, it was clear that a direct clone of Hanford
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B would not be possible in the UK. The water-cooled Hanford B required vast quanti-

ties of high purity water to prevent excessive corrosion of the fuel cladding. The only

potential site in the UK for such a reactor was Loch Morar in the Scottish highlands.

As well as its water having excessive chloride levels, despite being fresh water, trans-

porting materials to the remote site and housing the vast workforce seemed infeasible.8

Instead, an air-cooled pile was proposed, with the required cooling to be ensured by

adding fins to the fuel elements’ cladding. In the final design, each of the two proposed

piles was expected to produce 45 kg of plutonium a year, for a projected thermal power

of 100 MW.8 Having selected an air-cooled design, selecting a site for the new piles

was made considerably more straightforward. The site of ROF Sellafield, a war-time

ordinance factory, was selected due to it being a developed site with the required ser-

vices already available, and so was reacquired by the government after a brief period

of private ownership.8 Construction on the Windscale Piles at the Sellafield site started

in December 1947, with Piles No. 1 and 2 becoming operational in October 1950 and

June 1951 respectively.

Calder Hall

By the end of the 1940s, with the construction of the Windscale Piles well under way,

discussions were already ongoing about their successor. A design study requested form

Parolle Company, a turbine manufacturer, examined the feasibility of generating elec-

tricity from steam generated from gas circulating through a nuclear reactor.8 For the

reactor, a gas-cooled graphite pile seemed the obvious choice as this was an extension

of the Windscale pile design. Using gas rather than water as a coolant reduces neutron

loss and avoids the need for uranium enrichment or heavy water. Using pressurised gas

rather than air at atmospheric pressure allows for heat from the reactor to be captured

for power generation, as well as reducing the power required for blowers to circulate

the gas.

However, at Harwell, the intellectual home of the UK atomic energy project, there were

disagreements about whether to pursue such a gas-cooled reactor, or a fast-breeder

type reactor. The gas-cooled graphite reactor was seen as clumsy and low powered for
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Figure 2: Aerial view of Calder Hall power station9 as built in the 1950s.
The four separate units are visible, comprising Calder A and Calder B,
each unit providing 60MWe to the national grid.

a given size. Critics of the fast reactor saw it as too advanced to be technologically feasi-

ble.8 Seeking to improve the performance of the gas-cooled reactor, two improvements

were proposed. The first was to use high-density pure graphite. The second was to use

magnesium to clad or ‘can’ the natural uranium fuel elements.8 Both of these changes

served to reduce the wasteful absorption of neutrons and thus allowed the overall size

of the reactor to be reduced, for a given rated power.

By 1952, technical problems led to the fast-reactor program being postponed leaving

the gas-reactor as the only viable design.8 A new requirement also emerged - the plu-

tonium output from the Windscale pile was not sufficient for the weapons program.8

While building additional piles of the Windscale design was considered, the consensus

was eventually reached that this military requirement should be included in the design

of the new gas-cooled reactors. This resulted in the name, PIPPA, for ‘pressurised pile

producing industrial power and plutonium.’

Once it was decided that new chemically-pure graphite would be used, and that the fuel

would be clad in magnesium, the remaining choice was the coolant gas. While helium
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Figure 3: Queen Elizabeth II tours Calder A during the official opening on
17th October 1956.7

was technically best, it was not available in the UK and would have to be imported

from the US, but this was not possible due to the McMahon act. Carbon dioxide was

the next best choice, and also served to prevent the corrosion or combustion of the

magnesium fuel cans, at normal operating conditions. However, it was recognised that

even in carbon dioxide, rapid corrosion of the magnesium could occur if temperatures

exceeded 550 ◦C, and so the decision to alloy magnesium with other metals was taken.8

The final alloy, developed at Harwell, contained 98.85 % magnesium, 1 % aluminium,

0.1 % calcium, and 0.05 % beryllium.8 This alloy, which would later be replaced by the

similar ‘Magnox’ alloy, was resistant even in wet air to temperatures of 600 ◦C.

The first station of the PIPPA design was to be at Calder Hall (Figure 2), next to the

Windscale site, and was announced in parliament in February 1953.8 Construction

started on Calder A in August 1953, and Calder B was started in August 1955. Calder

A was opened officially by the Queen (Figure 3) on 17th October 1956, a little over

three years later. Calder Hall was the first nuclear power station generating electrical

power ‘commercially’.a

aCommercially in the sense that it supplied the National Grid; power generation in the 1950s was na-
tionalised. Additionally, the Soviet Union was the first nation to supply electricity produced from nuclear
steam to the grid at the Obninsk station in 1954, but this was an experimental reactor producing 5 MWe,
compared to 240 MWe from the four units at Calder Hall.
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Magnox Matures

Shortly after commissioning, the Calder Hall station was given a sister in the Chapel-

cross station near Annan in Dumfries and Galloway, which started operations in May

1959.8 While Calder Hall and Chapelcross were operated by the Atomic Energy Agency

with plutonium and military isotope production in mind, later additions to the Magnox

fleet were operated by the Central Electricity Generation Board (CEGB). These im-

proved upon the PIPPA design with the goal of optimising electricity production. Petrol

rationing during the Suez crisis and a decline in coal production led to the decision by

the government in 1957 to order 5 to 6 GW of new nuclear generation by 1965.8

To build these new stations, four consortia were formed who would supply the CEGB

with turnkey power stations. Each consortium was responsible for the design and con-

struction of each station. This resulted in no two stations being alike. Worse, research

at Harwell and operational experience at the earlier stations informed the newer de-

signs, resulting in changes during construction and retrospective changes to operating

stations. At best, these changes allowed the later Magnox stations to perform much

better than the earlier PIPPA designs, but at worst possibly served to make the program

uneconomic. In the end, including the PIPPA stations, 11 Magnox stations were built

in the UK, and two were exported.

Magnox Sludge

The chosen alloy to clad the fuel in commercial Magnox stations was Magnox AL80,

which was similar to the Harwell alloy developed for PIPPA. Magnox AL80 is 99.16 %

magnesium, 0.80 % aluminium, and 0.04 % beryllium.

The design of the Magnox alloy was to ensure that the fuel cladding would be inert in

accident conditions. The most credible of which was a boiler tube leak, or complete

failure, in which high pressure water would leak from a boiler tube into the lower

pressure carbon dioxide circuit, leading to an extremely corrosive environment of wet

gas at high temperatures.
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In normal conditions, following irradiation in the reactor the fuel elements would be

discharged to cooling ponds at the station. Constant cooling is required for spent fuel

elements due to the heat generated by short-lived fission products produced during the

fission of uranium in the reactor. Storing the fuel under water in this way also serves

to provide shielding from the radiation emitted. After some time in these ponds, the

rate of heat generation in the fuel elements would have reduced sufficiently to allow

the elements to be transferred to the Sellafield site. Once at the Sellafield site, the fuel

elements would be stored in another pond to await reprocessing. Of particular interest

to this thesis is the First Generation Magnox Storage Pond (FGMSP). Unlike the later

ponds, this pond is an open air pond. Storage of the fuel elements in the FGMSP was

always intended to be temporary as reprocessing of Magnox fuel elements at Sellafield

was a key part of the program to ensure a plutonium supply. Reprocessing also serves to

reduce costs by making unused uranium available for new fuel manufacture. Even for

the long fuel irradiations used in a reactor prioritising power generation, about 97 %

of the fertile uranium in the fuel remains un-fissioned.

While the Magnox alloy was tolerant of being stored under water, difficulties realising

the fuel-reprocessing led to a backlog of spent fuel being stored under water for ex-

cessive periods of time. The magnesium-rich Magnox alloy can eventually react with

water:

Mg + 2H2O Mg(OH)2 +H2

producing Mg(OH)2 (brucite), a mineral which forms a thick paste when wet. In its

pure state, brucite is safe and enjoys many industrial applications. However, in the case

of the First Generation Magnox Storage Pond, the brucite is contaminated with detritus

from the pond. This includes, but is by no means limited to, fragments of radioactive

spent nuclear fuel (introducing plutonium, uranium, fission products), organic com-

pounds from wind blown debris, impurities from pond furniture, and gaseous impuri-

ties from the air, now dissolved into the pond water. This is so the so-called Magnox

sludge.

Another Sellafield facility which has a considerable inventory of Magnox sludge is the

Magnox Swarf Storage Silo. The Magnox swarf is the material created by the de-

canning procedure during reprocessing, in which the cladding is peeled from the fuel
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elements. The removed cladding, contaminated and radioactive, was then discarded

into the storage silos, enormous concrete silos filled with cover water. As with the

ponds, this led to considerable quantities of sludge being produced by corrosion.

While much engineering effort is going into devising ways to de-risk these two facilities,

our interest is in the basic understanding of the processes which occur in the sludge,

and how these will impact the long-term stability of the sludge as a wasteform. The

working plan for the disposal of the Magnox sludge is to retrieve it and decant it into

engineered steel containers. These will be filled with cement grout, welded shut, and

sealed underground in a future deep geological disposal facility (GDF). However, it is

known that brucite produces combustible hydrogen gas when ionising radiation inter-

acts with the mineral. The mechanism by which this radiolysis happens is unknown,

but understanding may be important for the assessment of the suitability of the sludge

for this disposal route.

This thesis seeks to explore this mechanism, and to provide basic science to help inform

decision making at the Sellafield site.



Chapter 1

Background

Before we can develop a model to help understand the chemical and physical processes

occurring in Magnox sludge, we must understand what the sludge is actually composed

of. We must also understand how radiation interacts with material and in particular

how it interacts with water, given that the sludge has considerable water content. In

this chapter we will discuss the relevant published literature and try to build a picture

of the processes potentially occurring in the sludge.
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1.1 Introduction

The aim of this work is to understand the chemical and physical processes occurring

in Magnox sludge under irradiation. Before considering how to model the sludge, we

first must understand what the real Magnox sludge is composed of. As one might ex-

pect, having been exposed to the elements for many years, several main phases make

up the sludge. We will focus on one phase in particular, brucite, which constitutes the

main component of the sludge. We will examine its crystallographic and structural

properties, and how well these are predicted by theoretical models as a means of as-

sessing how well different approaches perform for this system. There have been some

attempts to study radiation effects in brucite, so we will discuss the insights that can be

gained from these experimental works. We also will spend some time considering how

thermal damage can happen in the material and will consider how this is related to

damage caused by irradiation. The electronic structure will be considered as this will

be crucial for understanding the processes arising from radiation and understanding

how the electronic defects we introduce might behave. We will consider briefly the

radiation-driven processes that occur in water. A sludge is a system of solid particles

containing water, so it would be remiss to study brucite without considering the sur-

rounding water. Finally, as sludge is not found as a single large macroscopic crystal

but as microscopic particles, we’ll look at brucite surfaces, the processes that occur on

them, and how adsorbed water affects radiolysis processes in related materials.

1.2 Irradiated Magnox Sludge

The most pressing question when considering problems related to sludge chemistry

concerns what the Magnox sludge is actually composed of. Analysis of real irradiated

Magnox sludge from the Sellafield ponds is rarely published. While some in-house anal-

ysis is done at Sellafield and by its partners, the sludge’s radioactivity precludes many

labs around the UK from handling samples. There are also safety issues around taking

sludge samples from the ponds, so few samples are available. Non-active samples of

corroded Magnox metal are available for analysis, but these lack the characteristic of

having been irradiated for decades, and this may affect the results. However, in order
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to develop a suitable model of the sludge, detailed knowledge of its real composition

is essential. In this section, we will examine a detailed multi-method analysis of some

“fresh” pond samples from the First Generation Magnox Fuel Storage Pond.

1.2.1 Analysis of Real Pond Sludge

One example of analysis of real sludge was carried out by Gregson et al. at the Na-

tional Nuclear Laboratory.10 Samples of real corroded and irradiated Magnox sludge

were examined by Environmental Scanning Electron Microscopy (ESEM) with Energy-

Dispersive X-ray analysis (EDX), Micro-Raman Spectroscopy, and Fourier-Transform

Infrared Spectroscopy (FT-IR). Samples were taken from both the bulk sludge and

by filtering solid particles out of the sludge liquor, the cover water which sits above

the sludge. Various locations within the First Generation Magnox Storage Pond were

sampled. Additionally, Corroded Magnox Sludge (CMS), a non-active sludge simulant

made by intentionally corroding Magnox alloy underwater, was tested alongside the

pond samples. Powder X-Ray Diffraction (XRD) is possible on the non-active CMS, and

this showed that that the simulant consists of mostly brucite (Mg(OH)2) and artinite

(Mg2(OH)2CO3 · 3 H2O, refer to Table 1.1).

The composition of the real sludge was very heterogeneous, as expected, with consider-

able variation seen depending on where in the ponds a sample was taken. ESEM/EDX

images showed sludge particles consisting of interlocking hexagonal platelets. These

images resemble those of the CMS stimulant, indicating that the conditions recre-

ated in the lab during the preparation of the CMS are not unlike those in the ponds

and that there is likely to be considerable amounts of brucite and artinite in the

sludge. EDX analysis revealed that some of the clusters of platelets throughout

the samples contained much higher Al fraction than the ∼ 0.8% w/w that would

be expected for Magnox AL80. This phase was determined to be hydrotalcite

(Mg6Al2(CO3)(OH)16 · 4 H2O). As well as the platelet morphology, ovoids and rod-

like morphologies were observed. EDX for these samples shows that they differ in the

ratio of C, O, Mg and Al, with the rods and ovoids having larger C peaks and smaller Al

peaks. One interesting observation was the presence of uranium oxides fines through-

out the samples.



1.2. IRRADIATED MAGNOX SLUDGE 4

N
a
m

e
M

g
x
(O

H
) y

(C
O

3
) z
·a

H
2
O

P
er

ce
n

t
(w

/w
)

C
o
m

m
en

t

x
y

z
a

M
g
O

H
2
O

C
O

2

C
o
m

m
o
n

Fo
rm

s

B
ru

ci
te

1
2

-
-

6
9

.1
3

0
.9

0
H

yd
ro

x
id

e
A

rt
in

it
e

2
2

1
3

4
1

.0
3

6
.6

2
2

.4
H

yd
ro

m
a
g
n

es
it

e
5

2
4

4
4

3
.1

1
9

.3
3

7
.6

N
es

q
u

eh
o
n

it
e

1
-

1
3

2
9

.1
3

9
.1

3
1

.8
H

yd
ra

te
d

m
a
g
n

es
it

e
M

a
g
n

es
it

e
1

-
1

-
4

7
.8

0
5

2
.2

A
n

h
yd

ro
u

s
ca

rb
o
n

a
te

L
es

s
C

o
m

m
o
n

Fo
rm

s

B
a
rr

in
g
to

n
it

e
1

-
1

2
3

3
.5

2
9

.9
3

6
.6

U
n

d
er

h
yd

ra
te

d
m

a
g
n

es
it

e
L
a
n

sf
o
rd

it
e

1
-

1
5

2
3

.1
5

1
.7

2
5

.2
E

x
tr

a
h

yd
ra

te
d

m
a
g
n

es
it

e
P
o
k
ro

vs
k
it

e
2

2
1

0
.5

5
3

.2
1

7
.8

2
9

.0
P
o
o
rl

y
h

yd
ra

te
d

a
rt

in
it

e
D

yp
in

g
it

e
5

2
4

5
4

1
.5

2
2

.3
3

6
.2

E
x
tr

a
h

yd
ra

te
d

h
yd

ro
m

a
g
n

es
it

e
G

io
rg

io
si

te
5

2
4

5
4

1
.5

2
2

.3
3

6
.2

E
x
tr

a
h

yd
ra

te
d

h
yd

ro
m

a
g
n

es
it

e
(d

yp
in

g
it

e)

T
a
b
le

1
.1

:
C

a
rb

o
n

a
te

d
m

a
g
n

es
iu

m
h

yd
ro

x
id

e
p
h

a
se

s
p
ro

d
u

ce
d

fr
o
m

th
e

in
fl

u
x

o
f

ca
rb

o
n

d
io

x
id

e
in

to
th

e
p
o
n

d
s.

R
ep

ro
-

d
u

ce
d

fr
o
m

G
re

g
so

n
et

a
l.

1
0



1.2. IRRADIATED MAGNOX SLUDGE 5

Raman was carried out on the CMS and compared to chemically pure Mg(OH)2. While

there were clearly many contaminants present, the characteristic signal of brucite was

observed after repeated photo-bleaching. The pond samples’ signals were too noisy

to be useful, again due to contaminants introducing fluorescence. Doping analytical

grade brucite with humic acid produced the same noisy spectra, confirming that organic

contaminants were likely to blame.

FT-IR spectra showed a resemblance between analytical grade brucite, CMS and pond

samples. The CMS and pond samples have some additional peaks beyond the charac-

teristic brucite O-H stretch peak at 3961 cm−1. In the CMS, there was a small shoulder

to the main peak, suggesting hydrogen bonding. The additional peaks’ frequencies

suggested carbonate groups such as in hydromagnesite (Table 1.1). One interesting

difference between the CMS and the pond samples is the presence of a broad peak at

3000 to 3660 cm−1, corresponding to water. While the CMS was easily dried, for the

pond samples this peak remained, even after four hours of drying. The pond samples

also showed evidence of carbonates.

While the real sludge has many contaminants, what is clear is that the majority of the

sludge exists as magnesium phases and that the main phase is brucite due to the hexag-

onal platelets present which were seen previously in CMS. XRD on the CMS confirmed

that these are due to brucite. The regions of the sludge containing high aluminium

concentrations may be due to either a surface coating, which would require transmis-

sion electron microscopy to verify or due to the brucite being converted to related

carbonated species, such as hydrotalcite. Hydrotalcite is a clay with a layered struc-

ture that incorporates ions and water. This could explain the water in sludge samples

which could not be removed by drying. The aluminium in hydrotalcites can be sub-

stituted for other ions, perhaps explaining some of the other elements indicated by

the EDX analysis. Further, hydrotalcites readily complex with carbonates, explaining

the additional peaks on the FT-IR spectra of the sludge, and explained by the age of

the sludge, which has been exposed to carbon dioxide in the air for decades. The rod

and ovoid particles, which contain carbonates, but the ‘correct’ Al:Mg ratio, are likely

artinite or nesquehonite. The flouresence noted during the EDX analysis indicates or-

ganic molecules adsorbed to the species. This is unsurprising given that the ponds are

open to the elements. Sources of organics include wind and rain blown debris, sea-bird
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guano, miscellaneous remains, algae and microbes. The range of species complicates

the picture of the sludge, with each affecting the solubility of actinides.11

On the basis of this analysis, it seems sensible that a basic model of the sludge should

consist of brucite.

1.3 Structure of Brucite

Having seen in section 1.2 that the main component of real Magnox sludge is the

mineral brucite, and that secondary phases are mostly carbonated phases derived from

brucite, it makes sense to treat brucite as a first approximation to the sludge. We now

turn our attention first to the structure of brucite and its geometric features and will

identify a suitable structure to base our model on. In the second half of the section,

we will review some modelling studies and consider how well different computational

approaches can reproduce the properties of the mineral.

1.3.1 Experimental Determination of Structure

Brucite mineral has been known since the start of the 19th century and was named

brucite after its discoverer, Archibald Bruce, in 1824.12 Although another mineral was

previously known as brucite (chondrodite12), here we refer to Archibald Bruce’s mag-

nesium hydroxide.

The structure of the brucite crystallographic unit cell is shown in Figure 1.1. Brucite is

an example of the layered double hydroxide family, all of which have the general for-

mula, X(OH)2, where X is a metal ion. Some common examples beyond brucite include

portlandite (Ca(OH)2), white rust (Fe(OH)2), pyrochroite (Mn(OH)2), theophrastite

(Ni(OH)2) and β-Ni(OH)2. All of these materials have the same structure, sometimes

called the brucite structure, which consists of layers of the metal ions associated with

hydroxide groups above and below. The hydrogens of the hydroxide ions point towards

the hydrogens of the adjacent layer. The layers are thus held together only by inter-

molecular forces. The system belongs to the P 3̄m1 space group, and so when viewed

along the c-axis, has hexagonal symmetry.
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(a)

(b) (c)

Magnesium

Oxygen

Hydrogenc

a

b

Figure 1.1: Structure of brucite. Pink, red and white spheres represent
magnesium, oxygen and hydrogen atoms respectively. The unit cell (a)
shows the unique atoms in solid colours. The translucent atoms are equiv-
alent atoms due to symmetry. A supercell created from the unit cell is
shown in (b) and (c). The side of the supercell, looking along the ab

plane, is shown in (b). The top of the same supercell is shown in (c),
looking down along the c axis. The black box in (b) and (c) indicates the
extent of the unit cell.

A sample of experimentally obtained lattice parameter data from the literature is col-

lated in Table 1.2.

There has been considerable interest in brucite and related layered double hydrox-

ides from the crystallography community,13–19 with a particular focus on how brucite

behaves under compression. As the layers of the material are only held together by

non-bonded interactions, the material contracts along the c-axis under pressure much

more readily than along the a or b-axes. It was also shown that the dependence of

the c lattice parameter on the applied pressure is non-linear, with a slowing of com-

pression at about 10 GPa.13,16,17 Attempts to identify the mechanism responsible for

the non-linear behaviour concluded that the vertically adjacent oxygens could only get
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so close to one another before the oxygen-oxygen repulsion increased significantly.16

At the same time, once the oxygens are close together, hydrogen bonds are induced

with the OH group acting a donor and the oxygen in the adjacent layer acting as the

acceptor.20 This situation can lead to proton transfer, as proposed by Freund21,22 and

shown by Shinoda and Aikawa by polarised IR spectroscopy.20

For the study of Magnox sludges, however, we’re most interested in brucite at atmo-

spheric pressure, given that this is the condition of the ponds, although we will consider

the phenomenon of proton transfer later (see section 1.5.3). Of greatest interest to us

while preparing a brucite model are the studies which use neutron diffraction. This

technique has the advantage over X-ray diffraction of being able to resolve the position

of hydrogen atoms. The neutron diffraction study of Catti et al.15 reports the lattice

constants at effectively atmospheric pressure and so provides an excellent reference

for a brucite model. However, Xu et al.19 showed that brucite is strongly anisotropic

in response to temperature, as well as pressure, with the thermal expansion along the

c-axis happening 7.7 times more rapidly than the a-axis. The temperature in the Catti

et al. study is not stated and no control of temperature is mentioned. Therefore, for

the purposes of producing a model, it is assumed that the sample was initially at room

temperature and that the macroscopic heating of the sample by the neutron irradiation

was minimal.

1.3.2 Modelling Studies of Brucite Structure

There have been a number of computational studies of brucite, using both quantum

mechanical and classical methods. In section 1.3, pressure-induced proton transfer

was discussed, indicating the significance of the c lattice parameter. In section 1.5.5, the

importance of the vibrational modes of brucite in proton transfer will be established.

With many computational approaches available, one must determine which can most

accurately reproduce the correct crystal structure and dynamics.

Pascale et al.23 calculated the vibrational spectrum of solid crystalline brucite using the

code, CRYSTAL. They calculated the vibrational properties with different levels of the-

ory, including Hartree-Fock (HF) and Density Functional Theory (DFT). Within DFT,

different approximations were considered, including the the Local Density Approxima-
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tion (LDA), Generalized Gradient Approximation (GGA) via the PW91 functional, and

hybrid DFT with the B3LYP hybrid functional. Typically, comparing calculated spectra

with experimental IR and Raman spectra is only possible when vibrational modes are

harmonic. In the case of the OH stretching mode, an anharmonic mode, a comparison is

difficult. Pascale et al. overcame this by numerically solving the 1D Schrödinger equa-

tion, and fitting the total energy calculated for different O – H distances. To examine

the effects of inter-layer interactions, both single and multi-layer slabs were simulated.

Parameter Experimental15 HF LDA PW91 B3LYP

a 3.150 3.148 3.099 3.179 3.167
c 4.770 5.263 4.413 4.717 4.854
c (BSSE corrected) 5.422 4.437 4.798 4.957
Vcell 41.0 45.2 36.7 41.3 42.2
ZO 0.2201 0.1972 0.2346 0.2210 0.2143
ZH 0.4210 0.3757 0.4570 0.4271 0.4125
ROH 0.958 0.940 0.982 0.972 0.962
BE 2.8 27.9 10.4 6.5
BE (corrected) 0.4 22.6 4.8 1.9

Table 1.3: Calculated brucite geometries from different levels of theory. a

and c are lattice parameters in Å, Vcell is the volume of the cell in Å3, ZH

and ZO are the fractional coordinates of hydrogen and oxygen, ROH is the
oxygen hydrogen separation in Å, and BE is the binding energy between
layers, in kJ/mol, with and without counterpoise correction. Reproduced
from Pascale et al.23

Mode Experiment24 HF LDA PW91 B3LYP

ωh (Raman) 4220 3558 3691 3847
ωe (Raman) 4219 3550 3680 3843
ω01 (Raman) 3654 4070 3325 3480 3663
ω02 (Raman) 7157 7990 6424 6760 7148
ωeχe (Raman) 98 75 113 100 90
ω01 (IR) 3698 4070 3410 3536 3693

Table 1.4: Calculated brucite OH stretching frequencies from different
levels of theory, treated anharmonically. ωh and ωe are the harmonic OH
frequencies. ω01 is the fundamental frequency, and ω02 is the first over-
tone. ωeχe is the anharmonicity constant. The calculated first IR overtone
is obtained by correcting ωh with ωeχe. Data is in cm−1. Reproduced from
Pascale et al.23
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The resulting geometries are reproduced in Table 1.3. PW91 outperforms HF and LDA,

and is in good agreement with experiment (within 0.053 Å for a and b). B3LYP does

not offer a substantial improvement. In all cases, the a parameter is generally better

estimated than c. Pascale et al. offer the explanation that this is because c is related to

the interlayer geometry and so is dependant on the weak interaction between the lay-

ers, while a is dominated by ionic interactions. None of the approaches used deal with

dispersive forces (van der Waals) that comprise one part of the weak interactions. For

the calculated vibrational spectra, reproduced in Table 1.4, B3LYP vastly out performs

PW91, LDA and HF, and is accurate to within 9 cm−1.

To examine the effect of the interlayer interactions, single layer slabs were compared

with the bulk. These calculations showed that interlayer forces play an important role,

with some modes coupled more strongly than others and showing differences of up to

340 cm−1.

An alternative approach to determining the vibrational spectra of brucite was taken by

Braterman and Cygan,25 using the ClayFF forcefield, a classical potential. In the origi-

nal parameterisation of this forcefield, developed by Cygan et al.,26 Coulomb and van

der Waals interactions are included between non-bonded atoms using partial charges

from quantum chemistry calculations. The O – H bond is represented by a harmonic

potential:

Ebond stretch ij = k1(rij − r0)
2

and the X – O – H angle, where X is an metal ion, is represented by:

Eangle bend ijk = k2(Θijk −Θ0)
2

Braterman et al. obtained a 2 % error with experimental data for the brucite cell pa-

rameters. The frequencies calculated are with 10-20 % of experimental values. This

is surprisingly good considering that it is a classical model, but the ab initio methods

reported by Pascale et al.23 produced frequencies to within 10 cm−1 and are at least an

order of magnitude better. One must also appreciate that the structural properties cal-

culated from ClayFF are in good agreement with DFT because brucite actually formed

part of the training data that was used to fit the model. That the vibrational data is

good is reassuring, as this was not used for fitting, but it is still quite far from the DFT
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results. Finally, one should, of course, remember that DFT represents an approximation

to reality and not an objective truth.

1.4 Experimental Irradiation of Brucite

Having established in section 1.2 that the main component of Magnox sludge is the

mineral brucite, and having reviewed the structure of brucite in section 1.3, we will

now turn our attention to studies of the properties of brucite under irradiation. We will

begin by looking at the work of LaVerne et al.27 which established estimates for the

quantity of hydrogen which can be evolved from brucite, and showed the dependence

of this yield on the species of the incident particle. Then we will look at the work

of Shpak et al.,28 which attempted to explain how this hydrogen can be produced by

radiolysis.

1.4.1 Measurements of Gas Evolution from Brucite under Irradiation

There have been few experimental works studying the irradiation of brucite, although

all have observed the production of hydrogen gas by radiolysis.27,28

In a study covering the chlorides and hydroxides of calcium and magnesium, LaVerne

and Tandon report yields for gas evolution from commercial lab grade Mg(OH)2 pow-

der, subject to irradiation.27 The samples were dried at 100 ◦C for 24 hours and weighed

to verify that adsorbed water had been removed, before being irradiated in a sealed

cell with a mica window. Weighing also served to verify that only adsorbed water was

removed, and not structural water. Hydrogen was detected with an in-line gas chro-

matograph following irradiation.

The results reported (summarised in Table 1.5) give GH2
-valuesa of

0.051 molecules/100 eV for γ-rays, and 0.038 molecules/100 eV for 5 MeV He

ions. The accepted GH2
for irradiation of bulk water with γ-rays is around

0.45 molecules/100 eV,29 suggesting that for a wet brucite powder, such as in a

aThe yield of molecular hydrogen due to incident radiation, given in molecules (not moles - the yields
are typically very small) per 100 eV of incident radiation energy
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Compound Radiation source

γ-rays He ions

Mg(OH)2 0.051 0.038
Ca(OH)2 0.200 0.051
CeO2 0.018 0.018
ZrO2 0.080 0.018
UO2 0.018 0.018

Table 1.5: H2 yields of various compounds from irradiation by
gamma and 5 MeV He ions. Units are molecules of H2 per 100 eV
of energy loss by the incident particle. In the cases of the ox-
ides, 1 % w/w water is adsorbed. Adapted from LaVerne and
Tandon.27

sludge, the brucite itself contributes only a small fraction of the total hydrogen yield.

For calcium hydroxide, the GH2
-values reported are higher, and this was attributed

to calcium hydroxide being more readily converted to its oxide than magnesium

hydroxide. MgO and CaO were also irradiated in an attempt to see the effect of

irradiation on adsorbed water, and it was observed that yields increased with increased

water loading. What was not clear was how readily each oxide converted to the

corresponding hydroxide, and thus, which species was actually producing the H2. The

yields are much higher than the other oxides such as CeO2, ZrO2, or UO2, hinting

that the oxide is being converted to hydroxide. For Mg(OH)2, the yield dependence

on dose was shown to be linear. The proposed products of the irradiation process are

magnesium oxide, water and hydrogen.

1.4.2 Studies of the Mechanism Responsible for Hydrogen Evolution

Shpak et al.28 attempted to demystify this decomposition mechanism. Naturally occur-

ring brucite was irradiated with γ-rays from a 60Co source to a total dose of 97.5 MGy.

To help quantify dehydroxylation, weight loss was measured in unirradiated and ir-

radiated samples heated over 60 minutes up to a temperature of over 700 K. From

around 500 K, rapid weight change is observed, which ceases at around 800 K, indicat-

ing that all available hydroxides have been removed, and giving an idea of the total

amount of hydroxide available to remove. Both samples were analysed with Electron

Paramagnetic Resonance (EPR), Proton Magnetic Resonance (PMR), and X-Ray Diffrac-
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tion (XRD). The EPR results for the unirradiated and irradiated samples showed sextet

splitting attributable to Mn2+ contaminants. The irradiated sample showed additional

sextets which were shown to be due to carbonates. XRD data supports the view that

a new carbonate phase is created by irradiation. When heated, weight loss analysis

suggested that this new carbonate phase is decomposed by heating, leaving behind

Mg(OH)2. The source of the carbonate in this process is carbon dioxide from the atmo-

sphere:

2Mg(OH)2 +CO2
γ

MgCO3 ·Mg(OH)2 +H2O

One possible mechanism proposed for the thermal carbonation process suggests that

the carbon dioxide must diffuse through the material to react with MgO, rather than

reacting directly with the Mg(OH)2.30,31 In this case, dehydroxylation must occur as a

first step

The carbonates which are formed withstand irradiation extremely well. The maximum

dose of 97.5 MGy was delivered over three years, and the EPR spectra, first taken after

three hours and then after two years, did not change. In the case of a wet sample

of Mg(OH)2, as the dose delivered increases, EPR shows the appearance of CO3
– and

CO2
– signals, and at the maximum dose, an O– signal.

A kinetic study was also carried out to obtain rate data for the proposed (thermal)

mechanism of Wengeler et al. (see section 1.5) from the literature.32 In this mecha-

nism, a proton attaches to an OH group in the brucite unit cell, which acts as a nu-

cleation site for dissociation. A water molecule then dissociates along with either a

hydrogen radical or proton, leaving the Mg-O product cell.32 Measuring the kinetics

of the thermal decomposition of the irradiated and unirradiated samples, Shpak et al.

found that both samples appeared to obey this two-step model.

1.5 Thermal Dehydroxylation Processes in Brucite

While relatively little research has been done on radiolysis processes in brucite, consid-

erable work has been done on the thermal decomposition of brucite, due to the interest

around potential applications and geological processes, as well as interest in gaining a

basic chemical understanding of oxides and their corresponding hydroxides. Here we
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will review highlights from this field and will consider what this can tell us about radi-

olysis processes in brucite. In the first part of the section, we will review the products

from the thermal decomposition of brucite. Like in brucite radiolysis, one of the main

products is hydrogen gas. Next, we will discuss the proposed mechanism for these de-

composition processes, and how protons are the key species. We will consider how the

protons, in particular, can be formed. In the latter half of the section, we will look at

the mobility of these protons, how they can diffuse through the material, and to what

extent their behaviour is quantum mechanical. Finally, we will review computational

works that have studied this thermal dehydroxylation process.

1.5.1 Products of the Thermal Decomposition of Mg(OH)2

Martens, Gentsch and Freund33 explored the thermal decomposition of Mg(OH)2 as a

function of temperature. By hydrating high purity MgO samples by vapour phase hy-

dration under vacuum, extremely pure and contaminant free Mg(OH)2 samples could

be prepared. During the experiment, the sample was heated slowly to 1000 ◦C. The

experimental apparatus was kept at ultra-high vacuum (10−9 Torr), and the in-line an-

alytical apparatus and pipework was maintained at a temperature of 200 ◦C to prevent

gases being adsorbed onto metal surfaces. These precautions minimise the potential

for any side reactions and allow all of the gases of interest to be detected.

The results showed that water is liberated first, starting at around 250 ◦C. A maximum

rate of water evolution is quickly reached at 325 ◦C, before dipping and rising to a

secondary maximum at 450 ◦C. A third maximum is seen at 600 ◦C. This behaviour is

explained by the conversion of Mg(OH)2 to MgO. It’s proposed that the dehydroxyla-

tion takes place at the surface of the hydroxide. After some time, all of the OH– groups

have been removed, leaving a MgO-like phase. However, in contrast to the trigonal

symmetry Mg(OH)2 possesses, MgO is cubic. Recrystallisation of the MgO-like phase

occurs and a new Mg(OH)2 surface is exposed. This results in a rapid increase in the

rate of water formation, and a new maximum. Molecular hydrogen evolution lags the

water formation, first peaking at 450 ◦C. This occurs after the first recrystallisation to

a cubic MgO phase. It’s suggested that defects in the MgO surface are responsible for

H2 formation.



1.5. THERMAL DEHYDROXYLATION PROCESSES IN BRUCITE 16

Drawing on then recent work by Derouane, Friplat and André,34, they suggest that

when two OH– groups neighbour a cation vacancy (a missing Mg ion), the reaction

that takes place is:

2OH− 2O− +H2

In addition to the H2 peak at 450 ◦C, Martens et al.33 also reported that at higher

temperatures, a second H2 peak appears, and occurs at the same time as the detection

of atomic oxygen. This was proposed to be due to the thermal decomposition of any

remaining OH– groups:

OH− O− + 0.5H2

and the decomposition of O– ions:

2O− O2− +O

Ignoring the high-temperature processes and considering only the first mechanism, it

is important to establish on thermodynamic grounds whether a hydrogen molecule can

form within, or on the surface of, a MgO crystal. Derouane et al.34 demonstrated with

a simple ab-initio model that the H2 could be stable in this situation. They considered

the linear arrangement of atoms:

[Mg−O−H···H−O−Mg ]2+

and calculated the total energy profile as a function of O – H bond length, while holding

the Mg – O bond length fixed. The two Mg – O – H units are treated as being symmetric.

If the formation of a H2 molecule is stable, arising from the approach of the two pro-

tons in this chain, then the total energy of the system should have a minimum when

the H – H distance is close to that of molecular hydrogen. The resulting profile shows

two minima - a deep minimum which approximates the geometry of Mg(OH)2, and a

shallow minimum where the H – H distance is close to that of molecular hydrogen. The

deep minimum occurs 145 kcal below the peak of the barrier, and the shallow minimum

occurs 3.9 kcal below the barrier. This results in a calculated dissociation energy of OH–

of around 72.5 kcal mol−1. This is less than the value for an isolated gas phase molecule

of 102.4 kcal mol−1, indicating a catalytic effect due to the MgO ‘surface’. When the re-

verse process occurs, the calculated dissociation energy of H2 is 4.1 kcal mol−1, which
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is very small compared to the gas phase value of 104.2 kcal mol−1. Again this appears

to related to the presence of the MgO surface. While there may be some uncertainty

around the absolute numbers gained from this approach due to the simplicity of the

model, what it does show is that molecular hydrogen can be stable in a MgO lattice in

some circumstances.

1.5.2 Thermal Decomposition Mechanisms

Wengeler, Martens and Freund32 proposed a two-step model that could occur and lead

to the formation of water and hydrogen in Mg(OH)2. The proposed elementary pro-

cesses which lead to the formation of the MgO are:

Mg(OH)2
k1

+H+
H2O−Mg−OH

k2

−H2O,−H• or−H+
Mg−O

The protons (H+) for the first step are created from the dissociation of OH groups.

Around 10 × 1013 mol−1 are created before the process is initiated. The proton forms

a water from an OH group, forming the nucleation centre. In the second step, the MgO

product cell is formed through the loss of a water molecule, and either a proton (H+)

or a hydrogen atom (H•). If the nucleation process is slow, then a distinct interface

between the MgO and Mg(OH)2 phases can arise.

Wengeler et al.32 attempted to verify the formation of water inside the Mg(OH)2 struc-

ture. First, while carrying out infrared spectroscopy on powdered Mg(OH)2, the tem-

perature of the sample was increased steadily in steps. The peaks corresponding to the

OH stretching mode belonging to Mg(OH)2, νOH, and the OH bending mode belong-

ing to H2O, σOH, were identified. As the temperature was increased, the intensity of

the νOH peak slowly decreased. At the same time, the intensity of the σOH mode ap-

peared from the noise and increased, suggesting the conversion of hydroxides to water

molecules. The sample was left to cool in darkness at a thermostatted temperature of

33 ◦C. When the IR spectrum was captured again, the νOH peak had returned to its ini-

tial intensity, and the σOH peak had disappeared back into the noise. This demonstrates

that the process which creates the water molecules at high temperatures is readily re-

versible and that the water does not escape the crystal but is retained. This suggests
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that the process occurring is likely to be the capture of protons at OH– sites.

1.5.3 The Formation of Protons in Mg(OH)2

Clearly, the only hydrogen in Mg(OH)2 is in the hydroxide groups. The dissociation

process of the OH– ion follows:

OH− O2− +H+

Prior to the work of Martens and Freund,35 only gas phase thermodynamic data was

available for this dissociation process, and this does not necessarily correctly represent

the situation in a condensed phase. To obtain a potential energy profile for this process,

one first needs to realise that the stretching vibrational mode of the O – H bond is

anharmonic. Thus, as a model, Martens and Freund used the Morse potential:

V (r) = D

{

1− exp

[−α(r − r0)

r0

]}2

(1.1)

where D is the dissociation energy for the process, α is an exponential factor, r is the

O – H distance, and r0 is the equilibrium O – H distance. Then, from a solution of the

Schrödinger equation with this potential, the eigenvalues for the OH stretch modes are

given by:

E(n) = D
1

γ2

[

2αγ

(

n+
1

2

)

− α2

(

n+
1

2

)2
]

where γ =
√
2µDr0/~, and where µ is the reduced mass of the OH– ion. Knowing this,

one can then obtain the transition energies for the process from:

E0n = E(n)− E(0), n = 1, 2, ...

where E0n is the transition energy to go from the vibrational ground state, 0, to the

excited state, n. Once one has these values, the dissociation energy, D, and the expo-

nential factor, α, can be calculated from the experimentally obtained overtone spectra.

Using both single-crystal and powder Mg(OH)2 samples, they measured the vibrational

spectra by both infrared and Raman and detected and identified the fundamental fre-
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quency (0 → 1 transition) and the first five overtones (0 → n, n = 2, 3, ..., 6).

Using the transition energies, for an O – H distance of 0.995 Å, a dissociation energy, D,

of 4.70 eV is obtained, with an exponential factor, α, of 2.294. After substituting these

values into equation 1.1, we obtain:

V (r) = 4.70

{

1− exp

[−2.294(r − r0)

r0

]}2

(1.2)

0.0995

O OHH

0.09950.1885

2.8 eV

Figure 1.2: OH– dissociation potential energy profile derived by Martens
and Freund.35 The red and blue curves show the Morse potentials for
the O – H stretch mode, given by equation 1.2 fitted from IR and Raman
data for powder and single crystal Mg(OH)2 samples. The solid black line
is the potential energy profile obtained by adding the two overlapping
Morse potentials. At the O···O distance depicted, the barrier is approx-
imately 2.8 eV. The geometry of the system depicted assumes a bowed
O – H···H – O, rather than the four atoms along a line. Based on Martens et

al.35

As a check on this result, one can consider the energy that would be needed for the

dissociation of a single, isolated hydroxide group. At a value of 4.70 eV (consider either

Morse curve in Figure 1.2) this is in excellent agreement the with the value of 4.71 eV

from gas-phase thermodynamic data.

Now by considering this potential for the condensed phase case in Mg(OH)2 where



1.5. THERMAL DEHYDROXYLATION PROCESSES IN BRUCITE 20

the oxygens are at their minimum room temperature separation (Figure 1.2), one can

obtain the overall potential energy curve for the dissociation process by summing the

potential energy curves. The resulting barrier is about 2.8 eV, although this is very

sensitive to the exact configuration of the atoms which changes constantly due to ther-

mal motion. The difference in energy between the ground state, E0, and the top of

the barrier is around 2.6 eV. The highest experimentally observed overtone was at

19 320 cm−1, or 2.4 eV, suggesting that this model is reliable.

1.5.4 Proton Diffusion in Brucite

As has been shown, for any radiolysis process to lead to hydrogen generation in brucite,

the source of the hydrogen must be the dissociation of hydroxide groups. However, for

there to be a substantial effect, the protons must be mobile enough to either find each

other, to form molecular hydrogen, or to find another unit cell in which to react and

form some intermediate.

The diffusion of protons through Mg(OH)2 was first measured by Gieseke, Nägerd and

Freund in 1970.36 They assumed that thermal decomposition would proceed according

to the following reactions. First, a proton is transferred from one hydroxide group to

another, leaving behind an oxygen anion and forming a water:

OH− +OH− O2− +HOH (R 1.1)

That proton can be transferred to a neighbouring hydroxide, forming a new water and

restoring the hydroxide:

HOH+OH− OH− +HOH (R 1.2)

Additionally, the oxygen anion can also accept a proton from a hydroxide, forming a

hydroxide and a new oxygen anion.

O2− +OH− OH− +O2− (R 1.3)

These processes can all act as means of proton conduction within brucite.
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If protons are being transferred, charge is being transferred. Thus, Gieseke et al.36 mea-

sured both the dielectric loss factor and the free water loss, as a function of temperature

in Mg(OH)2. This showed an increase of the loss factor with increasing temperature

until about 60 ◦C before water loss started. After this temperature, the loss factor

decreases. This was explained as the number of H2O and O2 – pairs increasing with

temperature until there were no more un-defective OH groups available. The mobility

of the protons remained constant until high temperature when the thermal motion of

the lattice stunted their movement. This thus explains the steady increase in the loss

factor until some critical temperature, before a sharp decline.

Clearly, from the work of Gieseke et al., very few free protons are seen at room tem-

perature.36 Only at higher temperatures can the protons begin to contribute to the

conductivity of the material these lead to the formation of free water molecules. While

this simple mechanism seems complete, work by Freund and Hösen37 sought to im-

prove the understanding. Using direct current measurements of conductivity, the same

trend is observed, with a peak in conductivity at 207 ◦C. Fitting the Arrhenius equation

gave an activation energy of 2.1 eV. Outside of the temperature range 170 to 240 ◦C,

the direct current conductivity is very low, suggesting that the electron density associ-

ated with the O2 – ion is tightly localised to the OH group. Above 170 ◦C protons are

clearly liberated in great numbers, but it is not clear how. Recall that the activation bar-

rier determined by Martens and Freund for the OH– dissociation process in a periodic

lattice was around 2.6 eV above the vibrational ground state (see section 1.5.3).35

One explanation is that the protons can tunnel through the activation barrier, trans-

ferring from one OH– ion to another. This is only possible when close OH contact is

provided by the lattice phonon modes, the angle between the OH groups is correct,

and the OH stretch modes are in sync. These direct current results suggest that pro-

tons are thermally excited to higher energy vibrational states, approaching the proton

conduction band edge which lies at about 2.3 eV above the ground state.35 Scattering

processes keep the protons relatively local and they become trapped at OH– sites. The

water molecules formed then diffuse out of the material, if at an interface or near the

surface. The initial rise of the conductivity is thus due to the increase in the number of

free proton charge carriers as the temperature increases. This saturates at some tem-

perature, as no further protons are available. The excited protons are very mobile, but
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as the temperature increases and excites phonon modes, scattering processes reduce

the mobility of the protons. The protons are finally captured by available OH– ions and

free water molecules are formed.

Related work by Freund and Wengeler22 showed that this mechanism seems to hold for

the other layered hydroxides, Ca(OH)2 and Al(OH)3.

1.5.5 The Proton Conduction Band

A one-dimensional representation of the OH– dissociation potential has been shown in

Figure 1.2. While the underlying Morse potential suggests that OH– dissociation will

occur at around 4.7 eV, this is only the case for an isolated OH– molecule in a vacuum.

In reality, the OH– group is embedded in the Mg(OH)2 lattice. From Figure 1.2, we

can see the overlapping potentials for two O – H stretching vibrations serve to lower

the overall potential. In the case of a solid Mg(OH)2 crystal, the effective potential is

periodic, and respects the periodicity of the lattice, as shown in Figure 1.3. Martens and

Freund35 identified the excited OH stretching vibrational bands of Mg(OH)2, showing

that at least 6 excited states were observable by experiment. From the isolated OH–

potential, we know that there exists an n = 7 level, but from Figure 1.3, we see that

the lowering of the overall potential results in this level not residing in the well, and

instead there being a proton conduction band. The existence of such a band has been

seen experimentally as an adsorption edge and measured as being at an energy of

around 2.0 eV.22,35 This was confirmed by conductivity measurements by Freund et

al.,22 which detected an activation energy for the p-type conduction mechanism of

around 2.0 eV. This energy is just below the fourth overtone (0 → 5), and so lies

below the top of the potential barrier (Figure 1.3), which raises questions about how

the proton can escape from the potential well. This can be explained by considering

the sensitivity of the potential barrier to the positions of the atoms. Thermally induced

motion can lower the barrier slightly, allowing the protons to become free at a lower

energy. High conductivity is explained by the high mobility of the protons, which act as

charge carriers, once they have been excited to the proton conduction band and become

delocalised. The activation energy for p-type conductivity in the closely related calcium

hydroxide (Ca(OH)2) is around 2.2 eV.22 The OH– potential is almost identical, but in
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Ca(OH)2, the distance between oxygens is larger. This pushes the proton conduction

band up, and thus explains the higher activation energy for p-type conductivity.
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1.5.6 Quantum Effects on Proton Mobility

While for electrons there are no states in the gap, for the proton ‘semiconductor’ there

are equally spaced levels.38 By assuming a Boltzmann distribution:

B = exp

(

−En − E0

2kT

)

(1.3)

one can estimate the populations of each level at a given temperature, where En − E0

is the energy difference between level n and level 0. Due to the protons behaving

quantum mechanically as waves, there is some tunnelling probability, Π, given by:

Π ∼ exp

(

−2

h

∫ x2

x1

√

2m(Ep − En)dx

)

(1.4)

where Ep is the energy at the bottom edge of the proton conduction band, x2−x1 is the

width of the barrier at the level at which tunnelling occurs, h is Plank’s constant, and

m is proton mass. Finally, the total transmission is given by the product B · Π. Freund

et al.38 showed that from this model the maximum transmission occurs at level n = 3,

which lies below the proton conduction band. This suggests that quantum tunnelling

will occur to some extent. They suggested that this may present as the mechanism:

O2− +OH− OH− +O2−

where O2 – acts as a defect proton, leading to the movement of negative charge as per

n-type conductivity. From the earlier work on conductivity in Mg(OH)2, it was shown

that the activation energy for n-type conductivity is around 1.0 eV.22 This corresponds

to levels n=1,2 and 3 being tunnelling levels. Freund et al. are careful to avoid claiming

that this is a fully quantum mechanism, instead opting for “thermally stimulated proton

tunnelling” or even “proton hopping”, because the effect is local and limited to a range

of one unit cell. Finally, they point out that in the situation where one has a defect

proton, O2 – , the physics will be different and the barrier to the proton transfer will

instead be due to: O2 – – H+···O2 – .
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1.5.7 Computational Studies of Brucite Dehydroxylation

Churakov, Iannuzzi and Parrinello39 considered the simultaneous dehydroxylation and

carbonation process:

Mg(OH)2 +CO2 MgCO3 +H2O

in which two processes occur:

Mg(OH)2 MgO+H2O (R 1.4)

MgO+ CO2 MgCO3 (R 1.5)

The motivation of this computational work was to uncover the details of the mech-

anism. Using density functional theory at the Generalized Gradient Approximation

(GGA) level, they carried out a number of molecular dynamics simulations. As their in-

terest was in reactions, Metadynamics was used to enhance the sampling in the molecu-

lar dynamics simulation. This is necessary due to the reactions being rare events which

are unlikely to occur on the time scales accessible by standard molecular dynamics.

The first two collective variables used to drive the metadynamics was the coordination

number of a single oxygen with respect to its two nearest magnesium neighbours. A

third collective variable was the coordination of this oxygen with its bonded hydrogen.

The surface considered was the (11̄00) surface, which gives access to the interlayer

space in the brucite structure, as well as matching a common cleavage plane of MgO.

This showed that the lowest energy barrier to be crossed is the transfer of a proton

from a neighbouring layer to an OH group to form a water molecule. They estimated

this barrier to be about 17 kcal mol−1. This, however, cannot easily lead to dehydrox-

ylation as the water is trapped between the layers. A transition state was observed at

23 kcal mol−1 above the pristine state, in which one Mg – O bond is broken. This allows

the OH– ion to rotate and take a proton from the adjacent layer, crossing a barrier

of 13 kcal mol−1. The resulting water then must break free from the non-bonded in-

teractions with the surrounding layers. The consequence of this process is that there

is an OH– vacancy between two under-coordinated magnesium ions. There is also

a de-protonated oxygen with a dangling bond. Metadynamics revealed that the CO2



1.6. ELECTRONIC STRUCTURE OF BRUCITE 27

molecule is adsorbed at this OH– vacancy, leading to further rearrangement in the

adjacent layer.

Masini and Bernasconi40 also used ab initio molecular dynamics and simulated anneal-

ing to study the reactivity of brucite surfaces. They acknowledged the possibility of two

dehydroxylation mechanisms, both arising from the transfer of a proton from one hy-

droxide group to another, to form a water molecule. The proton can come from either

the same layer or from the adjacent layer. They considered the bulk crystal and the

ideal (1000) surface. For the (1000) surface, the water condensation reaction is due to

a proton transferring from the same layer at the surface, resulting in a dehydration en-

ergy of 2.8 eV. In the bulk, the dehydration energy was also found to be lower at 2.4 eV

for condensation in the same layer, and 2.8 eV for the adjacent layer. This difference in

energy for the bulk case was explained by the distance between hydroxides. Hydrox-

ides in the adjacent layers in the bulk are closer than neighbouring hydroxides in the

same layer. These energies seem to be considerably different from the free energies

estimated by Churakov et al.39, who estimated a condensation energy of only around

0.5 eV, albeit for the (11̄00) surface. The reason for this difference is not immediately

clear.

1.6 Electronic Structure of Brucite

There has recently been some attention towards the electronic properties of magnesium

hydroxide and the layered double hydroxides in general. This is perhaps due to the

interest in layered materials following the discovery of graphene in 2004 by Novoselov

et al.41 At the time of writing, the original publication has close to 40,000 citations. For

our purposes, knowledge of the electronic properties is crucial for understanding how

electrons and holes will interact with the brucite during irradiation. In the first half

of this section we will review a detailed study of the ground state electronic structure,

and then in the latter half, we will review calculations of excitonic effects in brucite.
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1.6.1 Ground State Properties in Brucite and Portlandite

Pishtshev, Karazhanov and Klopov42 recently investigated the electronic and structural

properties of brucite and its analogous cousin, portlandite (Ca(OH)2). The majority of

the calculations were performed with the plane wave DFT code, VASP, using an 8×8×8

k-point grid, and the HSE06 functional, with the exact exchange mixing coefficient, α,

tuned ‘by hand’ using the dielectric matrix elements. The calculated geometries were

in good agreement with the experiment, as in previous works. Bader analysis was able

to provide insight into the nature of the ion-covalent nature of brucite. The magnesium

atoms were almost fully oxidised, with a net charge of +1.79, indicating that they be-

have ionically in this system. The hydrogen atoms had a charge of +0.56, while the net

charge of the oxygen was -1.45. Clearly, the electronegativity of oxygen in this system

is important. This is further evidenced by the valence electrons of the oxygen atoms

occupying about 78 % of the cell volume. The calculated band structure of brucite

showed a direct gap at the Γ-point of 7.7 eV. The conduction band was shown to be

dispersive, with low effective masses close to those of ZnO. The hole effective masses

are heavy, due to the valence band state being strongly localised on the oxygen atoms.

The calculated density of states shows that the valence states are dominated by contri-

butions from oxygen atoms and in particular, degenerate oxygen px and py states. The

oxygen pz states lie at lower energy and are associated with the covalent O – H bond.

The conduction band is characterised by hybridised magnesium and oxygen s orbitals.

Comparison of the calculated density of states with the experimentally measured X-

ray photoelectron spectrum shows good agreement for the main features. The work

function is given by:

W = Evacuum − EFermi

where EFermi is the Fermi level energy, taken as the top of the valence band, and

Evacuum is vacuum level energy. Using a 1×1×5 supercell in contact with vacuum,

Evacuum was determined from the electrostatic potential in the vacuum away from the

brucite surface. The work function was thus estimated to be 4.46 eV. Optical properties

were calculated using the G3W0 method. This opened the band gap from 7.7 eV for the

modified HSE06 functional, to 8.26 eV for G3W0.
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1.6.2 Excitons in Brucite

Pishtshev, Karazhanov and Klopov43 followed their previous analysis with a closer ex-

amination of excitonic effects. Using their previous approach and the G3W0 + BSE ap-

proximation, they calculated the imaginary part of the macroscopic dielectric constant.

This showed strongly bound electron-hole states, with peaks at 7.24 eV and 7.83 eV,

indicating excitonic behaviour. These states were ascribed to the holes and electrons

localised in the occupied valence oxygen orbitals.

Karazhanov, Pishtshev and Klopov44 noted that the Coulomb interaction between an

electron and hole can be characterised partly by the macroscopic dielectric constant,

ǫ∞, and how large the binding energy is. For Si, ǫ∞ is 11.7 and the binding energy is

14.7 meV. For ZnO, ǫ∞ is 7.9 and the binding energy is 59.0 meV, indicating that in

ZnO, excitons exist at room temperatures. For Mg(OH)2, Pishtshev et al.43 calculated

ǫ∞ to be 2.33, suggesting that binding energy will be much larger than ZnO. The re-

sulting binding energy was found to be 0.46 eV. Experimentally obtained transmittance

spectra indicated an exciton binding energy of 0.53 eV, which is in good agreement with

the GW+BSE results.

1.7 Radiolysis Processes in Water

Thus far, we have discussed the properties of brucite and that processes that occur

within it. However, a sludge is not a dry material and real Magnox sludge instead

resembles silt from a river bed. In section 1.2, we discussed the electron microscopy

images of Gregson et al.10 that showed that the sludge mineral phases exist as small

particles, with the largest having diameters of the order of micrometres, and the small-

est having diameters on the order of picometres. Around these particles, there is a

non-negligible amount of water. On this basis, it’s important to consider what hap-

pens to water when it is irradiated. Additionally, water is an intermediate product in

the thermal dehydroxylation of brucite, and may also be formed by irradiation, and

may subsequently act as a nucleation site for further radiolysis products. Molecular

hydrogen is a well-known product from the interaction of radiation with water, with

the yield for γ-ray irradiation commonly cited as being 0.45 molecules/100 eV at room
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temperature.29 In this section, we will discuss the many processes which occur in water

radiolysis. The exact processes which occur in water during irradiation are still not fully

understood, but this section will act as a very condensed account of the last 65 years

of water radiolysis research. The first half of the section will discuss the radical species

and how their formation and chemistry accounts for much of the observed hydrogen

yield. In the latter half, we will discuss how the remaining yield is due to ultra-fast

processes that are only now being understood with modern laser technology.

1.7.1 Diffusion of Radicals

A standard model to describe radiation chemistry is the ‘spur diffusion model’.45,46

It arises from the observation that when a medium is irradiated, the distribution of

ionisations varies in the material spatially, as well as with time.47 Each ionising particle

which interacts with the material will create a ‘track’ - a region of space, approximately

cylindrical in shape with a diameter of a few tens of ångstroms, where the highest

concentration of radicals will be created. In addition to the primary track, there will be

additional ionisations created by the transit of secondary particles (typically electrons)

at lower energy, ejected from the main track in a region known as a ‘spur’.45 Additional

electrons can be created at successively lower energies. The distance between primary

ionisations caused by the initial ionising particle depends on the particle’s velocity. For

a fast 450 keV electron, the distance between ionisations may be 4600 Å, whereas for

6 MeV α-particles, the distance may only be 9 Å.45 Over time, the radicals will diffuse

and react to form the final products - mostly H2 and H2O2.

In a material, at any given time, there will be many tracks of different ages, and in

different locations and orientations. Earlier attempts to model radiation chemistry as-

sumed that the intermediate ions would be distributed homogeneously throughout the

material,48 but this theory doesn’t capture the very high ionisation densities seen in

experiments along a radiation track or spur. The spur diffusion theory was first applied

by Magee47 and treats the ion density as being distributed within a cylindrical volume.

The ions can then diffuse and be lost by recombination over time, which can be ex-

pressed as a differential equation. Samuel and Magee45 used this model to predict the

yields of two reactions that result in the decomposition of water. Considering only •H
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and •OH radicals, their initial distributions in a given spur were assumed to follow a

random spherical distribution. This distribution then has dependence on time due to

diffusion. From this, the chance of two particles colliding and reacting can be calcu-

lated, and hence the yield of the assumed chemical processes found. It was found that

this approach had reasonable agreement with experiments available at the time.

Schwarz46 applied the drift diffusion model to water radiolysis, but included •H,

H2O+,•OH, H2 and e–
aq among the reactive species, and an improved approximation

for diffusion. The results of this model predict a convincing molecular hydrogen G-

value of 0.431 molecules/100 eV for pH 7 water. While early works from the 1950s and

60s have resulted in many mechanisms being proposed for the evolution of H2 from

water, the model of Schwarz indicated that the following reactions are most important:

eaq
− + eaq

−(+2H2O) H2 + 2OH− (R 1.6)

eaq
− + •H(+H2O) H2 +OH− (R 1.7)

eaq
− +H+ •H (R 1.8)

Clearly only a few precursors are responsible for the molecular hydrogen evolved. The

use of scavenger species in experiments allowed the idea of molecular hydrogen gen-

eration being dependant on precursors to be tested. If particular precursors could be

scavenged, and if this resulted in a reduction of H2 yield, then the dependence on pre-

cursors would be verified.49,50 Peled and Czapski49 showed that H2 production could

be effectively stopped by the addition of e–
aq and •H scavengers, and so concluded that

reactions R 1.6 to R 1.8 were the likely to be the key reactions for this process. Draganić

and Draganić50 took this approach further by selectively and separately scavenging e–
aq

and OH. During water radiolysis, H2O2 is detected, presumably created by the reaction:

•OH+ •OH H2O2 (R 1.9)

The OH radicals required are also consumed by:

•OH+ e−aq OH− (R 1.10)

•OH+ •H H2O (R 1.11)
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Thus, if e–
aq was scavenged, reaction R 1.10 and reaction R 1.11 would be suppressed,

and more H2O2 would be formed by reaction R 1.9, whilst decreasing the formation

of H2. Conversely, removing •OH should increase the yield of H2. The experimental

results verified this and it was found that simple additive equations could be fitted to

predict the yields in the presence of scavengers.

1.7.2 Short Lived Transient Species

Improved analysis of the data from scavenging experiments,51 and improved models

of the scavenging processes52 confirm that reactions R 1.6 to R 1.8 account for around

70 % of the molecular hydrogen arising from γ-ray irradiation of water. There does,

however, remain a source of molecular hydrogen that cannot be prevented by scaveng-

ing the hydrated electron. Pastina, LaVerne and Pimblott53 attempted to find the reason

behind this ‘nonscavengable’ yield by using scavengers, such as SeO4
– and MoO4

– ,

which would scavenge the precursors to hydrated electrons (presolvated electrons).

This showed that by scavenging these precursors, the yield of H2 could be reduced to

effectively zero. The explanation offered was that molecular hydrogen could be pro-

duced by:

H2O
− H− + •OH (R 1.12)

H− +H2O H2 +OH− (R 1.13)

Or by:

H2O
− H2 +O− (R 1.14)

where the water anion is formed from the capture of hydrated electron precursors.

Thus, there is a direct route to molecular hydrogen from the hydrated electron precur-

sors. Those that don’t react in this way become hydrated electrons, and react according

to reactions R 1.6 to R 1.8. Later work by LaVerne and Pimblott verified that the de-

pendence on non-hydrated electrons holds for proton and helium ion irradiation, not

just gamma.54 This work also showed that in the case of 5 MeV helium ions, molecu-

lar hydrogen is formed very quickly, suggesting that the diffusion of radicals is not the

mechanism responsible, and follows second-order kinetics. Processes which are uni-
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molecular, such as the dissociation of the water anion, are first-order. It was proposed

that the likely reaction was dissociative recombination:

H2O
•+ + (e−)∗ H2O

∗ (R 1.15)

H2O
∗ H2 +O (R 1.16)

For the helium ion beam, the Linear Energy Transfer (LET) rate, which describes the

energy deposited into the medium per unit length, is very high compared to protons

or gamma, due to the large helium ion losing kinetic energy quickly. For gamma, the

LET is around 0.2 eV nm−1, where as for 5 MeV helium ions, it is 156 eV nm−1. For he-

lium, this LET is enormous and considering that a water molecule has an approximate

diameter of 0.3 nm, this could correspond to multiple ionisations in a single molecule.

Thus, the proposed mechanism arises from the very high density of ions produced by

the helium ion track. The proposed mechanism has three competing reactions. Firstly,

water cations do not need to diffuse to react - they could immediately react to give

an excited state complex which quickly dissociates to give molecular hydrogen. At the

same time, the electron ejected in the formation of the water cation could instead be-

come hydrated. Finally, the water cation could also react with another water molecule

to form hydronium (H3O+) and a hydroxide radical. This is an interesting result as

it emphasises the importance of holes in water radiolysis. The reactivity of the water

cation has recently been verified in a number of environments.55–58

The view that pre-solvated electrons lead to molecular hydrogen is supported in the re-

cent work of Sterniczuk and Bartels.59 They noted that the existence of the dissociative

recombination mechanism (reactions R 1.15 and R 1.16) proposed by LaVerene and

Pimblott54 does not forbid Dissociative Electron Attachment (DEA).60–62 In this pro-

cess, an electron is captured in a resonance of a water molecule, leading to an excited

anion, which then rapidly dissociates:

H2O+ (e−)∗ (H2O
−)∗ (R 1.17)

(H2O
−)∗ H2 +O− (R 1.18)
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or

(H2O
−)∗ H− + •OH (R 1.19)

H− +H2O H2 +OH− (R 1.20)

By exploring the efficiency of scavengers at temperatures up to 350 ◦C, they found that

while the H2 yield increased at high temperatures, the efficiency of the anionic scav-

engers decreases. The efficiencies of different cationic scavengers are unchanged. The

energy, kT , of thermalised electrons is about 25 meV at room temperature, and 51 meV

at 350 ◦C. If the scavengers could capture the 6 to 8 eV electrons needed for the DEA

process, there would be no apparent dependence on temperature. The scavenging must

be for ambient temperature electrons, suggesting that recombination is responsible for

most of the observable molecular H2. The difference in scavenger efficiencies is sug-

gested to be due to Coulombic effects, with the electrons being repelled from anionic

scavengers to some extent.

Horne et al.63 advanced this understanding by stochastic modelling. By considering

the experimental studies using the scavenger NO3
– , which preferentially scavenges

the pre and solvated electron, and to a lesser extent, the hydrogen atom, their goal

was to reconcile the total yield of H2 predicted by the state-of-the-art models with

the yields seen in experiments. The advantage of the modelling approach is that the

contribution to the total yield from different processes can be determined. They found

that disproportionation:

H2O
•+ + (e−)∗ +H2O H3O

+ + •OH+ e−aq (R 1.21)

cannot alone account for all the H2 observed. Quenching of the excited water molecule,

H2O*, must also contribute. Their simulations suggest that the majority of the sub-

nanosecond yield of H2 arises from the decomposition of H2O*, be it by recombination

of an electron with the water cation (reaction R 1.15), or by the direct excitation of

a water molecule. With the inclusion of these H2O* quenching schemes into their

model, they can accurately reproduce the dependence of the yield on the scavenger

concentration.
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1.7.3 Overview of Water Radiolysis

An overview of the many processes leading to H2 formation during irradiation of wa-

ter is shown in Figure 1.4. In summary, approximately 70 % of the observed H2 yield

by γ-ray radiolysis is due to radical diffusion processes which occur on picosecond to

nanosecond timescales. These processes are diffusion limited, as the radical species

must diffuse within and between spurs in order to find other molecules and radicals

to react with. With increasing temperature, these reactions occur more rapidly and

contribute more to the total yield. Similarly, for heavy particles which deliver higher

LET, the rate of reaction is also increased, as the density of radicals created in each

spur is higher, and so the distance between reactants is reduced. The remaining 30 %,

the so-called ‘unscavengable’ hydrogen yield, is due to fast processes in the early stages

of irradiation. The direct effects of the interaction of an energetic electron can result

in ionisation of a water molecule, creating the water cation, H2O•+. The cation cre-

ated by ionisation may recombine with an electron leading to water in an excited state,

H2O*. Alternatively, the incident irradiation can excite the water directly. A low en-

ergy electron, with energy in the range of 5.5 to 7.5 eV may also become trapped and

attached to a water, leading to the water anion, (H2O– )*. This transient anion is very

unstable and can decompose in a process known as DEA, or can eject an electron by

electron auto-detachment, leaving an excited water. This excited water, regardless of

its origin, will either be quenched, depositing its energy into the vibrational modes of

neighbouring waters, or dissociate.
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SHORT LIVED TRANSIENT SPECIES

RADICAL DIFFUSION
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1.8 Brucite Surfaces

While the bulk properties of brucite are interesting, a more realistic system for the

study of the irradiation of Magnox sludge would include water and the brucite surface

in contact with the water, representing the interface between the sludge microparticles

and the surrounding water. There have been a number of studies focused on brucite

surfaces and their interaction with water. We will begin by establishing which brucite

surface is most thermodynamically stable and will identify which surface is responsible

for each brucite particle morphology. We will then examine how water behaves at a

brucite surface, and to what extent the bulk water structure is disrupted by the presence

of the surface. There has been some interest in understanding irradiation processes in

water adsorbed on the surfaces of other materials, so will review this briefly. Finally, we

will discuss the success of classical models in modelling brucite surfaces, and whether

this approach is viable for the study of larger systems.

1.8.1 The Relationship Between Surface and Morphology

Recent work by Zhang et al.64 examined the relationship between different brucite

morphologies and different surfaces.

Ab initio simulations were used to determine the electronic structure of optimised

Mg(OH)2 surfaces. At the same time, three different morphologies were synthe-

sised in the lab. As the authors’ interest was particularly in the potential applica-

tion of Mg(OH)2 as a non-toxic flame retardant additive, the interactions between

the nanoparticles and polyethylene were examined by classical molecular dynamics.

A slab of Mg(OH)2 was simulated. The inner atoms were fixed in position to repre-

sent the bulk crystal. Surface atoms were allowed to relax until forces were less than

0.03 eV Å−1. CASTEP, a DFT code65, was used to carry out calculations. The inter-

actions between the polyethylene and the Mg(OH)2 surface were examined using the

COMPASS forcefield. COMPASS is a classical forcefield, fitted to ab initio data.66

Attention was given to deciding which crystal plane should constitute the surface of

the Mg(OH)2 layer. This was decided by cleaving the crystal in different directions and
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measuring the energy per area per mole in each case using the relaxed DFT structures.

One problem was that not all indices selected could be cleaved neatly without leaving

un-bonded hydrogen atoms and hydroxyl groups, such as in the case of (101) surface.

The lowest energy, and hence most stable face, was found to be the (001) surface. Four

other surfaces were considered.

The most interesting aspect of this work is that it identified which different morpholo-

gies were dominated by which surface cleavage modes. The sample Mg(OH)2 nanopar-

ticles produced in the lab were characterised using X-Ray Diffraction (XRD). From the

obtained spectra, different peaks can be associated with different surface structures.

The samples were also imaged using scanning electron microscopy to allow for vi-

sual identification of the morphologies present. Three different morphologies were

identified, described as mono-disperse nanocrystalline (individual roughly hexagonal

platelets), flower-like (large interlocking delicate platelets, resembling the carnation

flower, Dianthus caryophyllus), and vertically aligned nanosheets (large interlocking

sheets). XRD data shows that this morphology was linked to the (001) surface. Sheet-

like morphologies, such as the interlocking nanosheets, or the flower-like morphology,

are associated with increased prevalence of the (110) surface. Strong signals corre-

sponding to the (101) surface were found in all morphologies. Referring again to the

electron microscopy results of Gregson et al.10 (section 1.2), Magnox sludge typically

has interlocking platelet morphologies consistent with those found by Zhang et al., re-

sembling something of a cross between the ‘interlocking nanosheets’ and ‘flower-like’

forms. From this we can infer that it is likely that the (001) and (110) surfaces are

most relevant to Magnox chemistry.

Another interesting insight from this study was the interaction of polyethylene,

(C2H2)n, with brucite surfaces. They calculated the binding energy of the

polyethylene adsorbed on the surface. In terms of binding energy, it was found

that the surfaces could be ranked as follows, from largest to smallest energy:

(001),(101),(102),(100),(110). The polyethylene molecules were found to equilibrate

close to the mineral surface, approaching most closely to the (001) surface where the

strongest interactions were seen. The weakest interaction was with the (110) surface

where Mg atoms are exposed at the surface.
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1.8.2 Water Adsorption on Brucite Surfaces

It is well established that the behaviour of water is different in the bulk phase and when

interacting at a solid surface.67,68

Sakuma et al.69 investigated the orientation and ordering of water molecules immedi-

ately adjacent to a brucite surface.69 Reordering may occur via self-diffusion, with large

self-diffusion coefficients being reported from molecular dynamics simulations using ab

initio fitted potential functions.69 The underlying principles behind this behaviour was

investigated by examining different mineral surfaces, including brucite, halite NaCl,

and talc (H2Mg3(SiO3)4 or Mg3Si4O10(OH)2).

The simulation cells consisted of two bi-layers of a given mineral, separated at a dis-

tance of between 10 and 15 Å, with the space filled with water molecules. A classical

potential was used, consisting of two and three body inter-atomic functions. The two-

body function included the effects of Coulomb interactions, short-range repulsion, van

der Waals forces, and radial covalent bonds. A three-bond term was used for water

molecules. These were empirically determined to produce satisfactory results over the

range of temperatures and pressures investigated. It is known that there are some as-

pects of the interaction of water with surfaces that require an ab initio approach,70–72

particularly to describe hydrogen bonding in water.73–76.

Geometry optimisation was performed to find the most stable configuration of

molecules, after which changes in energy as a function of water position were cal-

culated. These data points were used to fit the parameters for the classical potential

energy functions. MD simulations were performed using the isobaric-isothermal en-

semble to control the temperature and pressure at standard conditions. Maps were

then created showing the orientation of water molecules along two axes were plotted

against each mineral. The dominant orientation of water molecules was shown to be

with one O-H axis directly perpendicular to the mineral surface, although many alter-

native orientations are possible. This orientation is identical to the orientation that they

observed during the geometry optimisation. Density profiles in each situation were cal-

culated, as a function of distance from the surfaces (i.e. molecules of H2O per unit

length). This density was used as a measure of structural ordering. Near the surface,
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high densities of water molecules confined to narrow peaks indicated closer packing,

facilitated by the consistent orientation of the water molecules. In brucite, a density

1.9 times higher than bulk water is observed in a sharp peak at about 0.7 Å from the

surface. These water molecules are orientated with one O-H bond perpendicular to the

mineral surface. A shoulder is seen at about 1.6 Å from the surface, with a density of

1.1 times the bulk phase. In this region, the most common molecular configuration is

with both of a water’s hydrogens equidistant from the surface, with the oxygen slightly

closer to the surface than the hydrogens. A second peak is seen at a distance of 4.2 Å,

but corresponds exactly to the centre of the liquid film so may be a finite size effect

caused by an insufficiently large box.

Finally, the self-diffusion coefficients, Ds and the reorientation times, τNMR of water

were calculated, using the velocity auto-correlation function and the vector between

the two water hydrogen atoms, respectively. TheDs for the brucite system was found to

be 1.7-1.8 times higher than bulk water. It was not stated whether this was dependant

on there being two brucite surfaces or not, or whether the figure used to represent the

bulk water case was determined using the same water model used with the mineral

surfaces. The authors’ explanation was that in order for a molecule to move parallel to

the surface, it has to move between stable sites, and in each move, must overcome an

energy barrier. In brucite, τNMR is 0.76 of what is expected in the bulk, indicating that

water molecules can reorientate more quickly. In this case, the explanation offered was

that the in the bulk phase, a given water molecule is surrounded on all sides by other

waters, resulting in hydrogen bonds from every direction, drastically constraining the

rotation of the molecule. Near the surface, the number of such bonds must be lower.

Using a similar approach, Wang et al.77 used the ClayFF forcefield to study interfacial

water in brucite systems. They used the original parameterisation of ClayFF26 (see sec-

tion 1.3.2). In this study, a much larger water layer, up to 30 Å, between the brucite

surfaces was used, helping to alleviate finite size effects such as those reported by

Sakuma et al.,69 who used a layer of 8 Å. The results show that some structure to the

water could be seen as far as 15 Å away from the surface, which corresponds to approx-

imately 5 water layers. The distance to the first layer, measured from the oxygen atoms

at the surface, is around 2.45 Å, with their average positions reflecting the hexagonal

brucite structure. This layer is dominated by hydrogen bonding, with the surface act-
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ing as both acceptor and donor, leading to an ice-like water structure resembling the

Ih phase of ice. As one moves away from the surface, the water molecules can rotate

and translate more freely. This results in the ice-like structure becoming progressively

more bulk-like. The translational ordering, with water molecules positions respecting

the underlying brucite lattice, is limited to 5 Å (the first two layers). Structure in the

density reaches out to around three or four layers, at around 10 Å, and structure in the

orientation reaches out to around 15 Å.

From this work, we gain an excellent understanding of the structure and behaviour of

interfacial water adsorbed on to brucite surfaces. However, it is important to note that

these classical models cannot capture quantum effects. This could prove important, due

to the quantum mechanical effects a light nucleus like hydrogen would experience.

1.8.3 Adsorbed Water Subject to Radiation

The issue of gases being generated from radioactive waste products is not limited to

Magnox sludge waste. At Sellafield, a problem related to that of sludges concerns gases

pressurising sealed metal containers used to store PuO2 powders. Sims et al.78 exam-

ined hydrogen evolution in these circumstances, in support of the storage safety case.

Currently, plutonium dioxide is stored in powdered form in aluminium screw top con-

tainers which are in turn welded into stainless steel flasks. In the case of plutonium

wastes generated at THORP (THermal Oxide Reprocessing Plant), a vented interme-

diate can is additionally used. In some cases, the cans have been pressurised with

hydrogen gas, generated from moisture present during packaging. Sims et al. note that

the specification for storage permits some water to be present, and thus, more cans

should have pressurised. At 8 W kg−1 dose, radiolysis of water should have occurred,

but the physical evidence indicates that some other chemical pathway must remove the

hydrogen from the gas phase.

In the Magnox derived PuO2, additional chemistry occurs between the air in the cans

and the polyethylene bags used to hold the PuO2 powder. The N2 and O2 is radiolysed

to NOx, and the polyethylene reacts thermally and radiolytically, adsorbing oxygen in

the process. The THORP derived PuO2 is in a different situation due to higher tempera-

tures, an argon atmosphere, and no plastic bag, although is becoming pressurised from
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helium production from alpha decay. A controversial claim to consider79 is whether the

dissociation reaction occurs:

PuO2 +H2O PuO2+x +H2

While it has been demonstrated that plutonium oxides can be safely stored using the

methods described, a fundamental understanding of the processes involved is required

to predict container integrity over the vast time-scales involved in deep geological dis-

posal. This work aimed to determine the actual dose delivered to the water adsorbed

on to the plutonium surface, and the link between the generation of hydrogen and rel-

ative humidity. This problem is very interesting as, in the absence of bulk water, any

radiolytic generation must occur in water adsorbed to the oxide surface.

Samples of PuO2 from Magnox and Thorp sources were obtained, and their specific

activity of alpha was measured, as well as their specific surface area. Samples were

dried and then equilibrated with an atmosphere of 0, 25, 50, 75 or 95 % relative hu-

midity. A slurry sample was also prepared with 0.05 g of PuO2 being mixed with 1 ml of

deionised water. A doped slurry sample was prepared as before, but with 2 mM sodium

nitrate solution. It was assumed that after drying two monolayers of water remained

on the surface of the PuO2 - one chemisorbed layer, and a second layer physisorbed

on top. Knowing the specific surface area of the particles and their change in mass

for a given preparation allowed an estimate of the number of additional monolayers

of water formed to be calculated. H2 production rates were measured over time and

G-values calculated. A correction was needed due to the stopping power of H2O in the

path of alpha particles, which results in about 3.4 times more dose being delivered to

the H2O than the PuO2.

The results showed that GH2
increased with the relative humidity of preparation, and

thus, the number of adsorbed water monolayers, but was much lower than expected

at around 0.3 molecules/100 eV for 95 % relative humidity, a factor of about 4.5 lower

than the 1.3 molecules/100 eV typical for bulk water radiolysis by alpha particles. In

the slurry and doped-slurry trials, the values were higher at 0.53 and 0.62 respectively,

but still much lower than the expected values.

Sims et al. makes note that GH2
values in the literature can be much higher for surfaces
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of oxides and rare earths in contact with water,80–82 possibly from the transfer of energy

from the surface to the water phase. This is a different mechanism to radiolysis, either

on the surface or in the bulk. They made the following observations:

1. If energy transfer happens at the surface, GH2
is much higher than for bulk water.

2. Sometimes for GH2
, no difference is observed between the surface and the bulk.

3. For Co3O4, Fe2O3, MnO2 and CuO, GH2
is less than the bulk, possibly due to no

net transfer of energy. Recombination of water may be happening at the surface.

4. Energy transfer may be disrupted due to radiation damage to the surface or bulk

solid.

5. Radiolysis of adsorbed water may be a very different process to bulk free water

in that yields may be different or in that the surface may scavenge radicals. Long-

lived radicals could be formed perhaps three monolayers (10 Å) away from the

surface, and then diffuse to the surface in times ( 0.5 ns ) within their lifetime.

Interestingly, while UO2 and CeO2 are often considered to be surrogates for PuO2, they

show large GH2
values for the adsorbed monolayers of water, and so it is difficult to

explain why PuO2 doesn’t follow this trend. It was suggested that for alpha irradiation

of the monolayer, the same mechanism that takes place in bulk water should occur.

The processes occurring in the monolayer are unknown and it is unclear if a hydrated

electron would form next to an oxide surface. Yields increased with increasing numbers

of monolayers, suggesting that a radical formed further from the surface would behave

more like it was in bulk water, and behave according to the established chemistry. It

was noted that other adsorbates might be important to consider - e.g. CO2 or NOx,

as these have been shown to have an effect on surface chemistry according to internal

Harwell reports.

Sims et al. discredit Haschke and Haire’s79 claim:

PuO2 +H2O PuO2+x +H2

on the basis that such a chemical reaction would only depend on the first few mono-
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layers of adsorbed water, but it was shown that hydrogen production increased as a

function of monolayers. If such a reaction was valid, it was suggested that the follow-

ing would take place also:

PuO2 +OH• PuO2OH

This is of particular interest to brucite case as water adsorption is a known property of

brucite surfaces. A surface’s ability to scavenge hydrated electrons may prove impor-

tant.

1.8.4 Classical Models of Brucite Surfaces

There have been a number of classical models developed to study brucite surfaces.

The most successful of which has been ClayFF26 (see section 1.3.2), which was devel-

oped to study clay and mineral systems. Frequent features of these systems include

layered structures, and hydroxide and other ligands associated with metal ions.

Zeitler et al.83 acknowledged that previous attempts to model clay materials26,84,85

have focused on modelling the bulk material. The basal (001) surfaces of brucite are

adequately described by these models, but ‘edge surfaces’ are not, especially when

these surfaces are in contact with water.83 Using a bulk behaviour model leads to frayed

edges. When atoms are permitted to move in any direction, this can result in hydroxyl

groups escaping from the surface. One approach to this problem has been simply to fix

the positions of those molecules immediately in contact with the water layer,86–88 but

this unnaturally distorts the behaviour of clay interfaces.83

With this limitation in mind, a modification to ClayFF, a classical potential for the

study of clay-like materials, was investigated which would include a three-body poten-

tial energy term to describe the Mg – O – H group, specifically at the (11̄0) edge surface.

ClayFF is effectively a non-bonded forcefield - almost all of the system energy is con-

tributed by Lennard-Jones and electrostatic terms. The O – H bond, however, is treated

explicitly. Interactions between metal atoms and oxygen, magnesium and oxygen in

the case of brucite, are treated with the Lennard-Jones and electrostatic terms. Previ-
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ous studies25 have shown how well this approach can reproduce crystal structures and

vibrational spectra (see section 1.3.2). The new treatment doesn’t add any additional

bonded terms, but instead a three-body interaction taking the form of a harmonic func-

tion, Ebend = k(θ − θ20), for the Mg – O – H bending mode. The parameters were fitted

to structural and vibrational models of brucite using DFT calculations. The advantage

of this non-bonded approach is that the hydroxyl groups, with enough kinetic energy,

can still leave the surface, providing a more realistic representation of the mineral.

An additional change developed by Greathouse et al.89 was to replace the bonded O – H

interaction with a Morse potential. This treatment more accurately describes the anhar-

monic character of the bond than a simple harmonic potential. The result is a greatly

improved description of the vibrational modes of brucite, reproducing DFT calculations

well.

This parametrisation was further improved by Pouvreau et al.90 They used additional

structural criteria and the vibrational frequencies to determine Θ0 and k for the

Mg – O – H bending mode. The found that the existing value of k was appropriate, but

that the equilibrium angle, Θ0, should be reduced to 110◦ from 120◦ to better reflect

the DFT results.

This classical approach is particularly valuable for the study of larger systems.

1.9 Conclusion

From the very limited number of studies on real Magnox sludge, we learn that the

sludge is an extremely complex system. However, from these characterisations of real

sludge, corroded Magnox sludge simulant, and analytical grade magnesium hydroxide,

it is clear that the bulk of the sludge is composed of a brucite-rich mineral. The exact

mineral depends very much on the sample, and in particular, the location in the First

Generation Magnox Storage Pond (FGMSP) where it was taken. From exposure to

atmospheric carbon dioxide, the samples show evidence of carbonated and hydrated

phases, such as artinite, growing into the brucite phases. Despite this, brucite remains

the dominant and representative phase and so was considered further.
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The geology community has made a considerable effort to determine the structure of

brucite, with particular interest being paid to its layered structure in which layers are

held together only by non-bonded interactions. This results in brucite being strongly

anisotropic under compression, with the direction perpendicular to the layers com-

pressing readily. A curious consequence of this behaviour is the transfer of protons

within the interlayer space when compression has brought two adjacent layers suffi-

ciently close together.

There have been two main experimental works looking at the irradiation of brucite.

Both observed the evolution of hydrogen gas, as well as water. Long irradiations are

thought to convert the Mg(OH)2 to MgO. The water is thought to be formed in the same

way as for thermal dehydroxylation. These entrained water molecules might then act

as nucleation centres for hydrogen production by water radiolysis mechanisms.

There has been considerable work looking at these thermal dehydroxylation processes

since proton mobility was measured in brucite in 1970. It was shown that water could

be formed in the structure by proton transfer, and that thermal motion assists the pro-

ton transfer process. Additionally, there may be a small contribution to proton mobility

from quantum nuclear effects.

Given the importance of water as the main product from dehydroxylation, it is im-

portant to understand the radiolysis of water. While it was once thought that all water

radiolysis processes were due to the diffusion of radicals, advances in pump-probe laser

technology have allowed contemporary researchers to complete the picture. This tech-

nique has given insight into the extremely fast sub-picosecond processes that result in

up to 30 % of the observed molecular hydrogen yield. Central to these processes is the

interaction of electrons and holes with water.

Finally, we consider the role of surfaces. Structured water can be seen at least five

layers away from the brucite surface, with a strongly adsorbed ice-like layer present

immediately adjacent to the surface. Work on PuO2 surfaces has shown that the be-

haviour of adsorbed water under irradiation can vary considerably from the behaviour

of bulk water. How this might affect the case of Magnox sludge is unclear, but questions

are raised about the possibility of the surface acting as a hydrated electron scavenger,

about how radical formation is affected when water is adsorbed on a surface, and how
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the difference in linear energy transfer due to the difference in stopping power of water

affects the water radiolysis processes.



Chapter 2

Modelling Radiation Damage at the

Molecular Scale

This chapter will focus on the tools we have used in this work and their theoretical

background. Relevant topics will be briefly introduced and the key results shown. The

details will be mostly be left to the many excellent textbooks available. We will begin

by introducing statistical mechanics, demonstrating the motivation for it, and showing

how it can be used to connect the microscopic and macroscopic worlds. We will present

the canonical ensemble. Having shown how we can estimate macroscopic observables

from a collection of particles, we will present two models that can be used to simulate

the configurations of these particles. This will be a brief overview of classical force

fields, and a brief overview of density functional theory. We will also briefly introduce

some of the practical aspects of running density functional theory calculations. The

third section will look at the practicalities of using these models to sample from ensem-

bles and will discuss some of the numerical methods used, and how enhanced sampling

techniques can be used to increase the usefulness of these techniques. Finally, we will

show some work undertaken to validate the approximations used in density functional

theory, and in particular, verify its performance for structures of interest in this work

with included excess electrons or holes.
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2.1 Overview of Statistical Mechanics

We will begin by introducing statistical mechanics which provides the basis for using

computational experiments involving small numbers of atoms to make observations

about macroscopic processes.

2.1.1 Canonical Ensemble

The key idea arising from statistical mechanics is ensemble theory, which allows one to

use information about the states in which a system may be in to derive properties of

interest to thermodynamics.

One especially useful result is the canonical ensemble, which provides a direct con-

nection with measurable quantities. This ensemble considers a set of particles, N , in

a space of fixed volume, V , having a temperature T . Conceptually, this is achieved

by coupling the system to a heat bath with limitless heat capacity. The system can

exchange as much energy as required with this bath in order to maintain the desired

temperature.

For this case, the ensemble distribution function can be written as

ρ(q, p) ∝ exp

(

−H(q, p)

kBT

)

(2.1)

where kB is the Boltzmann constant, andH is the Hamiltonian, describing the energy of

a given microstate, which represents a particular configuration of the atoms’ positions,

q, and momenta, p. The distribution function describes the probability of the system

being in a particular microstate.

The ensemble average is written as:

〈A〉 =
∫

dNq dNp f(q, p) exp
(

−H(q,p)
kBT

)

∫

dNq dNp exp
(

−H(q,p)
kBT

) . (2.2)

This gives the expectation value for the observable A, assuming that we know the

function f(q, p) which allows us to calculate A for a particular state. Notice that this
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expression is a 6N dimensional integral over all position and momentum space, but

that it will give the exact ensemble average.

The canonical ensemble allows us to escape the impossibilities associated with simulat-

ing the vast numbers of atoms found in macroscopic materials, and to extract realistic

macroscopic observables from a simulation of a small number of atoms.

2.2 Molecular Models

As was shown in section 2.1.1, we are able to connect statistical information about

an ensemble of particles to macroscopic observables. A key ingredient of this is the

Hamiltonian, H, which describes the energy of a system of particles. This function must

capture how the position of the atoms in the system affects the potential energy of the

system. For a molecule, there are several inter-atomic interactions at play, due to the

nuclei and the electrons present. Here we will review the two families of approaches.

The first, the classical approach, treats only the nuclei and tries to capture the effect of

electrons in the definition of the interatomic forces, rather than treating them explicitly.

The second, the quantum mechanical approach, considers both the electrons and the

nuclei on almost the same footing.

2.2.1 Classical Models

One simple approach to this problem of calculating the energy of a configuration of

particles is the classical forcefield. This family of model Hamiltonians has many diverse

examples, but the underlying concept is the same. The electrons are abstracted away

from the problem, and the positions of the atoms’ nuclei alone determine the energy

of the system. Each inter-atomic interaction is treated separately and the sum of these

interactions gives the total energy. The total energy from an example forcefield could

be given by:

EFF = Estr + Ebend + Etors + Evdw + Eel + Ecross (2.3)

This function can be understood as a sum of one-dimensional potentials.
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Estr describes the stretching of a bond between two atoms, A and B. The simplest

approximation is a harmonic bond, effectively treating the bond as a spring:

Estr(r) =
k

2
(r − r0)

2 (2.4)

where k is a force constant, r is the distance between atoms A and B, and r0 is the

equilibrium bond length.

Ebend is potential describing the bending angle of three atoms, A–B–C, which may or

may not be bonded. Again, the simplest approximations is as a harmonic potential:

Ebend(θ) =
k

2
(θ − θ0)

2 (2.5)

where k is a force constant, θ is the angle in A–B–C, and θ0 is the equilibrium angle.

Etors describes the torsion of the B–C atoms in the bonded chain of atoms A–B–C–D,

known as the dihedral angle. This potential is different to the bending and stretching

due it being possible for the A–B group to rotate a full 360◦ with respect to C–D. A

periodic potential which captures this is:

Etors(ω) =
∑

n=1

Vn cos(nω) (2.6)

where n describes the periodicity of the angle, ω. If there is only one possible configura-

tion, n = 1 enforces a periodicity of 360◦. n = 2 and n = 3 would enforce periodicities

of 180◦ and 120◦ respectively. Vn describes the barrier height for these transitions.

Evdw describes the van der Waals interaction between particles which are not bonded.

This is an interaction that is solely due to the quantum mechanical interaction of the

electrons of the atoms. At large separations between the atoms, no forces are felt.

At small separations, the forces are strongly repulsive, but at intermediate distances,

they are attractive. A simple function which approximates this is the Lennard-Jones

potential:

Evdw(r) = 4ǫ

[

(r0
r

)12
−
(r0
r

)6
]

(2.7)

where r is the separation of two atoms, r0 is the position at which the potential is zero,

and ǫ is the depth of the minimum.
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Eel is the electrostatic energy. This captures the non-bonded interactions to electrostatic

repulsion and attraction of the charged parts of a molecule. For example, one can

assign point charges to atoms, which assumes that the charge of an atom is localised to

an infinitesimally small point. The interaction between point charges is then

Eel(rAB) =
QAQB

ǫrAB
(2.8)

where rAB is the distance between point A with charge QA and point B with charge

QB. The remaining term ǫ is an approximation of the dielectric constant, which serves

to screen charges from those that are distant. In some cases this can work well, cap-

turing effects like hydrogen bonding. On the other hand, this approximation may be

too severe. Much of the valence electron density, which is responsible for the overall

charge of an atom, is located in chemical bonds. An alternative then, is to describe the

interaction between the electronic dipoles created by bonds. Treating each bond as a

dipole, the interaction between a pair of these dipoles is given as:

Eel(rAB) =
µAµB
ǫr3AB

(cosχ− 3 cosαA cosαB) (2.9)

where µA and µB describe the dipole moments centred on the bonds, χ is the angle

between them, and αA and αB are the angles between the dipoles and the line which

connects their centres, separated by a distance of rAB.

The final piece of the total energy is the cross term, Ecross. This term is included in

some forcefields to capture the coupling between different terms. For example, in a

water molecule, the H – O – H angle is about 104.5◦ at equilibrium. At this angle, the

equilibrium O – H bond length is 0.958 Å. If however, the angle is squeezed to 90◦,

the optimal bond length stretches to 0.968 Å.91 What this means is that the potentials

describing the different interactions are not independent of the chemical environment.

As the water molecule explores the H – O – H angle degree of freedom, the shape of

the O – H potential changes. Coupling of these modes can capture this effect to some

degree. The cross term for stretching and bending modes in a molecule A – B – C can be

written:

Estr/bend = kABC(θABC − θABC
0 )

[

(rAB − rAB
0 ) + (rBC − rBC

0 )
]

(2.10)



2.2. MOLECULAR MODELS 53

There are separate functions for every cross-interaction.

Clearly, there are many parameters in a forcefield, and many decisions to be made

about which terms are important for the system of study. Typically parameters are

fitted to data from ab initio electronic structure calculations which tackle the problem

of electrons is more direct way, and achieve high accuracy. As long as the functional

form of a term is appropriate for the chemical situation involved, ab initio data can

be reproduced very accurately. The functions used in forcefields, such as the examples

shown, are very simple and so are fast to compute. This allows very large systems of

up to a million atoms to be studied, or for systems to be simulated for very long times,

on the order of milliseconds. These scales are orders of magnitude better than what

can be done with the expensive ab initio methods.

There is, of course, a downside and this is that these systems only behave well near

their equilibrium state, close to where they have been fitted. In a real system, if bonds

are stretched they behave in an increasingly anharmonic way. During chemical re-

actions, bonds are made and broken, and chemical environments change. Electronic

effects, such as charge transfer, polarisation, and excitation, often play important roles

in the chemistry. Modern forcefields attempt to tackle these issues, but these remain a

fundamental limitation of classical methods. Finally, one should remember that the ab

initio data, usually from Density Functional Theory calculations, used to fit forcefields,

contains all of the approximations used in the ab initio model. Thus a forcefield can

only be as good as the data on which it is fitted, and this data is likely to contain many

approximations, some of which will be severe.

2.2.2 Quantum Mechanical Models

While the classical Hamiltonians described in section 2.2.1 can be effective in many

circumstances, there are other situations were one must describe the distribution of

electrons explicitly.

A system of interacting electrons and nuclei is described by the time-dependent Schrödinger

equation:

i~
∂

∂t
|Ψ(r,R, t)〉 = H|Ψ(r,R, t)〉. (2.11)
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Stationary states can be described by the time-independent Schrödinger equation:

HΨn(R, r) = εnΨn(R, r) (2.12)

where the eigenfunctions Ψn(R, r) are the nuclear-electronic wavefunctions, a descrip-

tion of quantum state of the system, and εn are the energy eigenvalues of the system. R

is the 3N dimensional coordinates of N nuclei, and r is the equivalent for the electrons.

H is the non-relativistic Hamiltonian:

Htot = Tn(R) + Te(r) + Vne(Ri, ri) + Vnn(Ri,Rj) + Vee(ri, rj) (2.13)

which is the sum of the kinetic energy of the nuclei, the kinetic energy of the electrons,

the electon-nuclear interaction, the nuclear repulsion, and the electronic repulsion,

respectively. While deceptively simple to write down, the analytical solution of this

problem is intractable for all but the most simple systems. Full numerical solutions

are limited to small atoms and molecules. The reasons for the complexity are that all

of the particles interact with the others in a many-body correlated way, the electronic

and nuclear systems are coupled through Vne(R, r), resulting in a highly non-separable

problem, and both the electrons and the nuclei behave quantum mechanically, which

imposes conditions on which wavefunctions constitute allowable solutions.

There is some hope - a number of simplifying approximations are routinely used which

allow useful calculations to be performed. The adiabatic approximation states that the

electronic wavefunctions will remain in a stationary state despite the dynamics of the

nuclei. This is essentially due to the difference in mass between an electron and a

proton ( mproton ≈ 1836melectron) which results in the nuclear motion being on much

longer time scales than the electronic motion. Stated another way, the energy scales

are very different - the energy to excite a nuclear phonon mode may be on the order of

10 meV, while an electronic excitation may be on the order of 1 eV. While the electronic

wavefunctions are coupled to the motion of the nuclei, the electrons never gain enough

energy to be excited to different electronic states. They can be thought of as following

the nuclear positions instantaneously whilst remaining in the same electronic state and

holds true for many systems of interest.
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Formally, one assumes that the following is a solution to the total Schrödinger equation:

Ψ(R, r, t) =
∑

n

Θn(R, t)Φn(R, r) (2.14)

where Θn(R, t) and Φn(R, r) are wavefunctions describing the nuclear and electronic

systems respectively, in an adiabatic electronic state, n. This satisfies the time-independent

electronic Schrödinger equation:

ĥeΦn(R, r) = En(R)Φn(R, r) (2.15)

where ĥe is the electronic Hamiltonian, consisting of:

ĥe = T̂ + V̂ee + V̂ne (2.16)

where T̂ , V̂ee and V̂ne give the kinetic energy of the electrons, the electron-electron

repulsion, and the nuclear-electron interactions respectively. In equation 2.15, R is

considered parametric, and so is a solution for only a single configuration of fixed

nuclei. It must be solved for all possible R

Substituting equation 2.14 into the time-dependant Schrödinger equation eventually

leads to:

[

i~
∂

∂t
+

P
∑

I=1

~
2

2MI
∇2

I − Eq(R)

]

Θq(R, t) =

P
∑

I=1

~
2

2MI
〈Φq|∇2

I |Φq〉Θq(R, t)

+ 2
∑

n

P
∑

I=1

~
2

2MI

−→∇IΘn(R, t) · 〈Φq|
−→∇I |Φn〉 (2.17)

which is a set of coupled partial differential equations. This demonstrates that a sepa-

ration such as equation 2.14 is not possible because the electronic and nuclear wave-

functions are coupled through off-diagonal matrix elements. Electronic states can be

excited by other electronic states over time. If one chooses to ignore these off-diagonal

elements, one arrives at the adiabatic approximation and now equation 2.14 can be

used. The consequence, as discussed already, is that the electronic states are now sta-

tionary with respect to time. A system prepared in some electronic state will remain in
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that state, be it the ground state or an excited state.

The classical nuclei approximation is again due to the mass of the nuclei. While nu-

clei should behave quantum mechanically, at room temperatures these effects are very

small. For example, the proton which is the lightest nucleus and represents the most

severe case, has a ground state wave packet width of around 0.2 Å, while the length

of a molecular bond is often around 1.0 Å. Additionally, exchange effects for hydrogen

are only seen below 5 K. For these reasons, nuclei can be treated as classical particles

for many applications. This is done by using the mean value of the position operator.

The time-dependent nuclear wavefunction can be expressed as:

i~
∂Θm(R, t)

∂t
=

(

−
P
∑

I=1

~
2

2MI
∇2

I + ε̃n(R)

)

Θm(R, t) (2.18)

where

ε̃n(R) = εn(R) +

P
∑

I=1

~
2

2MI
〈Φq|∇2

I |Φq〉. (2.19)

Thus, although the nuclear wavefunction can be treated as a separate object, the sec-

ond term in equation 2.19 (the diagonal correction) shows that there is a coupling to

electronic wavefunction through the nuclear coordinates. However, the contribution

from this term is small as it is proportional to (m/M)(1/4), where m and M are the

masses of the electrons and nuclei respectively. Neglecting these small elements results

in the Born-Oppenheimer approximation. The consequence of this is that the nuclear

wavefunction only depends on a single electronic state, rather than all of the electronic

states. Through Ehrenfest’s theorem, one can obtain Newtonian equations of motion for

the nuclei, based on the mean position and momentum operators. The assumption of

classical nuclei can be applied by treating the nuclear wavepackets as delta functions

with zero width. This leads to equations of motion describing the movement of the

nuclei with respect to a potential energy surface resulting from the electronic state that

the system is in:

M
d2Rcl(t)

dt2
= −∇εn(Rcl) (2.20)

where Rcl represents the classical positions of the nuclei. The final piece of the puzzle

comes via the Hellman-Feynman theorem. This theorem describes how the derivative

of the energy with respect to some parameter can be obtained from the expectation
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value of the derivative of the Hamiltonian with respect to that parameter. While the

Ehrenfest dynamics give access to the dynamics of the ions with respect to some elec-

tronic potential energy surface, Hellman-Feynman accounts for the electronic potential

energy surface changing as the nuclei move:

MI
d2RI(t)

dt2
= −

〈

Φn(R)

∣

∣

∣

∣

∣

∂ĥe(R)

∂RI

∣

∣

∣

∣

∣

Φn(R)

〉

− ∂Vnn(R)

∂RI
(2.21)

where ĥe is the electronic Hamiltonian, R gives the positions of the classical nuclei,

and Vnn is the classical electrostatic repulsion between the nuclei. The forces are ob-

tained by solution of the time-independent Schrödinger equation. The result is a set of

equations that can be integrated numerically to obtain the evolution of the system in

time.

2.2.3 Density Functional Theory

Calculating the Hamiltonian for a system of interacting electrons presents considerable

difficulties and is analytically and numerically intractable for all but the very simplest

systems.

Recall the electronic Hamiltonian:

ĥe = − ~
2

2m

N
∑

i=1

∇2
i − e2

P
∑

I=1

N
∑

i=1

ZI

|RI − ri|
+
e2

2

N
∑

i=1

N
∑

j 6=i

1

|ri − rj |
(2.22)

where the terms on the right hand side represent the kinetic energy, the interaction of

the electrons with the nuclei, and the electron-electron repulsion, respectively. Unlike

the classical many-body problem, the electrons never have classical positions and are

always described by a wavefunction due to quantum mechanics. Further, it is not

possible to treat each electron separately - the whole interacting system is described by

a single wavefunction.

One extremely successful approach to this problem was developed by Kohn and Sham.92

We start with the knowledge that a system of N non-interacting electrons can be de-
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scribed by constructing a Slater determinant of the one-electron wavefunctions:

Φ(x1,x2, · · · ,xN ) =
1√
N !

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

ϕ1(1) ϕ2(1) · · · ϕN (1)

ϕ1(2) ϕ2(2) · · · ϕN (2)
...

...
. . .

...

ϕ1(N) ϕ2(N) · · · ϕN (N)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

(2.23)

where each element, ϕi(j) represents a one-electron orbital with index, i, based on the

combined spatial and spin coordinates, j. The useful property of this construction is

that it guarantees that the resulting wavefunction is anti-symmetric and obeys the Pauli

exclusion principle in that if two electrons are exchanged, the sign of the wavefunction

changes and thus the wavefunction corresponds to a different quantum state.

In the language of the uniform electron gas, rather than positions of electrons, one can

consider the distribution of electrons to be like a gas, which has some density, ρ. The

ground state electronic density for this non-interacting system is given by:

ρ1(r, r
′) =

∞
∑

i=1

fiϕi(r)ϕ
∗
i (r

′), (2.24)

where ϕ are the one-electron orbitals, fi are the occupation numbers for each orbital,

and r are the electronic coordinates. The exact kinetic energy for a system of non-

interacting electrons is given by:

T = − ~
2

2m

∞
∑

i=1

fi〈ϕi|∇2|ϕi〉. (2.25)

The Hamiltonian of this non-interacting system is given by:

HR =
N
∑

i=1

[

− ~
2

2m
∇2

i + νR(ri)

]

(2.26)

where νR is the reference potential that results in the ground state density of the non-

interacting system matching that of the interacting system. If the electronic density of

an interacting system of electrons had the same electronic density as a non-interacting

system, the kinetic energy of the non-interacting system could be calculated exactly

by equation 2.25. Thus, the difference in energy between the interacting and non-
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interacting systems is due to the many-body effects. In other words, the true system

cannot be written as a Slater determinant because of the interaction between the elec-

trons. The energy resulting from this interaction, due to electron-electron correlation,

is equal to the difference in kinetic energy between the interacting and non-interacting

systems. Assuming that there is a non-interacting system with the same density as an

interacting system, one can express this density, assuming that there are no fractionally

occupied orbitals and ignoring spin, as:

ρ(r) = 2

Ns
∑

i=1

|ϕi(r)|2 (2.27)

where Ns is the number of doubly-occupied orbitals. The kinetic energy is thus given

as a functional of the electronic density as:

TR[ρ] =
~
2

2m

Ns
∑

i=1

〈ϕi|∇2|ϕi〉 (2.28)

The Kohn-Sham energy functional is given by:

EKS [ρ] = TR[ρ] +

∫

ρ(r)νext(r)dr+
1

2

∫ ∫

ρ(r)ρ(r′)

|r− r′| drdr
′ + EXC [ρ], (2.29)

where the νext(r) is the external potential, which at a minimum, includes the inter-

action of the electrons with the nuclei. The second term is the Coulomb interaction

between the electrons. EXC [ρ] is the exchange-correlation functional. Assuming that

the density must remain constant, one can find the Ns one-electron orbitals that min-

imise the energy of this non-interacting system. These are known as the Kohn-Sham

orbitals. The potential that will produce a non-interacting density that is the same at

the interacting density is known as the Kohn-Sham potential, νKS , which can be substi-

tuted for νR in equation 2.26. This potential can be shown to be:

νKS(r) = νext(r) +

∫

ρ(r′)

|r− r′|dr
′ +

δEXC [ρ]

δρ(r)
(2.30)

The last term on the right hand side is the exchange-correlation potential. These two

equations constitute the Kohn-Sham equations. Clearly, they are coupled through the

electronic density, ρ(r), in that the exchange-correlation potential depends on the elec-

tronic density, and the electronic density depends on the Kohn-Sham potential. A solu-
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tion can be obtained iteratively by solving the two equations self-consistently, starting

from some guess for the ground state density. The strength of the Kohn-Sham scheme

is that the difference between the kinetic energy of the two systems is very small.

The theory is in principle exact. All of the unknowns about how to recover the exact

energy of the interacting system from the non-interacting are placed in EXC [ρ], the

exchange-correlation functional, which must be approximated. If one knew precisely

the dependence of this term on the density then the exact Kohn-Sham potential could

be found.

2.2.4 Computational Considerations in DFT

Now, we will briefly discuss some of the practicalities of realising calculations utilising

density functional theory.

2.2.4.1 Exchange-Correlation Functionals

As discussed in section 2.2.3, the missing piece in density functional theory is the

exchange-correlation energy functional. This energy functional serves to capture all

of the complex many-body effects that cause the non-interacting system to behave dif-

ferently from the interacting system. Here we will give a high-level overview of the

families of exchange-correlation functionals as this is a vast topic that is beyond the

scope of this thesis.

Many exchange-correlation functionals have been proposed, with varying levels of so-

phistication. John Perdew attempted to make sense of the many functionals by classi-

fying them into a hierarchy, which he named Jacob’s ladder93 alluding to a heaven of

chemical accuracy that could be reached progressively in stages, represented as rungs

on the ladder.a An updated ladder has been proposed95 in response to developments

such as the SCAN functional.96

aFor the curious, Jacob’s ladder is a Biblical reference: “Jacob left Beer-sheba and went toward Haran.
He reached a certain place and spent the night there because the sun had set. He took one of the stones
from the place, put it there at his head, and lay down in that place. And he dreamed: A stairway was set
on the ground with its top reaching heaven, and God’s angels were going up and down on it” (Holman
Christian Standard, Gen. 28.10-12)94
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At the base of the ladder is the Local Density Approximation (LDA).92 This approxima-

tion considers only the electronic density at a particular location. Because it is truly

local, it can only poorly approximate exchange, which is a non-local effect. Despite

this, it performs remarkably well. The next rung is the Generalized Gradient Approx-

imation (GGA) family. Now, rather than simply using the density at a position, the

gradient of the density is also calculated. This semi-local approach gives insight into

the electronic picture in the region of a particular point. A popular example is PBE97

(82,000 citations at time of writing) which has enjoyed success for being reliable over

a wide range of systems. The GGAs, in general, improve structures, energetics and

binding energies, compared to the LDA. Beyond the GGAs come the meta-GGAs, such

as the early example, TPSS,98 or the very recent contribution, SCAN.96 The approach

for this family is to gain more data about the surrounding environment by calculating

the Laplacian (the second derivative) of the density. Many of these functionals are

not markedly better than the GGAs but introduce additional expense and numerical

difficulties. To go beyond the local and semi-local approach, non-local exchange is

needed. The hybrid functionals mix exact exchange from Hartree-Fock with local ex-

change and correlation. This increases the cost of a calculation considerably, especially

in the condensed phase, but is invaluable in the situations where the local and semi-

local functionals fail such as in charged simulation cells. A simple example is PBE099

which mixes PBE with 25% Hartree-Fock exchange. In PBE0, a simple 1/r potential

is used for the Coulomb operator. Other hybrid functionals, such as HSE06100–102 use

alternative functions to mimic the screening that is present in the condensed phase.

Hybrids with meta-GGAs are also possible, such as M06-2X from the Minnesota fam-

ily.103 Finally, going beyond the hybrid functionals leads to the double hybrids. While

the hybrids turn to Hartree-Fock to obtain non-local exchange, the double hybrids mix

in a description of correlation energy from second-order Møller-Plesset perturbation

theory. Functionals such as B2PLYP104 perform extremely well but are also extremely

costly.

A number of functionals are compared for Mg(OH)2 in section 2.4.
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2.2.4.2 Electron-Nuclear Interaction

The minimal external potential term in DFT, νext(r), is given by:

νext(r) = −e2
P
∑

I=1

ZI

|r−RI |
(2.31)

This describes the interaction of the electrons with the bare Coulomb potential, that is

the full charge, ZI of the nucleus, I. Other terms may be included, for example, to add

the effects of an electric field or another effect which will alter the potential which acts

on the electrons.

The electrons around a nucleus can be divided into three groups:

• The valence electrons which are highest in energy and participate in chemical

bonding.

• The core electrons, which are lowest in energy and feel no influence from the

bonding environment.

• The semi-core electrons which do not participate in bonding, but are polarised by

the chemical bonding environment.

The valence electrons participate in bonding and so must always be explicitly described.

For the core electrons, one must make a choice. In all-electron calculations, they are

treated explicitly. Their orbitals can either be frozen as if they were in an isolated atom,

or allowed to relax and be polarised by the bonding environment.

Alternatively, the core electrons can be replaced with an effective potential. The nu-

clear charge is replaced by an ionic charge which corrects for the electrons which have

been removed. The nucleus now represents an ion consisting of the nucleus and its

virtual core electrons. The effective potential, known as a pseudopotential, replaces

the bare Coulomb potential and emulates the screening of the nuclear charge by the

core electrons. Within the core region, the pseudopotential must produce some sensi-

ble wavefunction. This can either attempt to reproduce the all-electron core orbitals

or be smooth and without features. In either case, the orbitals of the valence electrons
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must be orthogonal to the core orbitals with the same angular momentum. Both ap-

proaches assume that core electrons play no important role with regards to bonding

and chemistry. The latter approach, with a smooth pseudo-wavefunction, assumes that

even the description of the core orbitals is unnecessary, so long as the valence orbitals

are correctly predicted.

The motivation for using pseudopotentials is purely for computational efficiency. Re-

ducing the number of free electrons in the system reduces the overall cost of the cal-

culation per step while trying to obtain self-consistency, and should also speed conver-

gence of this process. The accuracy compromised is minimal with well designed and

constructed pseudopotentials.

2.2.4.3 Basis Sets

Another key consideration is how to expand the Kohn-Sham orbitals. While one could

represent these orbitals on a Cartesian grid and solve the partial differential equations

using finite difference methods, and in practice, some codes to do use real space grids,

the memory required for fine grids can quickly become prohibitive.

The alternative is to expand each orbital, j in some choice of basis function:

ϕj(r) =
M
∑

α=1

cjαφα(r) (2.32)

where the orbital is expressed as a linear combination of M basis functions, labelled

α, and where cjα are coefficients found by optimisation. In principle, any continuous

function can be used as a basis function, but in practice, only a few have become

popular. Here we will introduce the two most common, although many more exist.

The first type is the plane wave:

φj(r) =
1√
Ω
eiG·r (2.33)
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which allows the orbitals to be expressed as:

ϕ
(k)
j (r) = eik·r

∞
∑

G=0

Cjk(G)φG(r) (2.34)

where G represent the reciprocal lattice vectors, Ω is the cell volume, and k is the

wavevector. This function is a natural choice. Plane waves arise as solutions of the

Schrödinger equation in the presence of a fixed external potential. In solid state systems

where Bloch’s theorem applies (see section 2.2.4.4), plane waves gracefully address the

periodicity of the wavefunction. The representation in equation 2.34 is a Fourier series

composed of an infinite sum of plane waves. In practice, the number of plane waves

is limited by truncating the sum to plane waves with kinetic energy smaller than a

particular cutoff. Computationally, this is extremely useful as the size of the basis can

be converged with respect to the desired accuracy of the total energy by varying the

cutoff energy.

Another popular choice of basis is the atom-centred Gaussian orbital. In Cartesian

coordinates, it’s expressed as:

φijk(r) = χi(x)χj(y)χk(z) (2.35)

where

χi(x) =

(

2α

π

)(1/4)
√

(4α)i

(2i− 1)!!
xie−αx2

(2.36)

and χj(y) and χk(z) are equivalent.

Unlike the plane wave basis, which is a floating basis where the position is dependant

on the simulation cell shape and size and number of plane waves, the Gaussian type

orbitals are centred on the atoms. The properties of the Gaussian function make it an

excellent choice. By centring it on the nucleus, most of the electron density is rightly

placed near the core of the atom, and the function decays away to zero as one moves

away from the core. Different Gaussians can be combined to increase the flexibility of

the basis, and to allow for polarisation effects to be represented. Separate Gaussians

are fitted for each angular momenta to allow for better representation of the orbitals

and different numbers of Gaussians can be used to allow for a systematic improvement

of the basis. Another key advantage is that the product of two Gaussians is also a
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Gaussian, and so much of the algebra required for quantum chemical calculations can

be done analytically, improving efficiency and accuracy.

2.2.4.4 Periodic Boundary Conditions

There is an astonishing number of atoms in a small quantity of matter. How can we

then simulate such a system, even if we were to exploit ensemble averaging? We can

simulate quantum mechanically a small number of atoms (hundreds) readily on the

high-performance computing hardware of 2018, but can this really be representative

of something like a crystalline solid where the atoms are in a lattice? Periodic boundary

conditions offer a means of simulating a condensed phase consisting of a vast number of

particles with only a small number. Two schemes are often used. The first ensures that

the coordinates of an atom are restricted to the simulation box. A moving atom is folded

back into the simulation cell should that atom leave the cell during the simulation. For

example, for the x-coordinate can be updated by:

x =











x+ Lx, x < −0.5Lx

x− Lx, x ≥ 0.5Lx

(2.37)

where Lx is the length of an origin-centred orthogonal unit cell along the x dimension.

The equations for the x and y dimensions are equivalent. This has the effect of taking an

atom which has exited the box at the right side by a given distance and reintroducing it

at the left side displaced by the same distance. In a similar way, the interaction distance

between atoms can be obtained. A second scheme is common which doesn’t update the

particle coordinates, but instead calculates the effective interaction distances using:

dx = xj − xi (2.38)

dx = dx− Lx⌊(dx/Lx)⌉ (2.39)

Where ⌊ ⌉ indicates the nearest integer function. This scheme has the advantage of

being very fast.

One issue with introducing periodic boundary conditions is that the number of inter-

acting pairs of atoms increases dramatically. In either scheme, the interactions obey
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the minimum image convention. For a given atom, the range of interacting atoms is

limited to the nearest periodic neighbour, and this serves to reduce the computational

complexity.

Turning to the electronic problem, how can we capture the effects of long-range order-

ing in solids on the wavefunction? A key result that provides many answers is Bloch’s

theorem:

ψk(r) = eik·ruk(r) (2.40)

It states that the wavefunction of an electron in an external potential which is periodic,

can be expressed as a plane wave multiplied by a function uk(r) , which has the same

periodicity as the lattice. That is to say, the wavefunction will respect the periodicity

of the underlying lattice. k is the crystal wavevector, a vector identifying some point

(known as a k-point) in the reciprocal unit cell within the first Brillouin zone. The

wavefunction at a point shifted away from the origin position by an amount a, is given

by:

ψk(r+ a) = eik·aψk(r) (2.41)

such that the phases will cancel out and the wavefunction will be the same. The

wavevectors can be chosen such that the wavefunction will be in phase in all of the

periodic replicas of the cell. The smallest wavevectors that allow this indicate the

boundary of the first Brillouin zone, which is defined as the primitive cell of the re-

ciprocal unit cell. Thus an integration over all k in the first Brillouin zone will ensure

that every possible wavefunction for a given crystal lattice will be sampled. In practice,

particularly in electronic structure codes employing a plane wave basis, this integration

is approximated usually by a small regularly spaced-grid of k-points. Knowledge of the

crystal symmetry can reduce the number of k-points required even further. If one uses

a small unit cell to represent the system, the resulting reciprocal cell will be very large,

and so many k-points will be required. Conversely, if one uses a very large real space

cell, the reciprocal cell will be very small, and so few k-points will be required. For

a large enough cell, the real space cell itself (which represents k = [0, 0, 0]), will be

sufficient to represent the periodicity of the wavefunction. This is known as the Γ-point

approximation.
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2.2.5 Dispersion Forces

One physical effect not represented in density functional theory is the dispersion inter-

action. This force is a purely quantum mechanical effect due to the dynamics of the

electrons. As electrons redistribute around atoms in response to a change in the local

environment, due to the motion of nearby electrons and nuclei, instantaneous dipoles

are created which attract each other. In a mean field, time-independent theory such as

DFT, this effect is absent, but it is of critical importance to many chemical structures

and systems of interest. Several ways to introduce dispersion interactions have been

proposed.105 The simplest approach is to correct the DFT energy directly:

Etotal = EDFT + Edisp (2.42)

where the dispersion energy is given by an empirical pairwise relation:

Edisp = −
∑

A,B

CAB
6

r6AB

(2.43)

and where CAB
6 is the dispersion coefficient between elements A and B, which is fitted

empirically. An example of this scheme is the DFT-D2 method by Grimme106 The prob-

lem with this approach is that the coefficients are locked to particular values that reflect

the training data. The effects of chemical environments, such as hybridised electronic

states, for example, cannot be well represented. The DFT-D3 model107 tries to make

allowances for this. The C6 terms become dependant on a continuous function of the

coordination number of the atom involved, which is recomputed every time the atoms

move. An additional term, C9, is added which introduces a 3-body potential. While this

method works very well, attempts have been made to go beyond pair potentials. The

logical next step is to try and use the electronic density directly. Functionals have been

developed which include a non-local correlation term which is calculated in a similar

way to the Coulomb energy but with a more sophisticated function. These methods

work well, but are expensive compared to the empirical pair-wise potentials, and can

overestimate binding energies. The methods described thus far perform best in gases.

In condensed phase systems, dipoles can move collectively and so a different approach

is required. Recent methods try to attack the correlation directly. These include many-
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body dispersion, which attempts to model the dipoles using coupled quantum harmonic

oscillators, the random phase approximation, which is an alternative approach to the

exchange-correlation energy, and double hybrid functionals which combine the exact

exchange from Hartree-Fock theory with the correlation energy calculated by second-

order Møller-Plesset perturbation theory (MP2). In many cases, however, the simple

pair potential remains a convenient and effective option.

2.3 Overview of Sampling Methods

Having introduced the useful canonical ensemble in section 2.1, and then introduced

some model Hamiltonians in section 2.2, we will now briefly review some approaches

for sampling from these ensembles. We begin by considering the process of optimising

structures, which is not a sampling method as such but is a useful tool for exploring

the potential energy landscape. Next, we will discuss molecular dynamics, which is

the main tool for sampling. Finally, we will discuss the shortfalls of this approach, and

introduce some alternative sampling schemes.

2.3.1 Geometry Optimisation

Once a model Hamiltonian has been selected, and the initial configuration of the atoms

prepared, one of the simplest approaches for sampling from the potential energy sur-

face is geometry optimisation. This approach does not sample from an ensemble but

does allow some insight into the underlying 3N dimensional potential energy land-

scape of a system.

The concept is straightforward. An initial configuration of atoms is prepared. The

model Hamiltonian is computed for this configuration, and the forces acting on each

atom are found. Using a numerical solver, the atoms’ positions are adjusted in steps

until the forces acting on the atoms are minimised. This resulting configuration is an

equilibrium geometry for a temperature of 0 K. The act of minimising the forces serves

to find a local minimum in the potential energy surface of the system. It is local because

the algorithms normally used to find the minimum use information about the surround-
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ing force gradients as landmarks to infer in which direction a minimum might be found.

The resulting configuration is extremely sensitive to the starting configuration.

2.3.1.1 Conjugate Gradient Minimisation

A popular and robust scheme for finding a minimum is the conjugate gradient algo-

rithm.

The algorithm is not born of out the study of molecular systems, but is a numerical

method used widely for problems of the form:

Ax = b (2.44)

which constitutes a system of equations, where A is a square matrix, and x and b are

vectors. The concept underlying it is the steepest descent method, where the system is

adjusted to follow the negative gradient, given by the residual, b − Ax, downwards

along its steepest slope.

For the case of a system of atoms, let qi be the 3N dimensional vector describing the

position of all the atoms at step i. The potential for this configuration is calculated as

Vi(qi) (2.45)

and from this the gradient of the potential at point qi is used to obtain the search

direction, Fi:

Fi = −∇Vi(qi). (2.46)

This gradient operator points in the direction where the slope is the steepest, and hence

the method is known as steepest descent method. A small step is taken along the search

direction, following the gradient downwards, using

qi+1 = qi − λFi (2.47)

where λ is the step size, and qi+1 is an updated position vector. The step size can be

fixed or it can be determined every step. To determine the optimal step size, a line
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search is performed. Considering the underlying potential energy surface, the path

along the search direction constitutes a one-dimensional function. The optimal step

size is the one which minimises this function, and is found when the gradient of the

potential energy surface is orthogonal to the search direction.

The point found from the optimal step becomes the new qi and the procedure continues

iteratively until the change in qi is sufficiently small. This method is robust in that it

will always find a local minimum, so long as the step size is sufficiently small. However,

this method can be very slow when approaching the minimum as the steps it will take

are orthogonal to each other. For a narrow valley, this can result in many very small

steps as the minimiser zig-zags towards the solution.

The conjugate gradient method improves on this approach. The innovation in this

method is that it exploits a property of vectors being conjugate. Two vectors, v, are

conjugate with respect to matrix A if:

vTi Avj = 0 (2.48)

If vi is conjugate to vj , then vj is conjugate to vi. One can imagine a set of N vectors,

all of which are conjugate with each other:

V = {v1, · · · , vN} (2.49)

This set is used as a basis for a solution, x∗ of the problem Ax = b :

x∗ =

n
∑

i=1

αivi (2.50)

where αi is a coefficient. It can be shown, by exploiting the fact that vi and vj must be

conjugate that:

αj =
vTj b

vTj Avj
(2.51)

One can then compute a series of conjugate directions and compute the values of αj to

obtain the solution to the system of equations. While this requires n direction vectors,

an approximation to the solution can be obtained with fewer using an iterative ap-

proach. The initial step follows the steepest gradient as before in the steepest descent
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method, obtained as the residual (r = b− Ax), and takes the optimal step length. The

second step now, rather than using the orthogonal search direction, which would fol-

low the steepest gradient, uses a search direction which is conjugate with the previous

search direction. Using this search direction, the optimal search length is determined

as before, and the coordinates are updated. This continues until the change in the

residual is sufficiently small. Because the search directions are all conjugate to each

other, they are members of the basis introduced in equation 2.50 and by finding the

coefficients, αk, we obtain an approximation to the solution. With each iteration an

additional basis vector is added, improving the solution. Assuming that the matrix is

symmetric and positive-definite, this method will converge in at most n steps, for an

n× n matrix.

2.3.2 Molecular Dynamics

2.3.2.1 Connection to Ensemble Theory

As we showed in section 2.1, computation of an ensemble average requires the eval-

uation a 6N -dimensional integral, which is impossible to do analytically for all but

the most simplified systems. An alternative option is a numerical approach such as

molecular dynamics. In this scheme, consider a system evolving according to classical

mechanics, such as Hamilton’s equations of motion:

q̇α =
∂H

∂pα
, ṗα = −∂H

∂qα
. (2.52)

These equations of motion will conserve the total Hamiltonian energy and maintain it

at a constant value: dH/dt = 0. Thus, the trajectory that the system evolves along

will sample from the microcanonical ensemble. If the simulation is run for an infinite

amount of time, it will be ergodic and will sample all of the accessible phase space, and

in doing so, will have generated a microcanonical ensemble. We can express averages

over time as:

〈A〉 =
∫

dω f(ω)δ(H(ω)− E)
∫

dω δ(H(ω)− E)
= lim

τ→∞

1

τ

∫ τ

0
dt f(ωt) ≡ Ā (2.53)
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where A is an observable quantity, ω is a microstate of the system, f is a function

which allows the calculation of the observable for a given microstate, E is the given

fixed energy, δ is the Kronecker delta (which here serves to select only states with a

Hamiltonian energy of E), τ is total time, and t is a given time. To realise this in a

numerical simulation requires us to discretise the time evolution, using a time step, ∆t.

The average becomes:

A = 〈a〉 = 1

M

M
∑

n=1

f(ωn∆t) ≡ ā (2.54)

where n labels the time steps, and and M is the total number of time steps.

2.3.2.2 Integrating the Equations of Motion

The integration of the equations of motion needs to be done carefully to ensure the

conservation of energy. Small numerical errors at each step will lead to increasingly

large drift in the energy, leading to samples which should not belong to the ensemble.

The standard approach to this integration is the velocity Verlet algorithm which uses a

Taylor series expansion to the second order. A particle’s new position is given as:

qi(t+∆t) ≈ qi(t) + ∆tq̇i(t) +
1

2
∆t2q̈i(t) (2.55)

where q̇i is the velocity of the particle, v, and q̈i is its acceleration, a. From Newton’s

second law, F = ma, we can rewrite equation 2.55 as:

qi(t+∆t) ≈ qi(t) + ∆tvi(t) +
∆t2

2mi
Fi(t) (2.56)

One can also evolve backwards in time:

qi(t) = qi(t+∆t)−∆tvi(t+∆t) +
∆t2

2mi
Fi(t+∆t) (2.57)

Now, equation 2.56 can be substituted into equation 2.57. Rearranging gives a function

for updating the velocity:

vi(t+∆t) = vi(t) +
∆t

2mi
[Fi(t) + Fi(t+∆t)] (2.58)
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Now using equation 2.56 and equation 2.58, the trajectory of the atoms in time can be

predicted.

The basic algorithm is as follows:

1. For time t = 0, choose the initial condition, consisting of positions, q0, and veloc-

ities, v0.

2. Calculate the energy and forces of this configuration, q(t), according to the cho-

sen model Hamiltonian which depends on the positions of the particles.

3. Knowing the forces at time t, calculate the updated positions, q(t + ∆t) at time

t+∆t using equation 2.56.

4. Calculate the forces, F (t +∆t), for the new particle positions, q(t +∆t) at time

t+∆t.

5. Calculate the new velocities, v(t+∆t) using equation 2.58.

6. Set t = t+∆t.

7. Go to 3

Finally, it is important to consider the accuracy of such a scheme. Recall in equa-

tion 2.55 that a second-order Taylor series expansion was used. The Taylor expansion

of a function is an infinite sum of terms, so to truncate this series introduces some er-

ror. In the case of the velocity Verlet algorithm, the error is O(∆t2), thus depending

only on the time step. The consequence of this is that doubling the time step increases

the error by a factor of 4. This scaling presents some problems. For a large time step,

some numerical error will be introduced, leading to an unacceptable drift of the total

energy and sampling of an incorrect ensemble. In extreme cases, this could lead to

instability in the simulation and unphysical behaviour. On the other hand, overly con-

servative choices for the time step will lead to shorter simulations in which less of the

phase space is sampled. The consequence, in this case, is that any ensemble averages

calculated are unrealistic due to the strongly non-ergodic behaviour of the simulation.

Thus, one must choose the longest time step possible that is stable and does not intro-

duce excess drift in the energy. As well as velocity Verlet, other integrators have been

developed, such as predictor-correctors, which claim higher accuracy.108
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2.3.2.3 Simulating the Canonical Ensemble

As we showed in the section 2.3.2.1, connecting molecular dynamics to the micro-

canonical ensemble is a natural thing to do. However, if we want to simulate systems

that more faithfully represent the real world, we need to be able to simulate the canon-

ical ensemble.

In practice, there are a number of methods available to ‘thermostat’ the system and

maintain the desired temperature. In the calculations that will be presented later, all of

the molecular dynamics calculations have been performed in the freely available CP2K

package,109 which uses the Canonical Sampling through Velocity Rescaling (CSVR)

thermostat.110 The underlying concept is the velocity rescaling thermostat. The tem-

perature of a system is related to the kinetic energy by

K =
3

2
NkBT, (2.59)

where each particle’s 3 degrees of translational freedom contribute kBT/2 to the total.

In a simulation, the total kinetic energy is calculated from the momenta of the particles

using

K =
N
∑

i=1

|pi|2
2mi

(2.60)

If one knows the target temperature, then the goal is to ensure that the average kinetic

energy results in this temperature. A rescaling factor can be obtained using

α =

√

K̄

K
(2.61)

where K̄ is the average kinetic energy required, and K is current kinetic energy. This

rescaling factor is then used to uniformly scale the velocities of the particles to achieve

the desired average kinetic energy, and thus temperature, in a simple and effective

way. The shortcomings of this approach arise whenever an observable is related to

fluctuations rather than averages, or when the simulated system is very small. Bussi

et al. proposed to replace the average kinetic energy, K̄, with a randomly chosen

kinetic energy drawn from the canonical distribution. It was shown analytically that

the CSVR thermostat samples the canonical ensemble, whereas the ensemble that the
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simple velocity rescaling thermostat samples from is not explicitly known.

2.3.3 Enhanced Sampling

While molecular dynamics is an excellent way of sampling from a thermodynamic en-

semble, there is one considerable issue. Every molecular dynamics step has a compu-

tational cost. For classical models, the cost of computing the forces is relatively low

and so many time steps can be computed in a reasonable amount of time. For quantum

mechanical models, the cost per step is considerably higher, severely limiting the length

of simulation possible. However, even for the classical models, the system being sim-

ulated is unlikely to be ergodic, meaning that the simulation will fail to visit all of the

accessible phase space. Why this happens is easy to see. For the canonical ensemble,

the chance of being in a given state is:

p(q, p) ∝ exp(−H(q,p)

kBT
) (2.62)

That is to say that if the system is to cross a barrier from one free-energy well to another,

it must go up in energy, and the chance of this happening is proportional to the negative

exponential of the energy. For a large energy barrier, say for example that of a chemical

reaction, the chance of crossing the barrier is extremely small and this process is known

as a rare event. If we can only run a simulation for a short time, we will be unlikely to

see this process happening, and so cannot gain knowledge about the underlying free

energy surface.

There are a number of methods designed to overcome this challenge, collectively

known as methods for enhanced sampling. There a growing number of these methods,

but in general they work by introducing a bias to the system which forces it to explore

regions of phase space which otherwise would not be accessed. In post-processing, this

bias can be removed and an estimate of the free energy for a process can be recovered.

Two popular are umbrella sampling and metadynamics.
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2.4 Functional Choice Validation

Having introduced the relevant theory, we now turn to how an exchange-correlation

functional can be selected for the systems of interest in this work.

The main challenge associated with calculations on charged systems within density

functional theory is self-interaction error or delocalisation error, which arises when deal-

ing with open-shell systems that have an odd number of electrons. In many cases this

is due to the definition of the Coulomb energy within DFT:

Vee(r, r
′) =

1

2

∫ ∫

ρ(r)ρ(r′)

|r− r′| drdr
′. (2.63)

In the case of a one electron system this term should vanish, but due to the underlying

principles of DFT, this term is defined in terms of electron density and not explicit elec-

trons, and so does not vanish. This results in some contribution to the total energy from

an electron interacting with itself. This situation does not arise in Hartree-Fock theory

due to it being based on explicit one-electron spin-orbitals rather than density. This

is now usually referred to as one-electron self-interaction error and was the error that

the early self-interaction correction schemes sought to rectify.111 Two functionals were

developed at almost the same time, B05112 and MCY,113 which address this deficiency

and are referred to as self-interaction-free functionals. However, it has been shown

that neither of these functionals cures all of the ills thought to be due to self-interaction

error.114 This led to the definition of one-electron self-interaction error, and N-electron

self-interaction error.114 A functional which is free of N-electron self-interaction error

is automatically free of 1-electron self-interaction error, but the converse is not neces-

sarily the case. This N-electron self-interaction behaviour arises when considering the

dissociation of a bond, and when considering fractional electron numbers, even if the

1-electron self-interaction has been corrected.

Here, we restrict our analysis to commonly used functionals which have been exten-

sively used and reported in the literature. We also restrict our analysis to a problem

of interest for this work, rather than considering the merits of different functionals for

general use.

A gas-phase Mg(OH)2 molecule (of interest in atmospheric chemistry115) was relaxed
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using second-order Møller-Plesset Perturbation Theory (MP2). MP2 is a perturbative

method which effectively adds correlation to Hartree Fock, which is the zeroth order

perturbation. To this structure, an electron was added and the structure relaxed further.

In the same way, a structure with a hole was relaxed.

The electronic structure of these geometries was calculated self consistently with MP2,

Hartree-Fock, and the following exchange-correlation functionals:

• Local-Density Approximation (LDA)

• PBE, a generalised-gradient approximation functional

• LDA+SIC, the LDA functional corrected with the Perdew-Zunger self-interaction

correction111

• PBE+SIC, the PBE functional corrected with the Perdew-Zunger self-interaction

correction

• PBE0, a hybrid functional based on PBE

• HSE06, a screened-exchange hybrid functional based on PBE0

• M06-2X, a hybrid version of the meta-GGA functional, M06L

All of these calculations were performed using NWChem116 with a Dunning cc-pVTZ

basis for the cation, and an aug-cc-pVTZ basis for the anion. Some M06-2X calculations

were performed using CP2K109 with a mixed TZV2P/DZVP basis from the MOLOPT

family. These calculations will be indicated in the figures when they arise.

The resulting spin densities are shown for the anion, with the excess electron, in Fig-

ure 2.1, and for the cation, with an excess hole, in Figure 2.2.

For the anion, from Figure 2.1 it is clear that even the most basic exchange-correlation

functional, LDA, can adequately reproduce the spin density of the MP2 reference cal-

culation. The resulting spin densities are generally similar, with the exception of the

Hartree-Fock result, which is slightly worse than the others. The difference between

the HF and MP2 spin-densities suggests that there is a small contribution from correla-

tion which is important in this system, and the results from the other methods suggest
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that most functionals adequately account for this. In the case of the cation, shown in

Figure 2.2, the situation is quite different. The MP2 calculation shows that the hole

spin-density is localised to only one oxygen p-orbital. The LDA and PBE functionals

fail to show this localisation. The hole is correctly localised to the oxygen p-orbital,

but there is no breaking of the symmetry. Half of the hole spin-density is on one oxy-

gen, and half is on the other. The use of the Perdew-Zunger self-interaction correction

scheme makes no noticeable improvement. Hartree-Fock shows the correct behaviour,

and this confirms that this effect is due to exchange and 1-electron self-interaction er-

ror. On this basis, the hybrid functionals should perform better. PBE0 and HSE06 both

show a hint of trying to break the symmetry, but ultimately the hole remains split across

the two oxygen centres. M06-2X is the best performing functional and almost succeeds

in localising the spin density on one oxygen. While PBE0 and HSE06 mix in 25 % of

the HF exchange, M06-2X uses 54 %, and this explains its performance in this test.

For each of the functionals, the following function was evaluated:

ǫρ =
1

IJK

I
∑

i=1

J
∑

j=1

K
∑

k=1

√

(ρMP2
ijk − ρaijk)

2 (2.64)

where i,j,k, are indexes referring to data points in the three-dimensional spin-density

data, ρ. The spin density from the MP2 calculations and the functional under test are

denoted ρMP2 and ρa, respectively. Thus, ǫρ is a single number describing how well a

given functional can reproduce the MP2 spin density, which acts a benchmark. These

results are shown in Table 2.1 for the anion and cation.

Method

HF LDA LDA PBE PBE PBE0 HSE06 M06-2X
SIC SIC

Anion 1.611 2.333 2.333 1.852 1.852 1.111 1.097 1.852
Cation 2.551 32.659 32.660 32.825 32.825 23.510 24.033 3.034

Table 2.1: Error in spin density with respect to MP2 for various
methods for the Mg(OH)2 anion and cation. Lower is better. The
error was calculated using equation 2.64 and scaled by a factor
of 1 × 108. The anion result for M06-2X is from CP2K for compu-
tational reasons.

The quantitative results agree with the plotted spin densities. In the case of the anion,
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all methods perform well and can reproduce the MP2 spin density to some degree.

M06-2X performed less well than the other hybrid functionals, but this is likely due

to a different code being used. For the cation, there is a large spread in values, as

expected. Again, the SIC functionals did not perform noticeably better than their non-

corrected versions. M06-2X was the best performing hybrid and was only narrowly

out-performed by pure HF.

While it has been shown, especially for the cation, that the M06-2X functional best

reproduces the reference spin density, it is important that to verify that it can also

produce sensible total energies. To test this, the cation relaxed with MP2, had one

O – H bond stretched in steps in a direction axial to the molecule. The self-consistent

energy was calculated for each configuration with each of the methods. The results are

plotted in Figure 2.3. With the exception of LDA+SIC, all of the methods predict the

correct O – H equilibrium bond distance. LDA+SIC over binds slightly, resulting in a

slightly too short bond. MP2 predicts a dissociation energy of about 5.4 eV. LDA+SIC

overestimates this energy by almost 2 eV. PBE+SIC also overestimates, but only by

1 eV. Uncorrected LDA, on the other hand, is in almost perfect agreement with the

MP2 dissociation energy. However, the shape of the potential is far too shallow. With

MP2, the bond is fully dissociated by 2.2 Å, whereas LDA takes until at least 2.4 Å to

dissociate. Uncorrected PBE, like uncorrected LDA, has a profile which is too shallow,

although it does dissociate at the correct distance. However, the dissociation energy is

underestimated by about 0.4 eV. PBE0 and HSE06 behave in a very similar way to PBE

but give slightly better dissociation energies. It is hard to properly test HSE06 in the

gas phase because its screened Coulomb potential will only improve the description

of long-range interactions, and these are absent in an isolated gas molecule. In the

gas phase, one would expect it to behave like PBE0, and this test demonstrates that

this is the case. M06-2X is very different from the other hybrids. The profile is again

too shallow and follows PBE, PBE0 and HSE06 closely. The dissociation distance is too

long, but the dissociation energy is excellent and rivals LDA for best reproduction of the

MP2 energy. Finally, HF is the least satisfactory method. The profile is a little too steep,

with dissociation happening too soon at only 2 Å, and the final dissociation energy is

far too low, at only 3.9 eV.

These results are interesting as they show that simply reproducing the spin density
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is not enough. While HF was slightly superior to M06-2X in reproducing the MP2

spin-density, M06-2X produced far better energies and was the best overall performing

method. On this basis, M06-2X was selected for use in the brucite study.
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2.5 Further Reading

For a detailed account of the topics discussed in this chapter, an interested reader

should consider consulting the following texts. These recommendations are by no

means an exhaustive list, but rather a collection of texts that I found valuable and

enjoyable.

For statistical mechanics, I recommend the texts by Tuckerman,108 Pathria and Beale,117

and Chandler.118 For molecular dynamics, modelling and algorithms, Frenkel and Smit,119

Allen and Tildesley,120 and Marx and Hutter.121 Finally, for density functional the-

ory and quantum chemistry, start with Kohanoff,122 and consider following up with

Jensen,91 and Martin.123



Chapter 3

The Role of an Excess Electron in

Bulk Brucite

While there have been some studies examining the mechanism of thermal decomposi-

tion of brucite, decomposition of brucite under irradiation is not well understood. Ex-

perimental work has focused on obtaining G-values, a measure of how many molecules

of gas are produced per 100 eV of incident particle energy. Using dried brucite sam-

ples as a target, it was found that H2 would be evolved with a measured GH2
value of

0.051 molecules/100 eV.27 While the studies of LaVerne et al.27 and Shpak et al.28 pro-

posed some possible mechanisms for H2 formation, the limitations of the experiments

performed prevented any concrete understanding from being established. In this work,

our goal is to study this process at the atomistic level. We want to explore the inter-

action of ionising particles with brucite, and to gain insight into which processes are

most likely in as unbiased a way as possible. In this chapter, we consider the case of

bulk brucite, representing the interior of the brucite particles. Excess electrons are one

of the ultimate products resulting from an ionising particle track, so we will consider

what the fate of an excess electron is in this system.
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3.1 Introduction

As was shown in section 1.2, the real irradiated Magnox sludge in the First Generation

Magnox storage pond is an extremely complicated wasteform. In addition to brucite be-

ing the main component, there are also various carbonated and organic phases present.

Throughout the sludge bed, there are various actinide and lanthanide contaminants.

The sludge consists of particles, structured into platelets and rods at the microscopic

scale, dispersed throughout water. Clearly, there are many factors which will contribute

to the behaviour of Magnox sludge under irradiation. To make this study tractable, we

elected to use brucite as a representative mineral phase to model the sludge. For an

initial study, a bulk phase model of brucite was prepared. This serves to represent the

interior of a sludge particle, far away from the surface.

To investigate the effect of radiation in this system we will consider the effect of ex-

cess electrons. It is known experimentally that the passage of a high-energy ionising

particle carves out a track in the material. This track will contain many radical and

ionised species. Additionally, secondary particles will be created at lower energy and

these will create their own tracks. These track branch off from the main track and are

known as spurs. These secondary particles can create their own secondary particles,

at an even lower energy. This can continue until the final generation of particles is

of low enough energy that they no longer have the energy to ionise the medium, and

eventually become trapped. A single high energy photon can produce thousands of

electrons. Accordingly, in this chapter, we examine what happens to one of these low

energy electrons when it encounters bulk brucite.

To do this, we introduced an excess electron into a model of bulk brucite. Using both

static calculations and molecular dynamics, we simulated how the structure would be

affected by this electronic defect. While no damage arose directly as the result of an

excess electron, the electronic structure was affected in an interesting way. The excess

electron was found to localise in the interlayer spaces in the bulk brucite, while simul-

taneously being delocalised over the entire volume of the interlayer spaces, much like a

two-dimensional electron gas. An electron in this state is mobile and not bound to any

single atom, and does not induce any reaction by reduction. To develop understanding

of this electronic state and how it can arise, we also studied heterostructure systems
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consisting of brucite and its cousin, portlandite, as these introduce interesting pertur-

bations in the geometry of the crystal. Finally, we considered how dopants would affect

this electronic state in these heterostructures, and if these would induce or preclude the

formation of this unusual electronic state.

3.2 Background

3.2.1 Electrons in Electronics

When considering how an electron might interact with bulk brucite, it is useful to re-

alise that this question could easily be framed as a solid-state physics question relating

to materials for electronics, rather than a question of radiation damage. In electronics

applications, electrons act as charge carriers for electrical current and so controlling

their passage, through gating, for example, allows devices like transistors to be re-

alised. The key question remains the same - what does an electron do when introduced

in a particular crystal lattice?

The pursuit of materials to replace silicon as the dominant semiconductor has been

a key mission of physicists and material scientists in recent years. New generations

of ever-smaller transistors have allowed Moore’s Law to continue, but making im-

provements under the 10 nm scale introduces new challenges.124,125 The discovery of

graphene has opened up new avenues for the design of nanoscale electronic compo-

nents, however, that may allow us to overcome these challenges.126 In addition, many

other two-dimensional and layered materials have been identified that share some of

graphene’s peculiar electronic and optical properties,127,128 which also provide oppor-

tunities for future electronics applications.129

3.2.2 Layered Double Hydroxides

A family of candidate materials for electronics application that has thus far not been

explored is the layered double hydroxides,130–132 which includes magnesium hydroxide

(Mg(OH)2 - brucite). Like the two-dimensional materials, magnesium hydroxide’s po-
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tential applications are varied, and includes adsorption and water treatment,133–135

hydrogen storage,136 fire retardant materials,137,138 and solar cells.139–141 Modified

brucite and brucite-like materials have also been proposed for drug delivery,142,143

super-capacitors,144–146 and catalysis.39,147 Recently, there has even been interest in

understanding the properties of low-dimensional forms of these materials.148

In this chapter, we will investigate how excess electrons interact with bulk brucite using

ab initio simulations. Additionally, we will investigate heterostructures of brucite and

its analogous cousin, portlandite, and will explore how portlandite’s interaction with

excess electrons compares with brucite’s.

3.2.3 Two-Dimensional Electron Gas

One exciting opportunity for progress towards new post-silicon components, particu-

larly field-effect transistors, started with the discovery of a two-dimensional electron

gas at perovskite oxide interfaces.149–152 This electron gas state ensures that the mate-

rial has high electron-mobility in one plane, but confinement in the direction normal to

this plane. As such, electrons in this state can be effectively contained within extremely

narrow conduction channels. Understanding and controlling the behaviour of this elec-

tronic state is a key ingredient when it comes to developing applications. Some strate-

gies for manipulating this state include inducing strain,153,154 and substituting the typ-

ical paraelectric and paramagnetic perovskites for ferroelectric and antiferromagnetic

perovskites to allow for switching.155 In addition, identifying the two-dimensional elec-

tron gas property in other materials, as well as methods for controlling it, could open

up new avenues for novel component design.

3.3 Calculation Methods

Density functional theory (DFT) calculations were carried out on magnesium and cal-

cium layered double hydroxide supercells at the generalised-gradient-approximation

(PBE97) and hybrid (M06-2X103) levels of theory, using the freely-available CP2K code.109,156,157

Auxiliary Density Matrix Method158–160 Hartree-Fock was applied for the hybrid func-
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tionals. A truncated Coulomb potential was used for the hybrid functionals. The Bril-

louin zone was sampled at the Γ-point. The MOLOPT161 basis set family was chosen.

A TZV2P basis set was used for hydrogen and oxygen, and a DZVP basis set was used

for the magnesium and calcium atoms. Norm-conserving Goedecker-Teter-Hutter pseu-

dopotentials were used to replace core electrons.162 Van der Waals interactions were

corrected for using the Grimme DFT-D3 pair potential.107,163 More detailed discussions

of these methods can be found in Chapter 2.

To model the bulk brucite material, the initial positions of the atoms and the param-

eters of the cell were taken from a powder neutron diffraction study undertaken at

atmospheric pressure by Catti et al.15 This unit cell was replicated into a 3×3×3 su-

percell, consisting of 135 atoms, and relaxed at the PBE level of theory. A portlandite

supercell was prepared in the same way as the brucite supercell, but this time the initial

geometries were taken from a paper by Henderson and Gutowsky.164

The brucite supercell (Figure 3.1), consists of three layers of magnesium atoms, each

of which is sandwiched between two layers of hydroxide groups. The hydroxides’ hy-

drogen atoms point towards each other in a staggered geometry. The gap between

hydrogen layers is approximately 0.55 Å. These interlayer spaces, centred on the gaps

between the hydrogen layers, are the structures we mean when we refer to planes in

this chapter. The structure of brucite is common to all of the layered double hydroxides

and the heterostructures we will show.

Two heterostructures were also prepared. The first was based on the brucite supercell

but one of the layers of magnesium atoms was replaced with calcium atoms before the

cell was relaxed. From the bottom of the structure, the metal ion layers in order con-

sist of calcium, magnesium and magnesium. For the second structure, the portlandite

supercell was modified by replacing the two adjacent layers of calcium with magne-

sium before the relaxation. This also results in a calcium, magnesium, magnesium

stacking of the layers. If one considers the periodic boundary present in the Carte-

sian z direction, the resulting structures both have an array of two layers of brucite

sandwiched between portlandite single layers. The difference between these two cells

lies in their initial lattice constants. The former system has the lattice constants of the

brucite supercell, while the latter has the lattice constants of the portlandite supercell.
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Figure 3.1: Structure of the 135 atom supercell, viewed along the b-axis.
The marked boundary (solid line) indicates the extent of the simulated
supercell. The supercell is periodically repeated in all directions. The
dashed rectangle in the top left corner (dashed blue) indicates the crys-
tallographic unit cell. The term, plane thickness, as used in this chapter,
refers to the average vertical distance between the stacked oxygen pairs,
as indicated by the horizontal dashed green lines.

Following relaxation, the final structures and cells were extremely similar, with the a

and b lattice constants matching to within 0.1 %, and the c lattice constant matching to

within 0.2 %, so one structure was retained as the heterostructure model, and used for

additional calculations.

An excess electron was introduced into the relaxed heterostructure model by setting the

overall system charge to -1. A uniform compensating background charge was added

to ensure that the simulation box remained neutral overall. We verified that this com-

pensating background did not introduce spurious electrostatic effects at the various

internal interfaces. Two self-consistent energy calculations were then carried out us-

ing the PBE functional and the M06-2X hybrid functional. For all of the spin-polarised
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calculations, the Unrestricted Kohn-Sham formalism165 was used.

3.4 Pure Layered Double Hydroxides

3.4.1 Electronic Structure

We investigated the properties of an excess electron added to brucite, and brucite’s

sister material, portlandite ( Ca(OH)2 ). Mono and bi-layer portlandite structures were

previously shown to have interesting electronic properties at their surfaces.166 Our in-

terest is the nature of the electronic structure in the bulk phases of portlandite and

brucite.

For these calculations, we relaxed the bulk phase without charge, then introduced an

excess electron, and re-relaxed the structure. The resulting spin density following the

addition of an excess electron into the final structure is shown in Figure 3.2. For both

brucite, Figure 3.2(a) and (c), and portlandite, Figure 3.2(b) and (d), the excess elec-

tron is found localised in one or more of the three planes of the structure. This state

resembles a two-dimensional electron gas in that the electron is confined to a given

narrow plane, but delocalised horizontally in the plane.

For the results with the PBE functional, Figure 3.2(a) and (b), we see the two-dimensional

electron gas behaviour in both structures but the excess electron is delocalised over ev-

ery available interlayer plane. This is not surprising. Clearly, in these pure materials,

the layers are symmetric and the electrostatic potential will be symmetric. Thus an

excess electron’s density will be distributed equally between the available planes. The

behaviour is the same for both materials and is agnostic of the metal element present.

However, we also observe an interesting situation which arises when these materials

are relaxed with an excess electron, using the M06-2X hybrid functional. The PBE

spin densities for the M06-2X optimised structures are shown in Figure 3.2(c) and (d).

In contrast to the results observed for the PBE optimised geometries, the electronic

structure found for the final structure from the M06-2X optimization predicts that the

electron will be confined to a single plane. To understand why the electron is confined

to a single plane, the geometry of the plane in which the electron localized in brucite
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is contrasted with that of the other planes in the structure in Table 3.1. The key finding

here is that when the structure is relaxed using the M06-2X functional and with an

excess electron, the final average distance between the oxygen layers in the c direc-

tion is 2.66 Å for the top and bottom planes, and 2.83 Å for the middle plane. This

corresponds to the middle plane widening by 3.24 % and the top and bottom planes

contracting by 1.44 %. Looking at the equivalent data at the PBE level, we see that

the three planes have very similar thicknesses in the relaxed structure with an excess

electron and that they distort by no more than ∼ 0.01 Å in the final relaxed geometry.

The larger gap in the middle plane in the structure relaxed with M06-2X ensures that

the excess electron localises in that plane.

Functional Plane Thickness

Bottom Middle Top

PBE Change (Å) +0.00 +0.01 +0.00
(%) +0.11 +0.17 +0.11

M06-2X Change (Å) –0.04 +0.09 –0.04
(%) –1.35 +3.24 –1.53

Table 3.1: Change in plane thickness from the neutral structure
to the charged structure for brucite. The figure given in each
case is an average of the distance in the c direction between each
stacked pair of oxygens.

The distortion seen in the relaxed M06-2X geometries occurs because, although the ex-

cess electron is initially delocalised, it has a small initial preference for one of the planes

due to numerical rounding errors or small perturbations in geometry, which turns out

be the middle one. There is nothing special about the middle plane, only that it is

initially slightly wider than the others in the neutral structure. In the portlandite case,

it is the upper plane that ends up widest, again because of a small initial perturbation.

Initially, the electronic density in the middle plane is slightly higher so the force ex-

erted on the nearby atoms is larger, which leads to them being displaced slightly. This

distortion breaks the system’s symmetry further and reinforces the localization of the

electron in this particular plane. Furthermore, this effect becomes more pronounced

with each subsequent relaxation step. This behaviour should be contrasted with that

observed during the relaxation with PBE. In these calculations, the semi-local nature
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of the functional ensures that electronic density is distributed around the cell, which

prevents high force gradients from appearing in any particular region. This is why the

final relaxed geometries with the PBE and M06-2X functionals differ.

We must stress that these results for the pure material, for the M06-2X functional,

represent a synthetic test-case. The symmetric PBE structure is likely to be a better

representation of reality than the anomalous results arising from the hybrid functional.

The symmetry breaking caused by the M06-2X functional emerges due to the high

fraction of exact exchange included in that functional, and the very high charge density

in the simulation box resulting from the excess electron and the limited size of the box.

Having said all that that, while these results are unphysical, they do serve to illustrate

the localisation of the state as the result of a transition to a low-symmetry structure.

The effect of the amount of exact exchange included in a hybrid functional is reported

in Figure 3.3. The hybrid used was of the form of PBE099

EXC = αEHF
x + (1− α)EPBE

x + EPBE
c (3.1)

where α is the fraction of exact exchange included, and EHF
x , EPBE

x , and EPBE
c are

the Hartree-Fock exchange energy, the PBE exchange energy, and the PBE correlation

energy respectively. The α parameter was varied, and the integrated spin density for

each layer of the supercell was calculated. The neutral PBE structure studied has a

very slight perturbation in the thickness of the layers, with the middle layer (layer 2)

being thicker than the others. The PBE functional (obtained when α = 0 and no exact

exchange is included) is relatively insensitive to this difference and shows only a small

difference in the integrated spin density in each layer. As the fraction of exact exchange

rises to 1.0, the majority of the spin density is located in the middle layer. Thus, the

symmetry breaking seen in the brucite relaxations is an artificial effect that results from

the choice of functional. Tests with other hybrid functionals such as HSE06,100–102

confirm this.
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Figure 3.2: Spin density isosurface plots for brucite (left) and portlandite
(right), from self-consistent energy calculations with PBE. All calculations
have an excess electron included. The upper panels show brucite (a) and
portlandite (b) at the geometry resulting from a relaxation with an excess
electron with PBE. The lower panels show brucite (c) and portlandite (d)
geometries arising from relaxation with the M06-2X functional and an
excess electron
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Figure 3.3: Fraction of spin density localised in each layer of the neutral
brucite structure optimised with PBE, with an excess electron, from self-
consistent energy calculations with different functionals. The fraction of
exact exchange included in a hybrid functional (having the general form
of PBE0: EXC = αEHF

x + (1 − α)EPBE
x + EPBE

c ) was varied between
α = 0 (PBE) and α = 1.0. The inset contour plots show the spin density
in supercells obtained by integrating along the a direction, for PBE (left)
and PBE with 100 % exact exchange (right).
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3.4.2 Molecular Dynamics

A further consideration is that the subtle variation in geometry required to produce the

two-dimensional electron gas state came from a 0 K structure optimization.
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Figure 3.4: Spin density per layer (upper panel) and layer thickness over
time (lower panel) during molecular dynamics with PBE. An excess elec-
tron was introduced at time t = 0. Layers 1, 2 and 3 refer to the lower,
middle and upper interlayer spacings in the 135 atom brucite supercell.
The spin density per layer is integrated with respect to the a and b axes,
and over the interlayer space for each layer, defined as the space between
the average positions of the two oxygen layers, according to equation 3.3.
The total spin density (black line) is the sum of the spin density contained
in the three layers. The total spin density for the entire supercell is equal
to 1.0.

At room temperature, one might expect that these delicate variations would be lost due

to vibrational motion. To investigate the effect finite temperature has, ab initio molec-
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ular dynamics using both the PBE and M06-2X functionals and the canonical (NVT)

ensemble were performed on the brucite model. An excess electron was introduced

after a period of equilibration at 300 K.

Figure 3.5: Spin density per layer (upper panel) and layer thickness over
time (lower panel) during molecular dynamics with M06-2X. An excess
electron was introduced at time t = 0. Layers 1, 2 and 3 refer to the lower,
middle and upper interlayer spacings in the 135 atom brucite supercell.
The spin density per layer is integrated with respect to the a and b axes,
and over the interlayer space for each layer, defined as the space between
the average positions of the two oxygen layers, according to equation 3.3.
The total spin density (black line) is the sum of the spin density contained
in the three layers. The total spin density for the entire supercell is equal
to 1.0.

The interlayer spacing at each time step was calculated using:

D(t) =

(

1

N

N
∑

i=1

riz(t)

)

upper

−
(

1

N

N
∑

i=1

riz(t)

)

lower

(3.2)
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where N is the number of atoms in a given layer of oxygens (9 for the 135 atom

supercell), riz(t) is the Cartesian z coordinate of atom with index i at time t. For each

interlayer space, there is a pair of adjacent oxygen layers. Thus, the average z position

of the oxygen atoms in each layer is calculated, and the difference is taken to give

the approximate thickness of the interlayer space as a function of time. Of course,

the hydrogen atoms of the adjacent layers are actually closer together than the oxygen

layers, but the O – H bond length is quite stiff, and so the hydrogen atoms effectively

track the oxygen atoms’ positions. This function is plotted for PBE in Figure 3.4 (lower

panel) and for M06-2X in Figure 3.5 (lower panel).

To understand how the spin density is distributed throughout the simulation cell over

time, the spin density for each layer as a function of time was calculated using:

S(t) =

∫ ∫ ∫ Pu(t)

Pl(t)
ρ↑(a,b, c, t)− ρ↓(a,b, c, t) da db d c (3.3)

where ρ↑ is the spin-up density, ρ↓ is the spin down density, a, b, and c are coordinates

with respect to the cell axes, and t is time. The integration of the spin density in the

a and b directions is over the entire cell. The integration in the c direction is limited

to the interlayer space bound by the oxygen layer positions, and is time-dependent,

according to equation 3.2, and where Pl(t) and Pu(t) are the positions along the c

axis of the upper and lower bounds of a given layer. The resulting function for each

layer is plotted for PBE in Figure 3.4 (upper panel) and for M06-2X in Figure 3.5 (upper

panel). Additionally, the sum of the integrated spin density per layer in the three layers

is shown as a black line in each figure.

After the electron is introduced, the two-dimensional gas state is established as before

after a short time. Looking at the results for PBE, after the electron is introduced, the

spin density in each layer oscillates with time (Figure 3.4 (upper)). The sum of the

spin density in the layers remains constant, indicating that while the spin density in

each layer varies, no net spin is transferred to the rest of the simulation cell. Looking

particularly at layers 2 and 3, when the spin decreases in one, it increases in the other.

Visualising the spin density isosurfaces confirms this behaviour. While the spin density

is distributed approximately equally between the layers, much like the static case, it

appears to move between the layers over the course of the simulation. Only 25 % of
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the spin density is not located in the interlayer space. Looking at the geometry of the

supercell, the thickness of the planes varies with time (Figure 3.4 (lower)). There is no

net change over time, with the thickness of each layer being correlated with the others.

As one increases in size, the others must contract. As has been shown, the layer in

which spin density localises in is dependant on which plane is the widest. While it is

hard to corroborate the peaks in plane-thickness with peaks in spin density in this case,

it is clear that both oscillate at the same rate. Despite the thermal motion, the state

persists and resembles the static case. The reason for this is that the average vertical

oxygen to oxygen distance, per layer, as a function of time, varies from around 2.55 Å

to 2.85 Å throughout the simulations. Considerable thermal motion is present in the

O-H stretch mode, but the variation this causes to the thickness of the layer is no more

than 0.035 Å, which is not sufficient to destabilise the state.

The dynamics resulting from M06-2X are very different. Like in the static calculations,

during molecular dynamics the spin density can be seen to localise very quickly into

one layer (Figure 3.5 (lower)). Like the static calculations, the layer in which the spin

density localises is the middle layer, but this is by coincidence. At the time step where

the electron was introduced, the middle layer was slightly thicker than the others (Fig-

ure 3.5 (lower)). Unlike the PBE calculation, effectively all of the spin density induced

in the simulation cell is localised into the three layers, with 80 to 90 % located in layer

2. The effect of the localisation is seen in the cell geometry. While the spin density rises

in layer 2 very rapidly, the structural change is slower. By 30 fs, 80 % of the spin density

is in layer 2. The max distortion in the layers, with layer 2 reaching a thickness of 3 Å,

does not occur until 250 fs. Clearly, in this case, the highly localised electron density

is inducing forces on the atoms in the layer and forcing the layer to widen. Once the

layer has widened, it is very unfavourable for the spin density to localise in any other

layer, and it is effectively trapped.

In both cases, no damage to the material was seen on the time scales that were com-

putationally feasible to simulate.
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3.5 Heterostructures

3.5.1 Electronic Structure

Having explored two-dimensional electron gas states in the two examples of pure lay-

ered double hydroxides, we will now turn our attention to layered double hydroxide

heterostructures, and examine how they can be manipulated to induce the desirable

two-dimensional electron gas state.

The calculated spin density of the relaxed brucite-portlandite heterostructure with an

excess electron is presented in Figure 3.6. At both the PBE (Figure 3.6(b)) and M06-2X

(Figure 3.6(c)) levels of theory, the excess electron is found localised in one of the three

planes of the structure. This state again resembles the two-dimensional electron gas

in that the electron is confined to a single narrow plane, but delocalised horizontally

in the plane. This is similar to the state seen in pure brucite and portlandite, but

unlike the pure crystals, the state is confined to only one of the three available planes.

That the M06-2X hybrid functional, which includes non-local exchange, is in such good

agreement with PBE indicates that the delocalisation of spin density throughout the

plane in unlikely to be caused by deficiencies in the semi-local PBE functional, and is

likely to be a property of the system itself.

A geometric feature of the heterostructure is visible in Figure 3.6(a). The layers are

effectively identical, apart from the thickness of each plane, and the type of metal

ions in the layers. This difference in the thickness of the planes comes about because

the two materials that make up the heterostructure have different lattice constants.

The experimental lattice constant of portlandite along the c-axis is 4.91 Å, which is

significantly larger than that of brucite (4.77 Å, from experiment). A heterostructure

that mixes Ca(OH)2 and Mg(OH)2 would, therefore, be expected to exhibit planes that

alternate between a variety of thicknesses.

It should be noted that there is a considerable mismatch between the a and b lattice

parameters for portlandite and brucite in these heterostructures and that there is, there-

fore, a compressive mismatch of -7.21 %. This is large but the layers in these layered

double hydroxides are not covalently bound and are instead held together by non-
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bonded interactions. As such, van der Waals epitaxy could be expected which would

relax the lattice matching condition.167 In fact, the earliest experimental examples of

van der Waals heterostructures exhibited lattice mismatches of 20 %.168 Furthermore,

a related material, ZnAl layered double hydroxide, has been prepared experimentally

in a heterostructure with ZnO169 with a mismatch of around 6 %. When seen in this

context a compressive mismatch of -7.21 % is not that large.

The vertical spacing between the hydroxide layers changes considerably on relaxation.

The vertical oxygen to oxygen spacing at the Mg-Ca interface is 2.41Å, but at the Mg-

Mg interface, it is 2.71 Å. This represents a considerable break in the symmetry of the

material.

Considering again the illustration of what happens when an electron is injected into

the brucite-portlandite heterostructure (Figure 3.6(b) and (c)), the excess electron is

delocalized inside one of the planes in the structure and forms a 2-dimensional electron

gas state. The plane in which the excess electron localizes is bounded by magnesium

layers and is thus much wider than the two neighbouring planes.

It is clear that the excess electron in this structure is delocalised so, to obtain a more

useful measure of the mobility, a calculation of the effective electron mass was carried

out. The band structure of a 3-layer, 15 atom slice of this structure was calculated using

the PBE functional in Quantum ESPRESSO.170,171 The effective mass of an electron in

the first conduction band was calculated. To allow for any possible anisotropy of the

bands, and to obtain effective masses with respect to the Cartesian coordinates, the

inverse effective mass tensor was calculated from a Hessian of band energies at the

gamma point:
1

m∗
ij

=
1

~2

∂2E

∂ki∂kj
(3.4)

where m∗
ij is the effective mass tensor, E is the band energy, and k is the momentum,

and where i and j are indices which run over the x,y, and z Cartesian directions.

The elements of the Hessian were calculated using finite differences using a 5-point

central difference stencil. In three dimensions, the method requires the energy at 13

k-points. This approach also allows for the calculation of the mixed derivatives. Once

the Hessian has been constructed, it is diagonalised. The inverse of the eigenvalues

are the effective masses. By construction, the k-points are selected to ensure that the
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eigenvalues correspond to the Cartesian directions.

The results from this calculation suggest that an electron in this flat state has an ef-

fective mass in the ab-plane that is 0.42 times that of a free electron. The electron

in this structure is therefore likely to be quite mobile - an essential consideration for

use in electronics and an indication that electrons produced by radiolysis could travel

considerable distances through the bulk. We found, however, that the electron is only

slightly heavier in the c-axis direction. This raises interesting questions about whether

a conducting device could be manufactured based on this principle, and the value the

electron mobility would take in such a structure.

In order to clarify the origin of the localization of the excess electron in the layers,

we report the Hartree potential averaged over the plane perpendicular to the c-axis in

Figure 3.7. This figure shows that the electrostatic potential is deepest in the Mg-Mg

plane, where a well forms with a depth of ∼6 eV. The excess electron thus localizes in

this region in order to minimise the energy so the highest spin densities are seen in this

region. The low potential in this region arises because the two O – H layers behave as

anti-parallel dipole planes and because the separation between these two dipolar layers

is maximised when they are bounded by magnesium layers. The Lowest Unoccupied

Molecular Orbital (LUMO) of the neutral system (dashed red line) exhibits maxima

where the electrostatic potential has minima so most of the of the density of this state

is also localised in the central well. When this state is occupied (purple dotted-dashed),

the peak density remains in the central well. However, the secondary peaks are shifted

away from the metal ions towards the O-H dipole planes, which further localises the

unpaired electron in the well.

The particle in a finite-well model can be used as a very simple model to represent

the situation arising in the layers. Consider the one-dimensional time-independent

Schrödinger equation:

− ~
2

2m

d2ψ

dx2
+ V (x)ψ = Eψ (3.5)

where ~ is the reduced Planck constant, m is the particle’s mass, ψ is the wavefunction,

and E is the energy. V (x) is the potential energy as a function of the distance x and

describes a box of finite size. The potential is zero in the box, which has dimension L
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and is centered on x = 0, and is equal to V0 everywhere else:

V (x) =











−V0, −L/2 ≤ x ≤ L/2

0, otherwise

(3.6)

Solving this system, which is done numerically, one obtains a set of energies for the

set of bound states which are symmetric and another for the set of solutions which are

antisymmetric.

A one-dimensional square well potential was fitted to the Hartree potential around the

Mg-Mg layer, and another was fitted for one of the Mg-Ca layers. The details are shown

in Figure 3.8. In this problem, the ground state energy for a given square well potential

depends only on the depth and width of the well, and so is approximately analogous to

heterostructure system. The ground state energies calculated for the model Mg-Ca and

Mg-Mg wells were −7.59 eV and −8.23 eV, respectively. This is in agreement with our

observation for the heterostructure that an excess electron has a preference for the Mg-

Mg layer. Increasing the layer spacing lowers the Hartree potential, but also decreases

the kinetic energy of the system, and so is favoured.
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Figure 3.6: Schematic showing the relaxed structure of the the
Mg/Ca(OH)2 heterostructure (a), relaxed using the PBE functional. The
isosurfaces show the spin density obtained, with an excess electron with
(b) the PBE functional, and (c) the M06-2X functional. The blue isosur-
faces indicate net positive values of spin channel 1, and the green surfaces
indicate net negative values. The isosurfaces are plotted at a value of
2 × 10−4 e/a30
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Figure 3.7: Hartree potential (solid green) for the neutral heterostruc-
ture, for the first two layers of the supercell. The inset shows this poten-
tial over the full height of the supercell. The dashed green line indicates
the Hartree potential when an excess electron is present. The purple dot-
ted and dashed line shows the spin density of the system with the excess
electron. The red dashed line shows the square modulus of the LUMO
wavefunction for the neutral system. The values for each line are aver-
aged over the plane perpendicular to the c-axis. The left scale refers to
the Hartree potential. The scale on the right refers to the electronic den-
sity. The middle layer of the heterostructure, the Mg-Mg layer, is centred
at approximately 7 Å. The blue and pink spheres represent the positions
of the calcium and magnesium layers, respectively. The red and white
spheres represent the positions of the hydroxide groups.
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Figure 3.8: Schematic of model square-well potentials (red and blue) fit-
ted to the average Hartree potential (green) at the bottom of the well for
the neutral heterostructure, for the first two layers of the supercell. The
remaining Mg-Ca layer is equivalent to the Mg-Ca layer shown here, and
so was omitted.
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3.5.2 Dopants

While this electronic state is interesting, it requires an excess electron to be introduced

into the system for it to be occupied. For a small supercell, this corresponds to a very

high charge carrier density and so may be difficult to realise experimentally. It would

thus be beneficial if this electronic state could be engineered to exist in the ground

state, without the need for excess electrons.

To achieve this, dopants were tested in the three-layer, Ca:Mg:Mg heterostructure (Fig-

ure 3.6(a)). Two dopant sites were considered. The first was the central calcium atom

and the second was the central magnesium in the upper layer. Taking inspiration from

semiconductor technology, dopant candidates were selected from group 13 (B, Al, Ga,

In, Tl), group 15 (N, P, As, Sb, Bi), and also group 1 (Li, Na, K, Rb, Cs). For each

dopant in each of the two sites, the electronic structure was calculated using the PBE

functional. The goal was to find a dopant which would raise the energy of the valence

band and thus ensure that the two-dimensional gas state is realised as the ground state.

For the initial screening, the structures were not relaxed with the dopants. Instead, the

eigenvalues of the Highest Occupied Molecular Orbital (HOMO) orbitals of the unre-

laxed geometry in each case were compared with the eigenvalue of the HOMO for the

undoped structure with an excess electron. This analysis is reported in Figure 3.10.

From this data, we can see that arsenic, antimony, and bismuth stand out as good can-

didates. Furthermore, a visualization of the spin density in these structures confirms

that the HOMO orbital localises as expected into the Mg-Mg plane.

For the other dopants with HOMO eigenvalues that are below the threshold, the HOMO

localises on the dopant atom and not in the interlayer space. An example of this is

shown in Figure 3.9, which shows the spin-density for a heterostructure with an arsenic

substitution.

After screening out unsuitable candidates, antimony and bismuth (both in the calcium

site) were selected for further testing. The cells of the doped Ca:Mg:Mg heterostruc-

tures were relaxed, and the spin densities were obtained. The final structures, which

are shown in Figure 3.11, both show promising two-dimensional electron gas-like be-

haviour.
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Figure 3.9: Spin density in Ca:Mg:Mg heterostructure doped with arsenic.
The purple sphere represents the arsenic atom. The depicted atoms are
a subset of the whole supercell for clarity. The isosurfaces show the spin
density obtained with the PBE functional. The blue isosurfaces indicate
net positive values of spin channel 1, and the green surfaces indicate net
negative values. The isosurfaces are plotted at a value of 5 × 10−4 e/a30
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Figure 3.10: HOMO and LUMO eigenvalues for doped Ca:Mg:Mg het-
erostructures. For each data point, a self-consistent energy calculation
was carried out with a dopant atom substituted for either a calcium (cir-
cles) or a magnesium (triangles). In each case, the HOMO (filled shapes)
and LUMO (open shapes) eigenvalues for the first spin channel are plot-
ted. The HOMO eigenvalue of the heterostructure, without dopants, and
with an excess electron, is shown with a dashed green line

Figure 3.11: Spin density isosurface plots for Ca:Mg:Mg heterostructures,
doped with (a) Sb and (b) Bi, relaxed using the PBE functional without
charge. The Sb atom is shown as a yellow sphere, and Bi as a purple
sphere. The blue isosurface shows the spin density obtained for the neu-
tral system. The isosurfaces are plotted at a value of 3 × 10−4 e/a30
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3.5.3 Extended Heterostructures

To further demonstrate how electron localisation can be engineered, a second calcium

hydroxide layer was added to the top of the undoped heterostructure (Figure 3.12(a)),

thus totalling four layers, and the cell and atoms were relaxed once more. When peri-

odic boundary conditions are taken into account, this results in three types of interfaces

between the hydroxide layers: a Ca-Ca interface, two Ca-Mg interfaces, and a Mg-Mg

interface. When relaxed, the average thickness of these planes, calculated as the av-

erage vertical oxygen to oxygen distance, is 2.40 Å for the Ca-Ca layer, 2.42 Å for the

Mg-Ca layers, and 2.71 Å for the Mg-Mg layer. The three lowest unoccupied orbitals

for this system are shown in Figure 3.12(b)-(d). This analysis demonstrates once more

that plane thickness is the crucial ingredient when it comes to determining where the

electron localises. The widest plane, produced by the Mg-Mg interface, is where the

LUMO localises and is the state that an excess electron will occupy. The LUMO+1 is

then split between the two Mg-Ca layers, as these are equivalent. The LUMO+2 state

localises in the Ca-Ca layer, which is the narrowest of them all. The density of states for

the layers is shown in Figure 3.12(e). The LUMO, at 4.04 eV, is made up mostly of s-

character orbitals from oxygen atoms and, to a lesser extent, magnesium atoms. There

is also a minor contribution from hydrogen atom s and p-type orbitals. The LUMO+1,

at 4.95 eV, is made up of mainly oxygen s and p-type orbitals. Hydrogen orbitals, par-

ticularly p-type, also make a sizeable contribution. As this molecular orbital is localised

in layers adjacent to both magnesium and calcium atoms, the s-type orbitals of these

atoms also make a small contribution. This state exhibits a node in the wavefunction

that is centred between two planes. The LUMO+2 state, at 5.15 eV, is confined to layer

4 and is similar to the LUMO+1, in that it is comprised mostly of oxygen s-type or-

bitals. As expected, the presence of calcium atoms ensures that calcium s-type orbitals

also contribute to this molecular orbital.

In short, combining different layered-hydroxides allows one to engineer a range of

different layer spacings. The number of different layer spacings can be increased by

considering other metal hydroxides with the same symmetry and stoichiometry. Possi-

ble candidates include: Fe(OH)2 (“white rust”), Mn(OH)2 (pyrochroite), β-Co(OH)2,

and Ni(OH)2 (theophrastite). The ordering of the unoccupied molecular orbitals in



3.5. HETEROSTRUCTURES 111

such systems seems to follow in a predictable way from the relative layer thickness.

The change in energy as a function of layer thickness was therefore studied by varying

the thickness of one layer of the brucite model while maintaining the thickness of the

other two layers. This analysis showed that there is a competition between the kinetic

energy of the system, which decreases for thicker layers (i.e. increasing separation

between atoms), and the potential energy, which increases with the thickness of the

layers.

This principle could be exploited for novel electronic devices. One speculative example

is a strain sensor. Applying a vertical tensile stress on the supercell by altering the

c lattice parameter and relaxing the atoms, alters the relative spacing of the layers.

Because the planes are weakly bound, a relatively small tension will induce a large

increase in the thickness of the Mg-Ca layers, which could reach values comparable

or even larger than the Mg-Mg thickness. Typically, a strain of 10% can be achieved

with modest tensile stresses of 20 to 30 kbar. This process would cause the location

of the widest plane to switch and would thus change the location at which the excess

electron, or unpaired electron from a dopant, localises.

Another possible application involves the detection of electron spin. If a second addi-

tional electron is placed in a heterostructure, such as the four-layer structure in Fig-

ure 3.12(a), its spin could be tested in the following way. The lowest energy configura-

tion for a double excess electron system is a singlet state, in which both electrons are

paired in the orbital centred on the Mg-Mg plane, as per Figure 3.12(b). The triplet

state sits approximately 0.8 eV higher in energy, and is divided between the Ca-Mg

planes, resembling the LUMO+1 state in Figure 3.12(c). In short, electron pairs of the

same spin will localise in different planes than pairs of opposite spin.
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3.6 Conclusions

The results presented here suggest that the layered hydroxides potentially have ex-

citing quasi two-dimensional electron gas properties. Calculations at the DFT level

support the view that such states can exist in these systems, and that localisation oc-

curs between the layers. When the symmetry of the layer spacing is broken, the two-

dimensional electron gas state can be reduced to a particular layer. The act of widening

one plane lowers the Hartree potential and kinetic energy in this layer, relative to the

others, inducing the localisation of the excess electron.

We, therefore, propose that combining two or more different layered double hydroxides

into a heterostructure, akin to recent work on perovskite oxides, could help to more

satisfactorily confine this state, by forcing the symmetry to be broken by a physical

means. We hope that this could provide a route towards a practical application. The

use of different combinations of hydroxides (e.g., Ca, Mg, Mn, Fe, Ni, Co) allows for a

variety of inter-layer spacings, and a predictable filling order for the layers.

An analysis of the band structure of the neutral brucite/portlandite heterostructure

shows a low effective mass for electrons in the conduction band, which hints at high

electron mobility. Furthermore, we have shown that the two-dimensional electron gas

state can be induced at the ground state by introducing dopants such as bismuth and

antimony to the heterostructure and that the need to introduce excess electrons and

high charge densities can thus be avoided. This intriguing result warrants further in-

vestigation, particularly for its prospective use in electronics, as well as for advancing

understanding of these exotic electronic states.

Regarding radiation damage, neither the static calculations nor the dynamics showed

any evidence that damage might occur due to these electrons. The electrons remain

mobile and de-localised throughout the interlayer spaces and so never induce signifi-

cant forces that might lead to bond breaking. It should be noted that electrons attached

vertically in this way are already at their ground state and are effectively already at the

temperature of the atomic lattice, so cannot transfer energy to other electrons or the

atomic lattice. Using time in-dependant density functional theory also restricts the

molecular dynamics to the ground state potential energy surface, and as such no ex-
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cited state effects are accessible. We have seen that for water radiolysis, it is now known

that on the femtosecond to picosecond timescales, excited state effects contribute to the

total yield of hydrogen. It is important to consider that the ground state picture of the

role of the excess electron in brucite may not be the complete picture. Finally one must

remember that rare events such as bond breaking are difficult to sample using normal

molecular dynamics and the probability of crossing a barrier is inversely proportional

to its height. With ab initio molecular dynamics, and particularly with the M06-2X

functional, the simulation runs are very short due to the computational cost. It’s pos-

sible that some reaction barrier is lowered by the presence of the excess electron, but

that we are unable to sample crossing it.



Chapter 4

The Role of Holes in Bulk Brucite

In Chapter 3, we looked at how excess electrons, representing the low energy electrons

that are the result of the cascade of particles created by an incident high-energy par-

ticle, interact with bulk brucite. We saw that there was no immediate damage on the

timescales that we could access and that the electron was relatively mobile. Now we

turn our attention to the case of excess holes introduced to bulk brucite. These defects

are created when the material is ionised by an incident particle. In the early stages of

irradiation, this may happen directly and be due to the incident high energy particle, or

later as the result of a secondary or subsequent electron interacting with the structure.

In any case, the result is the creation of a hole. There will be many of these defects

created during irradiation and so it is important to explore their potential effects on the

material’s structure and chemistry.
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4.1 Introduction

In the previous chapter, Chapter 3, we considered the case of the bulk brucite interact-

ing with excess electrons. We saw that no immediate damage was apparent in static

calculations, or in molecular dynamics simulations running over timescales that were

accessible. There was evidence that the electron is relatively mobile once it is trapped

between the layers of the brucite.

The excess electron serves to model the low energy electrons that are created in the

spurs following the passage of a high-energy particle through the material. When elec-

trons possess an energy above the ionisation potential of a material, there is a probabil-

ity that they will ionise the material, liberating electrons at a lower energy. These lower

energy electrons can themselves cause further ionisations. Successively lower energy

electrons are created in this way in a cascading fashion. Once they have an energy be-

low the ionisation potential, they may be captured in resonances which are long-lived

quasi-bound empty states in the material, or they may lose energy to phonons. These

were the electrons that we were trying to approximate the impact of in Chapter 3.

For a single incident high-energy particle, there are a great many electrons created by

ionisations that behave in this way.

Now we turn our attention to the case of brucite which has been ionised by one of

these higher energy electrons. The result is that a hole is created. Of course, for every

electron created by ionisation, there must also be a hole. Thus, there are many of these

defects created, so their potential effects on the material’s structure and chemistry must

be considered carefully.

In this chapter, we will present results from density functional theory calculations on

bulk brucite with the introduction of an excess hole. We will show how there is a

marked difference between the results produced by the PBE and M06-2X functionals,

and that their performance closely mirrors the results obtained for gas-phase Mg(OH)2

presented in section 2.4. Will show how the hole can rapidly lead to damage in the

brucite through dehydroxylation, and we will explore the mechanism for this process.

Finally, we will show that this process is just like the analogous process which occurs

at high temperatures and that the hole serves to lower the activation energy for the
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process, making it accessible at ambient temperatures. The end state of this process

leaves two pathways open for radiolytic hydrogen formation.

4.2 Calculation Methods

Density functional theory calculations were carried out on brucite supercells using the

generalised-gradient-approximation functional, PBE,97 and the hybrid functional, M06-

2X,103 within the CP2K code.109,156,157

For the Hartree-Fock exchange necessary for the hybrid functional, the Auxiliary Den-

sity Matrix Method158–160 was applied as an approximation. The Hartree-Fock interac-

tion potential, g(r), was approximated using a truncated Coulomb potential, where:

g(r) =











1
r , for r < Rcut

0 otherwise

(4.1)

where r is the inter-electronic distance, andRcut is the cutoff distance. Rcut was set such

that it would be approximately equal to the radius of the largest sphere that would fit

inside the parallelepiped supercell.

The Γ-point was assumed to be sufficient to sample the Brillouin zone. The MOLOPT161

basis set family was used, with a TZV2P basis set for the hydrogen and oxygen atoms,

and a DZVP basis set for the magnesium atoms. Norm-conserving Goedecker-Teter-

Hutter162 pseudopotentials were used in place of the core electrons. The van der Waals

interactions were approximated using the Grimme DFT-D3 pair potential.107,163

The bulk brucite model was the same as that used in Chapter 3 and depicted as a

supercell in Figure 3.1. It was produced by taking the initial positions of the atoms and

the cell parameters from powder neutron diffraction data produced by Catti et al.15

This data is valuable as it captures the positions of the hydrogen atoms and it is at

atmospheric pressure. From the unit cell, a 3×3×3 supercell was prepared, consisting

of 135 atoms. This was relaxed using the PBE exchange-correlation functional.

An excess hole was injected into the relaxed supercell by setting the overall system
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charge to +1. The simulation box remained neutral overall due to a uniform back-

ground charge which was added to compensate. Adding the background charge in

this way does not introduce any spurious features to the electrostatic potential. The

charged calculations result in open-shell systems, so spin-polarised calculations were

carried out using the Unrestricted Kohn-Sham formalism.165

Initially, self-consistent calculations were then carried out using the PBE functional and

the M06-2X hybrid functional. Later molecular dynamics simulations were carried out

using both functionals. The canonical ensemble was simulated using the Canonical

Sampling through Velocity Rescaling thermostat110 to hold the temperature at 300 K. A

time step of 0.5 fs was used. Initially, a neutral system was simulated and this run was

continued until the system was satisfactorily equilibrated. Then a hole was introduced

and the dynamics were continued. For the simulations using the M06-2X functional,

the procedure was repeated. Due to the expense of the M06-2X functional, the equili-

bration run was very short. As the information of interest in this study is primarily the

impact of these electronic defects on the overall electronic structure, it is not expected

that this will greatly affect the results.

A more detailed discussion of these methods can be found in Chapter 2.

4.3 Results and Discussion

4.3.1 Brucite Structure with an Excess Hole

An excess hole was introduced to the relaxed brucite supercell. The structure was then

allowed to relax further with the hole. The spin density isosurfaces obtained from

self-consistent energy calculations for the resulting geometries are shown in Figure 4.1.

The PBE calculation (Figure 4.1(a)) shows that the hole is delocalised throughout the

supercell. Every available oxygen has some portion of the total spin density. Looking

closely at a single oxygen shows that the spin density has a p-orbital like character,

showing two lobes at opposite sides of the atom with a node at the nucleus. This is

as expected - the hole is effectively a missing electron and will be removed from the

highest occupied state in the supercell. Atomic oxygen has a partially filled 2p level,
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and so if the hole were to be localised on oxygen, one would expect the resulting spin

density to have p-orbital character.

By contrast, the M06-2X calculation (Figure 4.1(b)) shows the hole strongly localising

on a single oxygen atom, with some additional spin density localising on neighbouring

oxygen atoms. Again, the spin density has p-orbital character, supporting the view that

the highest occupied state has a significant contribution from the oxygen orbitals. The

spin density on the neighbouring oxygens also has this character, but unlike the PBE

case, for the M06-2X calculation, the orientation of the spin-density differs between

oxygens. The lobes point towards the oxygen where the majority of the hole has lo-

calised. This can be explained by considering how the local electrostatic potential has

changed. Because so much charge has been removed from one region of the cell, the

charge density which gives the lowest energy is the one in which charge moves towards

this hole, as this serves to minimise the electron-electron repulsion. This is similar to

behaviour observed in SiO2
172 and TiO2.173

One subtle feature of the M06-2X calculation which is difficult to spot in Figure 4.1(b)

is the distortion to the structure caused by the presence of the hole. This is shown more

clearly by Figure 4.2. While in the PBE case the structure resulting from relaxation with

an added hole is not noticeably different from the neutral structure, with M06-2X the

structure of the material is distorted. The hole localises on a hydroxide group, and the

hydroxide group turns and moves away from the magnesium ion. The hydrogen of the

hydroxide group turns to point towards a neighbouring hydroxide oxygen in an adja-

cent layer. The adjacent hydroxide is also distorted, turning away from the hydroxide

with the hole. This configuration suggests hydrogen bonding with the hydroxide with

the hole acting as a donor and the adjacent hydroxide oxygen acting as an acceptor.

This behaviour only occurs for M06-2X and not for PBE. In the case of the PBE calcula-

tion, the hole is delocalised over all of the oxygens. This isn’t surprising. In a pristine

brucite structure, all of the hydroxides are equivalent and so the semi-local nature of

PBE prevents the localisation of the hole in any one region. The electron density around

each oxygen is not ‘aware’ of what is happening around the other oxygen atoms. The

environment of each oxygen is the same, so the hole is split evenly across the 27 oxy-

gen atoms. When the structure is relaxed with the hole, the resulting forces are also
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equally distributed throughout the supercell. By contrast, the M06-2X functional is

very sensitive to small numerical perturbations in the geometry due to the inclusion of

non-local Hartree-Fock exchange. Even for the perfect supercell, there are small differ-

ences in geometry between the hydroxide groups. This leads to slight differences in the

spin density localisation, and small forces acting on particular hydroxides. With each

geometry relaxation step, this odd hydroxide is moved and the supercell becomes less

and less symmetrical. This enhances localisation of the hole leading to larger forces.

The result in the structure depicted in Figure 4.2. This resembles the behaviour of the

M06-2X calculations with the excess electron described in Chapter 3.

Recalling the validation study described in section 2.4, this localisation behaviour was

seen for the gas-phase Mg(OH)2. PBE divided the hole spin density between the two

hydroxide oxygens. Even though the MP2 structure used was asymmetric due to it

being relaxed with a hole, PBE treated the hydroxides as equivalent. M06-2X, on the

other hand, showed a strong preference for one hydroxide over the other. This was

in agreement with the pure Hartree-Fock result, suggesting that self-interaction error

is responsible. M06-2X also did an excellent job of reproducing the reference MP2

spin density. Bulk brucite appears to behave in exactly the same way as the isolated

molecule, and so we can conclude that the M06-2X result is more reliable.
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Figure 4.2: Close up of the spin density calculated self-consistently for
the brucite supercell relaxed with an excess hole, using the M06-2X func-
tional throughout. The pink, red and white spheres represent magnesium,
oxygen and hydrogen atoms, respectively. The structure results from re-
laxation of the supercell with an excess hole using the M06-2X functional.
Some atoms from the 135 atom supercell used for the calculation have
been removed for clarity. The blue isosurface represents net positive spin
density with respect to the spin-up spin channel. The isosurface is plotted
at a value of 0.01 e/a30.
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4.3.2 Molecular Dynamics

In the previous section, we saw that the brucite structure was effectively unchanged by

the presence of a hole if the calculation was carried out with PBE and that a noticeable

distortion occurred if the M06-2X functional was used. What these static calculations

lack is thermal motion. In static calculations with PBE, the hole is delocalised over every

available hydroxide due to the degeneracy of the oxygen atoms. However, at finite

temperature, one could expect considerable random variation in the structure, and this

would perhaps break the symmetry of the system enough to allow the localisation of

a hole to a single hydroxide. These simulations show that this is partially true, with

PBE showing a preference for different hydroxides at different times in the simulation.

However, the hole is never as localised as it is with the M06-2X functional. Additionally,

no distortions are seen which resemble the situation arising in relaxed structure, shown

in Figure 4.2.

For M06-2X the situation is very different. Snapshots from this simulation are shown

in Figure 4.3. As in the case of the geometry relaxations, the hole localises to single hy-

droxide very rapidly, and the spin density again shows p-orbital character (Figure 4.3,

upper left, 0 fs). After a short time, a similar situation to Figure 4.2 arises, in which the

hydroxide group with the hole has moved away from its magnesium ion, and turned to-

wards a hydroxide in an adjacent layer (Figure 4.3, upper right, 145 fs). The hydroxide

in the adjacent layer also turns away, resulting in an angle between the hydroxides of

around 90 to 100◦. The O – H···O angle varies in the range 155 to 175◦, and the H···O
distance is around 1.5 Å suggesting the possibility of a hydrogen bond. The hydroxide

with hole stays in this configuration for a short period of time of about 140 fs in total.

Finally, the O – H breaks and the hydrogen atom transfers to the adjacent hydroxide

(Figure 4.3, lower right, 305 fs), forming a water molecule and leaving an oxygen atom

with a hole. The oxygen atom returns to its position in the lattice.
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0 fs 145 fs

240 fs 305 fs

Figure 4.3: Close up snapshots from the MD simulation of brucite with
an excess hole, using the M06-2X functional. The times are given in fem-
toseconds after the introduction of the hole. The blue and green isosur-
faces represent net positive and net negative spin density with respect to
the spin-up spin channel. All of the isosurfaces are plotted at a value of
2 × 10−4 e/a30.
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4.3.3 Identity of the Transferred Hydrogen

This first question that arises is whether this hydrogen nucleus transfers as an atom

or as a proton. A naive approach is to look at the electron density around the hydro-

gen nucleus. This is shown in Figure 4.4. As the hydroxide with the hole approaches

the adjacent hydroxide (Figure 4.4 (left)) most of the electron density in each group is

centred on the oxygen nucleus, with a small amount of density on hydrogen nucleus,

and the remaining electron density in the O – H bond. A slight distortion can be seen

in the electron density surrounding the adjacent hydroxide’s oxygen, as it begins to be

polarised by the approaching hydroxide. Later, as the hydroxides get closer (Figure 4.4

(right)), the hydrogen of interest appears to share electron density from both hydrox-

ides, and clearly distorts the electron density around the receiving hydroxide. From

this one might conclude that the hydrogen transfers an atom.

Figure 4.4: Close up snapshots showing electron density during the MD
simulation of brucite with an excess hole, using the M06-2X functional.
The configurations depicted occur at 205 fs (left) and 210 fs (right) af-
ter the introduction of the hole. The blue isosurface represents electron
density at a value of 0.1 e/a30.

An alternative way of analysing this situation is to use the Mulliken174 and Hirshfeld175

population analysis methods. These methods give estimates of the total electronic

charge on each atom, and the spin on each atom. We will first consider the change

in spin over time, and then we will consider the change in the electronic population on

each atom over time.

If we consider only the hydroxide on which the hole localises, and which dissociates,
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Figure 4.5: Net spin on the oxygen and hydrogen atoms of the hydroxide
which dissociates, over the course of the molecular dynamics simulation
using the M06-2X functional. The hole is introduced at 370 fs. The results
from both Hirshfeld and Mulliken analyses are shown.

we can examine how the total spin and charge on the hydrogen and oxygen nuclei

changes over time, as shown in Figure 4.5 and Figure 4.6.

First, only considering the spin density (Figure 4.5), we can see that as soon as the hole

is introduced it localises on the oxygen atom. Both of the population analyses agree

that the majority of the spin introduced by the hole localises on this oxygen. Similarly,

both methods agree the hydrogen atom is essentially unaffected by the presence of

the hole. From this, we can conclude that following the localisation of the hole, the

hydroxide (OH– ) is converted into a hydroxyl radical (•OH).

Now, if we consider the charge on each atom, as calculated by the Mulliken and Hir-

shfeld methods, the situation is less clear (Figure 4.6). The charge on the hydrogen

atom, as calculated by both methods, remains effectively constant throughout the sim-

ulation. There is large perturbation at about 370 fs when the hole is introduced, but

the net charge quickly recovers to its typical value of around 0.3. Even as the hydrogen

transfers from the hydroxyl radical to the hydroxide group, starting at around 600 fs,

its charge remains the same. This supports the view that the hydrogen is transferred as

an atom with its associated electron density. For the oxygen the data is conflicting. The

Hirshfeld analysis initially calculates the oxygen charge as being around −0.15. When

the hole is introduced, after the initial shock, the charge fluctuates between −0.2 and
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0.2 and is slowly damped towards a value of 0 over the remaining simulation time.

This is slightly concerning as the hole should have removed 1 unit of charge from the

system. The Hirshfeld analysis states that the oxygen gains about the expected amount

of spin following the localisation of the hole, but suggests that the charge of the oxy-

gen increases by no more than 0.2. On the other hand, the Mulliken analysis initially

assigns a charge of −1 to the oxygen, which is perhaps more in line with chemical

intuition. After the introduction of the hole, the charge increases to −0.4, suggesting

that some electron density has been lost. This is again more in line with what intuition

might suggest. However, as the hydrogen nucleus transfers at 600 fs, the charge on

the oxygen decreases to around −0.7. This suggests that the oxygen is gaining elec-

tron density as the hydroxyl group dissociates. One explanation for this would be that

the hydrogen nucleus does leave as a proton and that its electron density is retained

by the oxygen. However, for the hydrogen to have a net charge of 0.3 according to

the Mulliken analysis, it must have 0.7 electron’s worth of electron density, and so the

charge on the oxygen should decrease by this amount. The charge on the oxygen does

decrease, but not by anywhere near this amount. Additionally, the Hirshfeld analysis

does not detect any considerable change in the oxygen’s charge.

To understand what is happening, it is useful to understand how these two methods as-

sign charges to the atoms. Within density functional theory and other quantum chemi-
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cal methods, this is still an open problem for which many solutions have been proposed.

The problem is that the electrons are defined in terms of electron density and so one

must decide how to divide this density up between the different atoms. In an atomic

system, there is no ambiguity. All of the electron density present belongs to the atom.

If one considers a simple molecule, like H2, then it is clear that the electron density

will be distributed around the two protons and will also be concentrated in the bond-

ing region between the two protons. In this case, it is also clear that the two protons

are equivalent and so one should divide the electron density between the two protons

evenly. However, if a molecule is polar, it is not clear how much electron density to

assign to each atom. In the Mulliken scheme174 the atomic orbitals are used, which in

the case of a code like CP2K, are expanded in a basis of atom-centred Gaussian orbital

functions. The contribution to the total electron density due to the atomic orbital of an

atom is unambiguously assigned to that atom. However, these atomic orbitals overlap,

and a question arises about how to divide this overlapping density. In the Mulliken

scheme, it is divided equally. While this scheme is convenient to implement, it has a

basis set dependence and can cause problems when two atoms are bonded which have

very different electronegativities. The Hirshfeld scheme175 uses a quantity called the

deformation density which is given by:

ρd(r̄) = ρmol(r̄)− ρpro(r̄) = ρmol(r̄)−
∑

α

ρα(r̄ − R̄α) (4.2)

where ρmol(r̄) is the molecular density obtained from the DFT calculation, ρpro(r̄) is

the pro-molecular density, obtained by summing over the atomic electron density for

each atom, ρα, in isolation, centred on their appropriate sites in the molecule. Weights

are calculated for each atom, as a function of position, by calculating the ratio of a

given atom’s atomic density to the pro-molecular density. Thus, this weight calculates

an atom’s contribution to the pro-molecular electron density at every point in the cell.

The effective charge on a molecule is then given by the integral over all space of the

deformation density multiplied by the weight. This has the effect of incorporating the

characteristic ’size’ of each atom when dividing up the charge.

Neither method is perfect, but they remain commonly used. There have been some

useful comparisons carried out between the methods to try and understand what their
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limitations are.176,177 Often the magnitude of the charges predicted by Mulliken is far

too large, and this may be the case in this system. Here we will not consider the

absolute values of the charges, but whether they change as expected. The largest issue

with Hirshfeld, in this case, is that it doesn’t seem to respond considerably to either

the hole being added or the hydrogen nucleus transferring. Regardless of whether the

hydrogen transfers as an atom or as a proton, when the hole is introduced there must

be an effect on the charge of the oxygen. The spin moment calculated by Hirshfeld

does show a response, but the net charge does not. For this reason, the Mulliken

charges appear to be a more useful tool for understanding the movement of charge in

the system. One explanation is that Mulliken charges are less sensitive to the relative

motion of the atoms due to the populations calculated using the basis set, which in this

instance, includes relatively longer-range diffuse functions.

To better understand where the charge is being transferred to, we now consider the

Mulliken charges for both the hydroxide anion on which the hole localises and the hy-

droxide to which the hydrogen transfers. The gross Mulliken charges for these species

are shown in Figure 4.7, which serves as an estimate of the number of electrons present

in each atom. Considering first the hydrogen atoms, HA and HB (where A and B are

the hydrogen donating and hydrogen accepting hydroxides, respectively, as per the

schematic in Figure 4.7), the initial electron population for each atom is around 0.8.

This does not seem unreasonable as they are bonded to oxygen which is highly elec-

tronegative and should withdraw electron density from the less electronegative hydro-

gen. When the hole is introduced the gross charge on HA drops slightly and remains

steady at a value of 0.7. HB remains largely unaffected. Again, this seems reason-

able. When the hole localises, electron density is removed from hydroxide A as it is

converted into the hydroxyl radical. While most of the electron density is removed

from the oxygen, the bonded hydrogen feels the effect as the oxygen withdraws more

electron density from the hydrogen. When the hydrogen transfers at around 600 fs,

its charge stays the same. Considering now the gross charge on the oxygens, as ex-

pected when the hole is added OB immediately loses electron density. It does not lose

a full electron’s worth, but again, we’re not concerned with the absolute values of the

Mulliken analysis. Additionally, within ab-initio MD, the ground state of the electrons

is calculated every time step, so the electron density is redistributed instantaneously.



4.3. RESULTS AND DISCUSSION 130

Something unexpected happens when the hydrogen transfer occurs. The gross charge

of OA increases, while simultaneously the gross charge of OB decreases. The change

in the amount of charge is approximately equal for both atoms. That the gross charge

on HA does not change would suggest that the hydrogen transfers as atomic hydrogen.

However, the gross charges of the oxygens do not support this. If atomic hydrogen

was transferred, the electron density around OA would likely decrease. Some of the

electron density considered part of OA is due to the electron density in the O – H bond,

which the hydrogen also contributes to. The loss of a hydrogen atom would lower

the electron density associated with the oxygen. At the other end of the process, the

receiving oxygen, OB would see an increase in its gross charge as it would withdraw

some of the electron density in the new O – H bond contributed by the hydrogen. If

however, a proton is transferred, rather than decreasing, the gross charge on OA would

increase. The electron density associated with HA would remain behind and would no

longer be shared between the oxygen and the hydrogen, but instead would be asso-

ciated fully with OA. When the proton reaches the other hydroxide, the some of the

electron density surrounding oxygen atom would become associated with the newly

formed O – H bond, reducing the gross charge density assigned to OB. This is what

we see in Figure 4.7. The distance between the two oxygen atoms is that short that

when the proton transfers, it never appears to be a proton. There is always electron

density around the hydrogen nucleus. Before electron density is left behind with the

oxygen atom, there is already density available as a replacement. The consequence is

that while the end result is a proton transfer, at any time during the transfer, it appears

that it is a hydrogen atom that is being transferred.
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4.3.4 Proposed Mechanism

Having established that the species which transfers is likely to be a proton and that the

hole localises almost entirely on a single oxygen, we can propose a mechanism for this

process.

An ionising particle (written here as γ, although it could be any high energy particle,

and likely an electron) interacts with and ionises a hydroxide group. This ejects an

electron from a hydroxide group’s oxygen atom, leaving behind a hole:

[O−H]− [Mg]2+ [O−H]−
γ

[O−H]− [Mg]+ + •O−H+ e− (R 4.1)

The hole is localised on the oxygen (Figure 4.5) and leaves an unpaired electron in an

orbital with p-type angular momentum (Figure 4.3, 0 fs). The removal of the electron

from the hydroxide converts it to a hydroxyl radical. This species has no overall charge,

so the bond with the magnesium ion is sufficiently weakened to allow the hydroxyl

radical to move out of its lattice position. The hydroxyl radical can then move towards

the adjacent hydroxide layer. Once the hydroxyl is sufficiently close to a neighbouring

hydroxide, and when the angle between the two groups is correct, hydrogen bonding

occurs. The hydroxyl dissociates and the proton is transferred to the hydroxide:

[O−H]− + •O−H H2O+O•− (R 4.2)

The resulting species are a water and an atomic oxygen radical anion. Now that the

oxygen has a negative charge, it is attracted back to the magnesium ion, leading to a

magnesium oxide radical:

[O−H]−Mg2+ +O•− [O−H]−Mg2+O•− (R 4.3)

4.3.5 Energetics of the Hole Transfer

The dissociation of the hydroxide group does not happen in the neutral cell on time

scales that we can simulate. When a hole is introduced, the dissociation happens

rapidly. This suggests that the hole alters the heights of the free-energy barriers present.



4.3. RESULTS AND DISCUSSION 133

A simple way to show that the hole has an effect is to calculate the difference in the

self-consistent energy for the starting and ending configurations from the molecular

dynamics run. These configurations were relaxed without and with a hole respectively,

using the M06-2X exchange-correlation functional. The resulting relaxed starting and

ending states are shown in Figure 4.8(a) and (b), respectively. From Figure 4.8, we can

see that for both functionals in the neutral case (solid lines), the end state is over 3 eV

higher in energy. This is a substantial energy difference, and so does indicate why this

reaction does not readily occur during the dynamics of the neutral system. However,

when the hole is introduced (dashed lines), the difference in energy calculated by

PBE drops to approximately 1 eV, and the difference calculated by M06-2X becomes

negative, reducing to −1 eV, and thus becomes the more thermodynamically favourable

state. That the reaction happens so quickly suggests that the activation energy must be

low and that the reaction is thermally accessible at 300 K.

(a) Starting state (b) Ending state

Figure 4.8: Change in potential energy during the hydroxide dissociation,
from the starting state (a) to the reaction ending state (b), for PBE and
M06-2X, with and without a hole. A subset of atoms is shown for clarity.
The states were prepared by relaxing configurations from the molecular
dynamics with the M06-2X functional. The central two levels were ob-
tained from self-consistent energy calculations with PBE functional. The
two levels on the right were obtained from energy calculations with the
M06-2X functional. Levels connected by solid lines were obtained without
charge, while the levels connected by dashed lines were obtained with an
excess hole

Ideally one would calculate a free energy profile for this process. Even at the PBE

level, these calculations can be expensive. One additional complication is that for the

system with a hole, the wavefunction can be difficult to converge. This limits molecu-

lar dynamics, or any kind of enhanced sampling, to very short simulation runs and so

makes converging a free energy profile an unrealistic prospect. A more straightforward
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alternative is to calculate a potential energy profile. Several configurations from the

molecular dynamics run in which the hydroxyl radical dissociates were obtained. Any

atoms which did not participate in the reaction were fixed at their relaxed equilibrium

positions. The representative configurations along the reaction coordinate are shown

in the upper panel of Figure 4.9. The potential energy profile was calculated using PBE

and M06-2X, and with and without an excess hole. Overall, this showed that PBE and

M06-2X were in good agreement in the neutral case, with their profiles being close in

energy, and sharing all of the same features. When the hole is added, the profiles are

largely similar but shifted down in energy relative to the neutral case. The PBE energy

is only shifted down by around 0.5 eV. On the other hand, the M06-2X is shifted down

by 2.5 to 3.0 eV, and noticeably flattened. All of the profiles show two main peaks, at

coordinates 12 and 31, and a minor peak at coordinate 21. The initial rise in energy

to the first peak, at coordinate 12, is due to the OH group (which may be a hydroxide

or a hydroxyl) overcoming the forces holding it in its lattice position and approach-

ing the hydroxide group in the adjacent layer. The first peak is somewhat misleading.

In the molecular dynamics trajectory on which this reaction pathway is derived, the

hydroxide, once it is free of its lattice position next to the magnesium cation, moves

backwards and forwards while seemingly hydrogen bonded to the adjacent hydroxide.

The first peak represents a close approach to the adjacent hydroxide, before the dis-

tance between the groups increases again, reducing the potential energy. The minor

peak at coordinate 21 represents the OH dissociation. The configuration shown for

coordinate 20 (Figure 4.9) shows the highly strained O – H bond just before the proton

finally transfers. The last peak, at coordinate 31, is due to the relaxation of the water

molecule, with respect to the lattice, and the return of the oxygen anion radical to its

former position in the lattice.

This basic process resembles thermal dehydroxylation (recall section 1.5) in that a

proton is liberated by the dissociation of a hydroxide, and is transferred to an adjacent

hydroxide to form a water molecule. On this basis, it is sensible to review the numerical

estimates for the energy of this process as a check on this calculation. Compared to the-

oretical and experimental estimates for the dehydroxylation energy (section 1.5), the

results for the neutral system seem reasonable. Masini and Bernasconi40 reported an

energy for this process in bulk brucite, in which the hydroxide dissociates and transfers
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a proton, of 2.8 eV. The dehydroxylation energy estimated by Martens and Freund35

by fitting a Morse potential to experimental IR data was also 2.8 eV. In this work, just

using this coarse potential energy profile approximation, we obtain a value of 2.71 eV

using the M06-2X functional, which is acceptable. This builds confidence in the results

obtained with an excess hole.

Considering now only the profiles associated with M06-2X, we will discuss what ef-

fects the excess hole has on the potential energy profile, and how these effects can be

explained.

For the neutral case, before dissociating the free hydroxide must approach the hydrox-

ide in the adjacent layer. To do this, it must overcome the bond with the magnesium

ion. When the hole is introduced, this bond is weakened considerably, due to the overall

negative charge being removed from the hydroxide when it is converted to a hydroxyl

radical. The hydroxyl radical, which has no overall charge, can then move freely. When

the hydroxyl meets the adjacent hydroxide, and the O – H bond is stretched to breaking

point, dissociation happens much more readily. This is due to there being less electron

density overall in the hydroxyl radical when compared to a hydroxide. This serves to

reduce the strength of the O – H bond from 2.71 eV to 0.8 eV. This is sufficiently low

that the bond breaking process can happen at room temperature in short period of

time.

It is the combination of these two effects which results in the dehydroxylation process

being accessible at room temperature, rather than at elevated temperatures. Of course,

the goal of this thesis is to identify a possible source of hydrogen production in brucite

under irradiation. While excess holes do change the chemistry of the brucite con-

siderably, the dehydroxylation process does not directly lead to hydrogen formation.

Speculatively, there are two possible routes that could lead to hydrogen production.

The first is via the water which is formed, which could dissociate again. Free protons in

brucite are an experimentally verified phenomenon,36 so free protons produced in this

way could eventually form molecular hydrogen, assuming that they can capture two

electrons. Figure 4.4 and Figure 4.7 show that a proton moving through the interlayer

space is never really a ‘bare’ proton, due to the overlap of electronic orbitals from the

adjacent layers. Alternatively, the water which is formed in the lattice will act as a
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nucleation centre for further radiolysis products. The water will eventually migrate out

of the bulk by diffusion, but radiolysis could occur either in the bulk or external to the

brucite crystal. This radiolysis would proceed along the lines of the standard water ra-

diation chemistry. However, a measured GH2
-value would be less than for liquid water

due to the low concentration of water molecules trapped in the brucite bulk.
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0 2 5 12

15 31 3220

Figure 4.9: Potential energy profile for the hydroxide dissociation, from
the starting state at reaction coordinate 0 to the reaction end state at
reaction coordinate 32, for PBE and M06-2X, with and without a hole.
The configurations for the selected reaction coordinates are frames taken
from the molecular dynamics trajectory. The configurations are shown
in the upper panel and are labelled with their reaction coordinate. The
atoms which do not participate in the reaction are kept in their pristine
relaxed positions. A subset of atoms is shown for clarity.
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4.4 Conclusion

Our aim in this work was to explore how excess holes created as the result of ionisa-

tions, due to the passage of a high-energy particle, would affect bulk brucite. We first

verified that the self-interaction error first seen in the gas-phase test data is also present

in solid magnesium hydroxide. For zero-temperature geometry optimisations, the PBE

functional cannot localise the hole but instead splits it across all of the available oxygen

atoms. The M06-2X functional, much like the gas-phase case, does localise the hole to

a single hydroxide. This gives confidence in the results because, in the gas-phase, M06-

2X was the best performing exchange-correlation functional, and could reproduce the

reference MP2 spin density well. In molecular dynamics calculations using the M06-2X

functional, upon introduction the hole immediately localised onto a single hydroxide

group. Analysis of the spin and charge of the atoms showed that the hole entirely lo-

calises on the hydroxide, converting it to a hydroxyl radical. After a short time, this

hydroxyl radical, which is an overall neutral species, escaped its position in the crystal

lattice where it had been bonded to a magnesium cation, and dissociated, transferring

a proton to the adjacent hydroxide layer to form a water molecule. This proton is never

seen a ‘bare’ proton, but analysis of the electron population of the participating atoms

confirmed that there is no net transfer of electron density from one OH group to the

other. The oxygen which is left is an oxygen radical anion and returns to its former

position where it can once again bond to the magnesium cation.

By obtaining an approximate potential energy surface for this process, we can estimate

the dehydroxylation energy for the neutral system at 2.71 eV, which is in excellent

agreement with published experimental and theoretical estimates. This gives confi-

dence in our approach, and in particular the potential energy profile of the system with

a hole obtained with M06-2X. This profile showed that the hole reduces the barriers

to this process considerably, and leaves the water molecule as the more stable state.

We explained this with reference to the neutral profile. Before dissociating, the free

OH group must approach the hydroxide in the adjacent layer, and to do this, it must

overcome the bond with the magnesium ion and leaves its lattice position. When the

hole is introduced, this bond is weakened due to the overall negative charge being re-

moved from the hydroxide when it is converted to a neutral hydroxyl radical, freeing
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the group from its lattice position. When the hydroxyl meets the adjacent hydroxide,

and the O – H bond is stretched to breaking point, dissociation happens much more

readily. This is due to there being less electron density overall in the hydroxyl radical

when compared to a hydroxide, which reduces the strength of the O – H bond. To-

gether, these effects allow the dehydroxylation process which normally only happens

at elevated temperatures, to become accessible at room temperature. Once water is

formed in the lattice it will eventually migrate out of the bulk by diffusion. Whether

or not it escapes the brucite bulk, the water itself will become a nucleation centre for

radiolysis products along the lines of the standard radiation chemistry for water. Addi-

tionally, an oxygen radical anion is formed. If the ionic bond with magnesium could be

overcome, this could lead to the formation of molecular oxygen if the oxygen radical

anion was able to combine with another radical oxygen.



Chapter 5

Behaviour of Electrons and Holes

at Brucite Surfaces

In Chapter 3 and Chapter 4 we explored the effects of excess electrons and excess holes

in bulk brucite mineral. In Chapter 3 specifically, we looked at how excess electrons

affect bulk brucite. There was no apparent damage on the timescales that we could sim-

ulate, other than a slight distortion of the interlayer spacing. The introduced electron

was mobile but trapped in these interlayer spaces. In the case of excess holes, discussed

in Chapter 4, holes localise on the hydroxide groups, indicating that hydroxyl radicals

are likely to form. Molecular dynamics showed that the formation of hydroxyl radicals

allows dehydroxylation to happen more readily, leading to the formation of water in

the brucite lattice, which could become a nucleation centre for further radiolysis pro-

cesses. These findings are interesting but the bulk model is overly simplistic. Sludge is

not a solid phase, but rather a mixture of solid particles and water. Therefore, the bulk

model is not sufficient and the model system should be extended to include surfaces

and water. The goal of the study in this chapter is to explore the contribution to the

overall behaviour of the system due to these features, and to verify if the bulk study’s

findings are useful and applicable to the problem of Magnox sludge.
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5.1 Introduction

In Chapter 3 and Chapter 4 we explored the effects of excess electrons and excess holes

in bulk brucite mineral. In Chapter 3, we looked at how excess electrons, which rep-

resent the low energy electrons that are the result of the cascade of ionising particles

created by a single incident high-energy particle, affect bulk brucite. There was no

damage on the timescales that we could simulate, other than a slight distortion of the

interlayer spacing. The introduced electron localises into a quasi-two-dimensional elec-

tron gas state in the interlayer spaces and is very mobile, but is effectively trapped in

these spaces. In the case of excess holes, discussed in Chapter 4, the hole defects are

due to ionisations in the material caused by an incident particle with sufficiently high

energy. These particles could be an original high energy particle, or one of the many

secondary, tertiary, or subsequent particles formed from the interaction of the original

particle with the mineral. The hole tends to localise on the hydroxide groups, indi-

cating that hydroxyl radicals are likely to form. Molecular dynamics showed that the

formation of hydroxyl radicals allows dehydroxylation to happen more readily, leading

to the formation of water in the brucite lattice. This water molecule could become a

nucleation centre for further radiolysis processes, and could potentially be a source of

molecular hydrogen and oxygen radicals.

These findings are interesting, but they cannot tell the whole story. Magnox sludge is

not solid brucite but small mineral particles, which include brucite, intimately mixed

with water.10 To improve our model we must include a brucite-water interface. To un-

derstand how these features affect the overall behaviour of the system, we will begin

by exploring how a dry brucite surface in contact with vacuum might affect the pro-

cesses. The surface layer is a different chemical environment to bulk brucite, so might

be expected to have a different affinity for electrons and holes. Later in the chapter,

we will introduce water. Initially, this will be as monolayers of water adsorbed on the

brucite surface. Later, we will show a full water box in contact with a brucite slab.

In this chapter, we will show how the behaviour of excess electrons and holes can be

very different when a surface, or a surface in contact with water, is present, and how

this informs our understanding of radiation damage in sludge systems.
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5.2 Computational Methods

Generally, the computational details are the same as for Chapter 3 and Chapter 4. The

exception is the model. Simulating a brucite surface requires some additional attention

to detail beyond what has been described in Chapter 3 and Chapter 4. Here we will

discuss the approach used and the careful testing which must be undertaken to prepare

and validate the model.

5.2.1 Calculating Lattice Parameters

The brucite unit cell’s initial atom positions and cell vectors were taken from powder

neutron diffraction data published by Catti et al.15 This was replicated into a 3×3×3 su-

percell and then relaxed at the PBE level. As a slab of brucite will only consist of a small

number of layers, which will not be periodic in the c direction, correctly representing

the van der Waals interactions is very important. Thus, the relaxation procedure was

repeated with a number of different van der Waals corrections. All of the corrections

used were of the DFT-D3 type, developed by Grimme.107 The effect of including the

three-body C9 term was tested. Separately, the effect of Becke-Johnson (BJ) damping

was also tested.163 As a reference with which to compare the uncorrected PBE calcula-

tion from CP2K, the unit cell was also relaxed using Quantum ESPRESSO170,171 using

a well converged plane wave basis and a generous 15×15×15 k-point mesh, with no

van der Waals corrections. The results are summarised in Table 5.1. We see that PBE,

compared to experiment, overestimates the length of the a and b lattice parameters by

a couple of percent, but the c lattice parameter is in excellent agreement, overestimated

by 0.58 %. The Quantum ESPRESSO calculation, using a large plane wave basis and

k-points, provides a benchmark for the PBE calculation, albeit one using a different

pseudopotential. While this calculation improves the a and b parameters, c is made

worse. This suggests, assuming that the Quantum ESPRESSO calculation is superior,

that it is fortuitous, and due to the limited size of the basis set, that CP2K is in such good

agreement with experiment on the c parameter. When the DFT-D3 vdW correction107 is

included in the CP2K calculation, we see that c becomes much smaller than experiment,

by around 4 %. This is mostly independent of the cutoff range selected, and whether
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Method Lattice Parameters

a, b c

Length Error Length Error

(Å) (∆%) (Å) (∆%)

Experiment15 3.150 – 4.770 –
PBE – no vdW correction 3.212 1.99 4.798 0.58
PBE – QE (unit cell, 15×15×15 k-points) 3.192 1.34 4.824 1.13

PBE – DFT-D3 (5 Å cutoff) 3.199 1.56 4.578 −4.04

PBE – DFT-D3 (15 Å cutoff) 3.199 1.55 4.579 −4.00

PBE – DFT-D3 (15 Å cutoff, fixed angles) 3.197 1.51 4.579 −4.01

PBE – DFT-D3 (BJ) (5 Å cutoff) 3.194 1.40 4.605 −3.46

PBE – DFT-D3 (BJ) (15 Å cutoff) 3.193 1.36 4.596 −3.66

PBE – DFT-D3 (BJ) (15 Å cutoff, 5×5×5 k-points) 3.185 1.13 4.602 −3.52

PBE – DFT-D3+C9 (5 Å cutoff) 3.199 1.57 4.578 −4.02

Table 5.1: Calculated lattice parameters for brucite with different van der
Waals corrections. With the exception of the Quantum ESPRESSO (QE)
calculation, the calculations were carried out with a 3×3×3 supercell in
CP2K. The error quoted is with respect to the experimental parameters
determined by Catti et al.15

the angles of the cell are allowed to relax or constrained to the experimental angles.

Additionally, the inclusion of the C9 term only makes a very small difference to the

parameters. Using more sophisticated corrections such as DFT-D3 (BJ),163 a damped

variant of Grimme’s DFT-D3 pair potential, the error in the c parameter is reduced to

around −3.5 %, and the a and b parameters are improved marginally compared to

the zero damped approach. Introducing k-points with this approach (in CP2K using a

regularly spaced grid of 5×5×5 k-points, and the 3×3×3 supercell) only offers minor

improvements over the Γ-point only calculation.

One explanation for the discrepancy in the c parameter is that the experiments were

carried out at room temperature, and so the calculations at 0 K fail to capture thermal

expansion. Clearly, the c parameter is dominated by non-bonded interactions between

the layers, and so is sensitive to the van der Waals correction used. The a and b param-

eters are not especially sensitive to the van der Waals correction but are also influenced

by the size of the cell, or by extension, the number of k-points.

Assuming that c parameter is correctly represented by the van der Waals corrected

functional, and that the large underestimate is due to a lack of thermal expansion ef-
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fects, and with the knowledge that the ambition of this study is to include water at the

brucite surface at room temperature, we have chosen to use vdW corrections. There

are diminishing returns from the more advanced corrections, so the PBE+DFTD3 cor-

rection at a cutoff of 15 Å was selected for use in the surface study. We also tested this

combination with fixed cell angles during the cell optimisation and obtained 3.197 Å

for a and b, and 4.579 Å for c. This improved the a and b lattice parameters slightly

as the system’s symmetry is better represented. We used these lattice constants for all

further work. The c lattice parameter resulting from a molecular dynamics run at finite

temperature will be used to verify the quality of this vdW correction, and the validity of

the assumption that the discrepancy is due to thermal expansion. This will be discussed

further in section 5.2.5.

5.2.2 Surface Structure

While there are a number of different thermodynamically stable brucite surfaces, here

we consider the (001) surface which is the most stable,64 and which leads to a mi-

croscopic platelet morphology resembling the morphology of real irradiated Magnox

sludge.10 This surface is parallel to the ab-plane and terminated in hydroxide groups,

as shown in Figure 5.1. Cutting the cell in this way prevents dipoles across the slab as

the top and bottom of the slab are symmetric. This surface may intuitively be the most

common, as its formation does not require the breaking of any covalent bonds.
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Figure 5.1: Schematic of a two-layer brucite slab in contact with vacuum,
cleaved along the (001) plane. Pink, red, and white spheres represent
magnesium, oxygen and hydrogen atoms, respectively. Both surfaces ter-
minate in hydroxide groups which point in the direction normal to the
surface. The slab shown consists of 90 atoms in total, but those at the rear
of the cell have been omitted for clarity.

5.2.3 Converging the vacuum layer thickness

Having selected a vdW correction, a single layer of brucite was isolated from the relaxed

supercell. The cell was cut such that there was a single layer of magnesium, bound top

and bottom by hydroxide groups exposing the (001) surface in a similar way to the 2-

layer slab in Figure 5.1. The slab was re-centred in the box. This 3×3×1 supercell had a

total of 45 atoms. By making the structure symmetric in the c-direction, it was expected

that the total dipole in this direction would be zero. This is crucial for simulating a

surface in order for the electrostatic potential to be properly defined within periodic

boundary conditions.

Using this new cell, the effect of the thickness of the vacuum layer was tested. This is

necessary because of the periodic boundary in the c direction. If the vacuum layer is

too small, the slab will interact with itself through the periodic boundary. While it is
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tempting to make the vacuum layer very large, due to CP2K implementing a ‘floating’

plane wave basis in addition to an atom-centred Gaussian basis, the vacuum contains

basis functions and so has a computational cost.

To conduct this test, the c lattice parameter was extended by 100 Å. A second brucite

layer, a replica of the first, was placed above the first with a separation of 5 Å. Using

this system, the plane wave cutoff was first tested. Due to the large size of the box, a

very high cutoff is required to ensure that the reciprocal space grid is sufficiently dense

to correctly represent the sharpest Gaussian basis functions. Non-self-consistent energy

calculations were performed at a range of cutoffs. This is shown in Figure 5.2. Conver-

gence is slow and oscillates until a value of around 2400 Ry, which was considered to

be converged.
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Figure 5.2: Change in total energy with respect to the previous value, as
a function of the plane wave cutoff for the twin slab brucite cell.

Next, using the converged cutoff, the second layer of brucite was moved away from

the first, in steps of 5 Å. This allowed separations of up to about 50 Å to be tested.

Beyond this, the moving layer is interacting with the first through the shortest path

via the periodic boundary. The total SCF energy of the cell was calculated for each

separation. Using this method, utilising a fixed box and cutoff, the number of plane

waves is consistent between each calculation. However, it was found that at a cutoff

of 2400 Ry, there are oscillations in the convergence. This is because of the atoms
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Figure 5.3: Change in total energy with respect to the previous value as a
function of layer separation for different plane wave cutoffs, for the twin
slab brucite cell. The data for 5000 Ry lies exactly on top of 4000 Ry

moving relative to a grid and is a numerical artefact of the grid being too coarse. Two

further sets of calculations were run at cutoffs of 4000 and 5000 Ry to try and correct

this. These results are summarised in Figure 5.3. There is little difference between the

results at 4000 Ry and those at 5000 Ry. One can see that beyond a 20 Å separation,

there is very little interaction between the layers. Beyond 25 Å, the interaction is less

than the self-consistent accuracy and is in the sub meV range. Thus, the subsequent

calculations used a cutoff of 2400 Ry, which is sufficiently accurate, and a generous

separation of 40 Å to allow for the later addition of water.

5.2.4 Converging the Number of Layers

Having established the cutoff and required vacuum layer thickness, the next task was to

determine how many brucite layers a slab needs. Ideally, the interior layers of the slab

should behave like the bulk material, while the layers near the surface should behave

in an increasingly different way. Too many layers will create additional computational

work, whilst too few layers will not represent a brucite slab but rather something like an
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exotic two-dimensional material.a The single brucite layer exfoliated from the relaxed

3×3×3 supercell was and placed in a 55 Å box. Different systems were prepared with

additional layers by replicating the first layer. Each system was then relaxed. The

total self-consistent energy was calculated for each of these systems, and from this, the

surface energy was calculated using:

Esurf =
(Eslab − nEbulk)

2Asurf
(5.1)

where Eslab is the energy of a slab with n Mg(OH)2 layers, Ebulk is the energy of a bulk

system with no vacuum, and Asurf is the surface area of the system exposed to vacuum.

Asurf has a factor of 2 because there are actually two surfaces, due to the periodic

boundary conditions. The surface is a parallelogram so the area was calculated using

a · b · sin θ, where a and b are the cell lattice parameters and the angle between them,

θ, is 60◦.

To calculate the energy for the bulk system, a single layer was placed in a cell with no

vacuum, and relaxed with a 1×1×10 k-point grid in CP2K, to emulate a large number

of layers. Only the Γ-point was sampled in the x and y directions, as this is the setup

that will be used for the actual calculations employing hybrid functionals. The change

Layers Eslab Esurf Esurf ∆Esurf

(1 × 103 Ha) (1 × 10−3 Ha Å−2) (J m−2) (1 × 10−4 Ha)

Bulk -0.870

1 -0.870 0.868 0.378 0
2 -1.741 0.950 0.414 8.675
3 -2.611 1.009 0.440 0.824
4 -3.481 1.065 0.464 0.595
5 -4.352 1.120 0.488 0.556
6 -5.222 1.175 0.512 0.555
7 -6.093 1.230 0.536 0.549
8 -6.963 1.283 0.560 0.547
9 -7.834 1.338 0.583 0.536

Table 5.2: Calculated surface energy for the brucite slab with vacuum
for differing numbers of layers, using the independent bulk method with
relaxed slabs.

a“Brucene”, if you like.
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in surface energy with number of layers in the slab is presented in Table 5.2. These

results show that the surface energy fails to converge with respect to the number of

layers in the slab. In principle, after a number of layers, the slab should behave like

bulk mineral, and the surface energy should not show any dependence on the number

of layers. Initially, adding the first two layers to the slab rapidly changes the surface

energy. Beyond three slabs, however, the surface energy varies linearly with the number

of slabs, as plotted in Figure 5.4 (purple/blue line with triangles). To try and identify

the source of error, the calculation was repeated with unrelaxed slabs (purple line with

circles). As before, a linear dependence on the number of layers is seen. However,

in this case, the divergence in magnified, with the calculated value for surface energy

doubling to 0.9 J m−2 by 6 layers.

This phenomenon is known in the literature178–182 and normally only occurs when the

direct method of obtaining the surface energy is used, which is given by equation 5.1.

As has been stated, in principle, for a slab with a large enough number of layers, n,

the surface energy should converge. However, differences between the bulk and the

slab calculations can lead to diverging surface energies. If the calculations differ in

some fundamental way, then there is no reason that the slab energy should approach

that of the scaled bulk energy. For example, if the simulation box used for the slab

calculations is a different size from the box used for the bulk calculations, this can lead

to differences in the numbers of plane waves in the basis, and differing k-space meshes.

The calculations become impossible to compare on the basis of total energies. With care

and skill, plane wave cutoffs and k-meshes can be massaged so that they are matched

between calculations and the differences are minimal. In this case, this is likely to be

the cause. The bulk calculation is based on a single layer repeated periodically, and

a dense k-point mesh. The slab calculation uses a large box, a different cutoff and

samples only the Γ-point.

Three other methods proposed to calculate the surface energy have become popular

which avoid these issues. The first scheme is:

Es(n) =
1

2

(

En − n

nb
Eb(full)

)

(5.2)

where En is the energy of a slab containing n layers, Eb(full) is the energy of the bulk
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phase, which consists a box, the same size as the slab’s, filled completely with additional

layers, for a total of nb layers. This method is attractive in theory, in that it provides

a way of matching the bulk phase calculation with the slab calculations. However, if

the vacuum gap is large, the number of atoms in the bulk calculation may be large. In

practice, it does not offer an improvement over a separate bulk calculation.180

A third option is to calculate the surface energy only using data from slab calcula-

tions.178 In this instance, the incremental change in energy is calculated:

∆E(n) = En − En−1 (5.3)

and is used in place of the bulk energy:

Es(n) =
1

2
(En − n∆E(n)) (5.4)

Again, a large enough value of n is required to converge the surface energy, but this

time, all of the calculations will share consistent parameters.

A final option, described by Fiorentini and Methfessel180, but known to surface science

since the work of Gay et al.,183 is to exploit the relation:

E(n) ≈ 2Es(n) + nEb (5.5)

The slab energy becomes increasingly linear for large n, so a straight-line fit of total

slab energy versus n can be used to obtain an estimate of Eb, bypassing the need for a

separate bulk calculation altogether. Typically low values of n do not show the linear

behaviour and so should be neglected. Thus, the difficulty with this method is selecting

which points to include in the fit. This method was attempted for the brucite system

and the results are shown in Figure 5.4 as the green lines. There was no appreciable

difference for the relaxed and unrelaxed slabs, apart from smoother convergence in the

case of the unrelaxed slabs (Figure 5.5). Convergence was very rapid, with little change

in surface energy when going from two layers to three layers, with a final surface energy

of 0.369 J m−2.

Makkos et al.184 also carried out calculations using brucite surfaces. They concluded
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Figure 5.4: Surface energy as a function of slab thickness. The unrelaxed
calculations used slabs constructed from a single brucite layer exfoliated
from a bulk calculation. The relaxed calculations are prepared in the same
way but are relaxed. The independent bulk calculations use a separate
bulk calculation, as per equation 5.1. The linear fit calculations estimate
the bulk energy from a linear fit of the slab energies, as per equation 5.5.

that two layers were sufficient to converge the surface energy, although a third layer

was required to converge the correct charges. Their calculated surface energy disagrees

with the surface energy calculated by this work, being about 60 % higher, and not con-

verging as smoothly. This could be due to a number of differences. The calculations

used different basis sets. Their calculations were all electron whilst we employed pseu-

dopotentials. We only sampled the Brillouin zone at the Γ-point, whereas they used

k-points. The absolute values of the surface energy are actually very small, due to the

layers being held together by non-bonded interactions, so the agreement is not as bad

as it might appear. To verify that the charges were accurately reproduced in our model,

we obtained the average Mulliken and Hirshfeld charges for each element for each slab

model. These are tabulated in Table 5.3. This data would suggest that the number of

layers in the slab has no effect on the charges. In fact, this is a flaw in the approach.

The charges at the surface are different from the interior layers, but averaging over

all of the atoms hides this effect. In Table 5.4, Table 5.5, and Table 5.6, the average

charges per layer are reported, for magnesium, oxygen, and hydrogen, respectively.
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Figure 5.5: Closeup showing surface energy as a function of slab thick-
ness, determined using the independent fit method (see equation 5.5), for
relaxed and unrelaxed slabs. The unrelaxed calculations used slabs con-
structed from a single brucite layer exfoliated from a bulk calculation. The
relaxed calculations are prepared in the same way, but are relaxed.

This analysis shows that the charges are different at the surface layers, and that if a

slab only has two layers, both of which must then be surface layers, the charges can

only be ‘surface-like’. To obtain bulk-like charges for the interior of the slab, one must

add a third layer. Beyond the third layer, there is no substantial change. This confirms

the findings of Makkos et al.184
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Layers Mulliken Hirshfeld

Mg O H Mg O H

Bulk 1.283 -0.830 0.188 -0.397 -0.056 0.254

1 1.282 -0.830 0.189 -0.385 -0.054 0.246
2 1.286 -0.832 0.189 -0.391 -0.055 0.250
3 1.286 -0.832 0.189 -0.393 -0.055 0.251
4 1.286 -0.832 0.189 -0.394 -0.055 0.252
5 1.285 -0.831 0.189 -0.395 -0.055 0.253
6 1.285 -0.831 0.189 -0.395 -0.055 0.253
7 1.285 -0.831 0.189 -0.395 -0.055 0.253
8 1.285 -0.831 0.189 -0.396 -0.055 0.253
9 1.285 -0.831 0.189 -0.396 -0.056 0.253

Table 5.3: Calculated charges for the brucite slabs of different thicknesses
in contact with vacuum. The values shown are the calculated averages for
each element, calculated using both the Mulliken and Hirshfeld methods.
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Slab Thickness

Layer Number 1 2 3 4 5

1 -0.385 -0.391 -0.390 -0.391 -0.391
2 -0.391 -0.397 -0.397 -0.397
3 -0.390 -0.397 -0.397
4 -0.390 -0.397
5 -0.391

Table 5.4: Calculated Hirshfeld charges for magnesium atoms for the
brucite slab in contact with vacuum. The values shown are averaged per
layer of atoms. The bulk value is -0.397.

Slab Thickness

Layer Number 1 2 3 4 5

1 -0.054 -0.055 -0.055 -0.055 -0.055
2 -0.055 -0.056 -0.056 -0.056
3 -0.055 -0.056 -0.056
4 -0.055 -0.056
5 -0.055

Table 5.5: Calculated Hirshfeld charges for oxygen atoms for the brucite
slab in contact with vacuum. The values shown are averaged per layer of
atoms. The bulk value is -0.056.

Slab Thickness

Layer Number 1 2 3 4 5

1 0.246 0.250 0.250 0.250 0.250
2 0.250 0.254 0.254 0.254
3 0.250 0.254 0.254
4 0.250 0.254
5 0.250

Table 5.6: Calculated Hirshfeld charges for hydrogen atoms for the brucite
slab in contact with vacuum. The values shown averaged per layer of
atoms. The bulk value is 0.254.
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5.2.5 Confirming the final simulation cell

Having determined that three layers are needed, and knowing that 25 Å of vacuum will

be sufficient, the final simulation cell was prepared. The atoms were relaxed and the

dipole was calculated using the Berry phase operator. The dipole data is presented in

Table 5.7. The small dipole moments suggest that the slab is sufficiently symmetrical.

One open question from the survey of the performance of the various vdW corrections

Dipole moment (Debye)

x y z

-0.116 0.216 -0.011

Table 5.7: Calculated Cartesian dipole moments for the final relaxed
three-layer slab in contact with vacuum, calculated using the Berry phase
operator

concerns what the origin of the large error in the c lattice parameter is. One possibility

is that this is due to thermal expansion, as the neutron diffraction experiments are

typically carried out at room temperature. To test this, a short molecular dynamics

run was carried out at 300 K using the NVT ensemble. As there is vacuum above the

brucite surface, the slab can expand in the c-direction if this is needed. A final geometry

optimisation of the model showed that this relaxation into the vacuum space reduced

the error in the c parameter with respect to the experimental crystal cell of Catti et al.

to −2.294 %.

The results from the molecular dynamics run (shown in Figure 5.6) show that the thick-

ness of the slab fluctuates over time, but after the initial large perturbations have set-

tled, the error with respect to experiment reduces to a value of around −1.8 %. This

is much better than the −4 % error initially expected, but it should be noted that this

comparison is perhaps unfair as the slab probably behaves differently to the bulk crystal

that was measured.
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Figure 5.6: Percentage error in the c lattice parameter with respect to
experiment,15 for a three layer brucite slab in contact with vacuum and
cleaved along the (001) plane, over a molecular dynamics run at 300 K

5.3 Results and Discussion

To build up an understanding of how surfaces and water affect the behaviour of elec-

trons and holes in brucite, we add complexity in stages. Initially, we will consider the

dry brucite slab, in contact only with vacuum. Then, a single layer of adsorbed water

will be added to one surface. Next, a second layer will be added to the other surface,

such that each surface has an adsorbed monolayer. Finally, we will fill vacuum space

with water to a density of 1 g cm−3.

5.3.1 Dry Surface

As per the method used in Chapter 3 and Chapter 4, to the dry brucite slab model we

separately introduced an excess electron and an excess hole. Each system was relaxed

with its respective electronic defect. As before, two exchange-correlation functionals

were used - PBE and M06-2X. The calculated spin density for the system with the excess

electron is shown in Figure 5.7 and the excess hole is shown in Figure 5.8.

Considering first, the case of the excess electron (Figure 5.7), both functionals produced
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(a) (b)

Figure 5.7: Spin densities calculated self-consistently for brucite slabs relaxed with
an excess electron. The pink, red and white spheres represent magnesium, oxygen
and hydrogen atoms, respectively. Panel (a) shows the PBE spin density calculated
for a structure with an excess electron relaxed using PBE. Panel (b) shows the M06-
2X spin density, calculated for a structure with an excess electron relaxed using
M06-2X . The blue and green isosurfaces represent net positive and net negative
spin density with respect to the spin-up spin channel. All of the isosurfaces are
plotted at a value of 2.5 × 10−4 e/a30.

very similar results. This is consistent with the testing performed in Chapter 2 and the

bulk brucite calculations discussed in Chapter 3. In both cases, the excess electron

localises at the surfaces of the slab. Both surfaces are equivalent so the spin density

is divided between the two faces. No spin density is seen between the layers like

in case of bulk brucite. The spin density localised at the surface, at a glance, does

resemble the quasi-two-dimensional gas behaviour seen in Chapter 3, but unlike a true

two-dimensional state, it is not confined. Plotting the spin density, integrated over

the a and b lattice vectors, shows that this spin density decays gracefully, and is not

confined in any way. On the one hand, this result is not unexpected. An excess electron

will populate an empty state which is largely determined by the electrostatic potential

resulting from the positions of the ions. Recall, for example, the dependence of the

electron localisation on the thickness of the interlayer space discussed in Chapter 3. In

this case, the electrostatic potential trails off as one moves away from the surface and

approaches the potential of the vacuum. An electron localises at the surface due to the

potential. The surface behaves like a semi-infinite well and so the excess electron is less

confined, which reduces the kinetic energy of the system. In the context of radiation

damage, this is interesting as it suggests that there are electrons available near the
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(b)(a)

Figure 5.8: Spin densities calculated self-consistently for brucite slabs relaxed with
an excess hole. The pink, red and white spheres represent magnesium, oxygen and
hydrogen atoms, respectively. Panel (a) shows the PBE spin density calculated for a
structure with a hole relaxed using PBE. Panel (b) shows the M06-2X spin density,
calculated for a structure with a hole relaxed using M06-2X . The blue and green
isosurfaces represent net positive and net negative spin density with respect to the
spin-up spin channel. All of the isosurfaces are plotted at a value of 2 × 10−4 e/a30.

surface, which could have consequences for adsorbed molecules.

Turning our attention now to the hole (depicted in Figure 5.8), the situation resembles

the case of bulk brucite (Chapter 4). Just like the bulk case, the PBE functional (Fig-

ure 5.8(a)) predicts that the hole will be delocalised over all of the available oxygens in

the supercell. Similarly, M06-2X (Figure 5.8(b)) shows a preference for a single hydrox-

ide group over the others, resulting in the strong localisation of the hole to a particular

oxygen atom, and the formation of a hydroxyl radical. Unlike the excess electron, the

excess hole’s localisation does not appear to be noticeably influenced by the presence of

a surface. A small preference for the surface layers over the interior layers can be seen

in Figure 5.8(a). The lack of a noticeable effect due to the surface can be understood

by considering that to add an electron, the electron must localise where the energy of

the system will be minimised. This tends to take it away from areas of high electron

density to lower the electronic repulsion. On the other hand, removing an electron and

creating a hole is dependent only on the electrons that are already in the material, and

so the surface has minimal effect.
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5.3.2 Adsorbed Water on Surfaces

Next, we considered the case of a water monolayer adsorbed onto the surface. From the

study of Wang et al.,77 we determined that 7 molecules would be the typical coverage

for a surface with this area. Water molecules were placed on the surface randomly

according to the typical orientations and distances observed by Wang et al. The system

was then relaxed. We consider two systems. The first is a slab with one dry surface

and one covered by a monolayer of adsorbed water. The second is a slab where both

surfaces are covered by a monolayer of adsorbed water. As before, the excess electron

and the excess hole were introduced, and the systems were relaxed.

Starting with excess electrons, the calculated spin densities from PBE and M06-2X are

shown in Figure 5.9 and Figure 5.10.

Considering the case of the excess electron (Figure 5.9), the presence of a monolayer

of adsorbed water does not substantially affect the localisation of an excess electron.

Like the case of a dry surface, the excess electron localises at both surfaces for both

functionals. However, for the surface with the monolayer of water, the spin density is

not uniformly distributed but is instead distributed around the water molecules. This

behaviour is largely the same for PBE (Figure 5.9(a)) and M06-2X (Figure 5.9(b)). A

higher value spin-density isosurface is shown in Figure 5.9(c) and (d), to highlight the

locale of the peak spin density. For both functionals, there is a cavity created by water

molecules at the surface in which the highest localisation of the spin density occurs.

This is not unlike the situation which occurs in bulk water in which a free electron

becomes solvated.

If a second water layer is added (Figure 5.10), much more functional dependence is

seen. The PBE functional (Figure 5.10(a) and (c)) splits the spin density between the

two layers as before. Again, considering the highest values of the spin density, it is

apparent that the electron localises in the cavities formed by the water molecules. On

the other hand, the M06-2X functional (Figure 5.10(b) and (d)) now localises the elec-

tron exclusively on one surface. As before the electron localises in a cavity created by

the water molecules and the hydroxides at the surface. This can be understood as be-

ing due to the separation of the electronic energy levels due to the second water layer
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having a very different structure to the first.

Turning now to the excess hole, the system with a single monolayer on one surface

is presented in Figure 5.11. Like in the slab case, using PBE the hole is delocalised

over every available oxygen atom (Figure 5.11(a)). Also, like the slab, it is clear from

Figure 5.11(c) that the interior layers have less spin density than the layers nearer

the surface. The water molecules adsorbed on the surface disrupt the symmetry of the

surface hydroxide groups. This leads to variability in the localisation of the spin density.

For M06-2X, this is also apparent (Figure 5.11(b) and (c)). The hole localises primarily

on a single hydroxide which is interacting with an adjacent water molecule.

When a second wet surface is added (Figure 5.12), the situation is largely similar. For

the PBE calculation (Figure 5.12(a) and (c)), the hole spin density is effectively limited

to the surface layer oxygens. This is due to the symmetry of both surfaces being dis-

rupted by the presence of the water monolayers. In the M06-2X calculation, the hole

now localises on a different oxygen, also near the surface, but on the other side of the

slab. This is again due to the new adsorbed water layers In both cases, the distortions

to the geometry at the slab surface caused by the presence of the adsorbed water break

the degeneracy of the electronic states. Where the hole will localise is not clear, as the

specific distribution of electron levels will depend on the precise geometry of the slab

and the adsorbed water molecules. However, it seems reasonable to conclude that the

hole will be preferentially located near the surface of the slab as this is where the dis-

tortions are seen. The consequence of this is that if the dehydroxylation process as seen

in Chapter 4 occurs near the surface, it would be much easier for the water molecule

which is formed to escape the lattice (or a liberated proton for that matter).
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(b)(a)

(d)(c)

Figure 5.9: Spin densities calculated self-consistently for brucite slabs,
with a single adsorbed water monolayer, relaxed with an excess electron.
The pink, red and white spheres represent magnesium, oxygen and hy-
drogen atoms, respectively. The blue and green isosurfaces represent net
positive and net negative spin density with respect to the spin-up spin
channel. Panels (a) and (c) show the PBE spin density calculated for a
structure with an excess electron relaxed using PBE, with isosurfaces plot-
ted at 2 × 10−4 e/a30 and 1 × 10−3 e/a30 respectively. Panels (b) and (d)
show the M06-2X spin density calculated for a structure with an excess
electron relaxed using M06-2X, with isosurfaces plotted at 2 × 10−4 e/a30
and 1 × 10−3 e/a30 respectively.
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(b)(a)

(d)(c)

Figure 5.10: Spin densities calculated self-consistently for brucite slabs,
with a pair of adsorbed water monolayers, relaxed with an excess elec-
tron. The pink, red and white spheres represent magnesium, oxygen and
hydrogen atoms, respectively. The blue and green isosurfaces represent
net positive and net negative spin density with respect to the spin-up spin
channel. Panels (a) and (c) show the PBE spin density calculated for a
structure with an excess electron relaxed using PBE, with isosurfaces plot-
ted at 2 × 10−4 e/a30 and 1 × 10−3 e/a30 respectively. Panels (b) and (d)
show the M06-2X spin density calculated for a structure with an excess
electron relaxed using M06-2X, with isosurfaces plotted at 2 × 10−4 e/a30
and 1 × 10−3 e/a30 respectively.



5.3. RESULTS AND DISCUSSION 163

(b)(a)

(d)(c)

Figure 5.11: Spin densities calculated self-consistently for brucite slabs,
with a single adsorbed water monolayer, relaxed with an excess hole. The
pink, red and white spheres represent magnesium, oxygen and hydrogen
atoms, respectively. The blue and green isosurfaces represent net positive
and net negative spin density with respect to the spin-up spin channel.
Panels (a) and (c) show the PBE spin density calculated for a structure
with a hole relaxed using PBE, with isosurfaces plotted at 2 × 10−4 e/a30
and 1 × 10−3 e/a30 respectively. Panels (b) and (d) show the M06-2X spin
density calculated for a structure with a hole relaxed using M06-2X, with
isosurfaces plotted at 2 × 10−4 e/a30 and 1 × 10−3 e/a30 respectively.



5.3. RESULTS AND DISCUSSION 164

(b)(a)

(d)(c)

Figure 5.12: Spin densities calculated self-consistently for brucite slabs,
with a pair of adsorbed water monolayers, relaxed with an excess hole.
The pink, red and white spheres represent magnesium, oxygen and hydro-
gen atoms, respectively. The blue and green isosurfaces represent net pos-
itive and net negative spin density with respect to the spin-up spin chan-
nel. Panels (a) and (c) show the PBE spin density calculated for a structure
with a hole relaxed using PBE, with isosurfaces plotted at 2 × 10−4 e/a30
and 1 × 10−3 e/a30 respectively. Panels (b) and (d) show the M06-2X spin
density calculated for a structure with a hole relaxed using M06-2X, with
isosurfaces plotted at 2 × 10−4 e/a30 and 1 × 10−3 e/a30 respectively.
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5.3.3 Surfaces in Contact with Bulk Water

Having shown that the surface alone does not have a large effect on the electronic struc-

ture in brucite slabs, but that the presence of adsorbed water does, we now turn to the

case when there is a large volume of water present. To achieve this, the vacuum space

of the slab model was filled with water molecules to target density of 1000 kg m−3.

This model is shown in Figure 5.13.

As water is only in the liquid phase above freezing point, we cannot use geometry opti-

misation to study the system. Molecular dynamics simulations were run using the NVT

ensemble, thermostatted at 300 K. After an equilibration run, an excess electron and an

excess hole were separately introduced as before. Due to the expense of the model, the

molecular dynamics simulation was limited to the PBE functional only. However, the

electronic structure was calculated for a sample of configurations from the dynamics

using the M06-2X functional to check if the two functionals differ in a given situation.

These are shown as the lower panels in Figure 5.14 and Figure 5.15.

Considering first the excess electron (Figure 5.14), both PBE and M06-2X are in good

agreement, as expected. From the snapshots shown, the excess electron is delocalised

in the water or near the surface of the slab. Localising near the surface is similar to

the behaviour shown for the monolayers adsorbed on the surface. Now the model

also includes bulk water, but the excess electron still generally remains on or near the

surface. Unlike bulk brucite, the excess electron is never seen in the interlayer spaces

in the slab. Looking closely, as before, the electron preferentially localises in cavities

formed by the water molecules, or by the water molecules and surface hydroxides. As

the water molecules near the surface are strongly adsorbed to the surface, it could be

that the cavities near the surface are more stable, and thus this may explain why the

majority of the spin density is localised at the surface more frequently.

In the case of an excess hole (Figure 5.15), the situation resembles the case with a

monolayer of adsorbed water, apart from one exception. Most of the spin density lo-

calises in the brucite slab, and there is a preference for hydroxides near the surface of

the slab. However, some of the spin density also localises on particular water molecules

far from the surface in the bulk water. This suggests that while radiolysis processes sim-
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ilar to the dehydroxylation process seen in bulk brucite should occur in a slab in contact

with water, there is also a chance that the water will be ionised instead, reducing the

direct damage to the brucite mineral. However, it must be kept in mind that the in

the previous chapters systems with an excess hole sometimes had symptoms of self-

interaction error. Even though the M06-2X spin density has been evaluated on the PBE

snapshots, without running M06-2X molecular dynamics on the system, it is hard to

say for sure that the observed behaviour is not due to spurious delocalisation.
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55.6 Å ~40.8 Å 

Figure 5.13: Schematic of the three-layer brucite slab in contact with wa-
ter, cleaved along the (001) plane. Pink, red, and white spheres represent
magnesium, oxygen and hydrogen atoms, respectively. Both surfaces ter-
minate in hydroxide groups which point in the direction normal to the
surface. The slab as shown consists of 135 atoms. The water layer con-
tains 104 water molecules for a grand total of 447 atoms. The black out-
line indicates the extent of the supercell and is shifted upwards here to
emphasise that there are two surfaces of the slab exposed. The translu-
cent atoms indicate replica atoms introduced by the periodic boundary
conditions.
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Figure 5.14: Spin densities calculated self-consistently for the brucite-
water system with an excess electron from MD snapshots, using PBE (up-
per) and M06-2X (lower). The times noted give the amount of time that
has passed since the injection of the excess electron. The pink, red and
white spheres represent magnesium, oxygen and hydrogen atoms, respec-
tively. The blue and green isosurfaces represent net positive and net neg-
ative spin density with respect to the spin-up spin channel. All of the
isosurfaces are plotted at a value of 2 × 10−4 e/a30.
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Figure 5.15: Spin densities calculated self-consistently for the brucite-
water system with an excess hole from MD snapshots, using PBE (upper)
and M06-2X (lower). The times noted give the amount of time that has
passed since the injection of the excess hole. The pink, red and white
spheres represent magnesium, oxygen and hydrogen atoms, respectively.
The blue and green isosurfaces represent net positive and net negative
spin density with respect to the spin-up spin channel. All of the isosur-
faces are plotted at a value of 2 × 10−4 e/a30.
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5.4 Conclusions

We have examined three extensions to the bulk brucite model. By cutting the bulk into

a slab, a model with a surface in contact with vacuum could be produced. In contrast

to bulk brucite, when excess electrons are introduced to a slab, they localise primarily

at the surface rather than in the interlayer spaces. For the hole, the situation resembles

the bulk material, but there is a tendency for the hole to localise nearer the surface.

Much like the bulk case, PBE fails to localise the hole to a single hydroxide, while

M06-2X can be suspected of giving the correct behaviour.

The second system was created by placing a monolayer of water on one or both of

the surfaces exposed on the slab. For the excess electron, the behaviour remained

mostly the same. A key feature is that the water molecules disrupt the symmetry of

the surface hydroxides. Cavities exist in the space between water molecules and the

surface, and the excess electron preferentially localises in these spaces but also localises

at the pristine surface on the other side of the slab. Adding a water monolayer to the

second surface leads to the localisation of the excess electron to one side in the case of

M06-2X. PBE shows a slight preference for one side, which happens to be the opposite

side than M06-2X. For the excess holes, in the case of PBE, the adsorbed monolayer

does little to affect where the hole localises. As was the case for the dry slab and the

bulk phase, the hole spin density is delocalised over every available hydroxide, and

shows a slight preference for exterior layers in the slab. For the M06-2X calculations,

the disruption to the surface leads to the localisation of the hole on a hydroxide at

the surface. Adding a second monolayer alters where the hole localises by further

disrupting the geometry, and by extension, the electronic levels.

Finally, the case of a full water box was considered. The excess electron localises in

the cavities formed in the bulk water, much like a solvated electron, but also tends to

localise near the two surfaces. There was no observable difference in M06-2X calcu-

lations. The hole will generally localise in the outermost layers of the slab as for the

other systems, but there will also be some localisation on the water molecules in the

bulk water region. This suggests a chance that the water may be readily ionised instead

of the brucite in the slab, which would reduce damage to the brucite mineral.



5.4. CONCLUSIONS 171

What we learn from this is that a surface does meaningfully change how these kinds

of electronic defects interact with brucite mineral. An excess electron will not localise

in the two-dimensional electron gas state between the layers, as discussed in Chap-

ter 3, but instead prefers the water and particularly the water near or adsorbed on the

brucite surface. For the study of radiation damage in this material, this suggests two

consequences. Firstly, that surface may have a catalytic effect, due it adsorbing water

molecules but also because the presence of excess electrons creates a reducing chemi-

cal environment. Secondly, if the electron localises primarily in water and not brucite,

then it follows that the water radiation chemistry should dominate the observed pro-

cesses. Holes will continue to localise on the brucite hydroxides, especially those near

the surface, perhaps leading to damage by dehydroxylation. However, when bulk wa-

ter is present, the hole may also localise on water molecules in the bulk water region.

The suggests that the water may be ionised rather than the brucite, reducing the direct

damage to the brucite phase.



Chapter 6

Conclusions

The goal of this project was to enhance understanding of radiation-driven processes in

Magnox sludges, particularly those that might lead to molecular hydrogen gas evolu-

tion. The most significant result is that in bulk brucite, the thermal dehydroxylation

process, a process which normally only occurs at elevated temperatures of over 200 ◦C,

is accessible at approximately room temperature if a hole is created in the system.

While this alone does not lead directly to molecular hydrogen gas evolution, the hydro-

gen atoms contained in the hydroxide groups represent the only source of hydrogen in

the system. Liberation of hydrogen in this way is likely to play an important role in the

process, perhaps leading directly to molecular hydrogen by recombination. Alterna-

tively, the product of this process is water, which will itself undergo radiolysis to form

molecular hydrogen. The expected yield of molecular hydrogen from water under ra-

diolysis is much higher than that expected from dry brucite, so the formation of water

within the bulk brucite structure may serve to increase the yield by acting as nucleation

centres for molecular hydrogen. A secondary product is oxygen radicals, which could

lead to the formation of molecular oxygen. For excess electrons, we found that they

will localise in the interlayer space in bulk brucite, forming a quasi-two-dimensional

electron gas. However, while this will distort the brucite structure, it does not result in

any appreciable damage to the material.

The second key finding was that the presence of a brucite-water interface has a con-
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siderable effect on the results. When a brucite surface is created to try and approach

experimental conditions, an excess electron will no longer localise in the slab. Instead,

it will be found on the surface. Should that surface have adsorbed water, the electron

will likely remain localised at the surface but may become solvated in a cavity formed

by the adsorbed water molecules and the surface hydroxides. If the surface is in contact

with a large body of water, the electron will localise in cavities created by the water

molecules but again will spend much of its time on or near the surface. Whether the

water molecules or surface hydroxides might dissociate more readily remains an open

question, but what we do learn is that any secondary or higher order electrons arising

from radiation near a brucite surface are unlikely to interact with the brucite itself, and

will ultimately reside in the water. An excess hole introduced to a slab will behave in a

similar way to the bulk system, but will localise preferentially on hydroxides near the

surface of the slab. If there is a body of water in contact with the slab, however, the

hole may also localise on water molecules in the bulk water region. This suggests that

water may sometimes be preferentially ionised over the brucite, reducing the damage

to the brucite phase.

An important technical finding from this work is that to study excess holes in this

material, a hybrid functional with a large component of exact exchange is required.

This was shown by the benchmarking study presented in Chapter 2 and verified in the

studies presented in Chapter 3, Chapter 4, and Chapter 5. In the benchmarking study,

it was shown that the common hybrids functionals derived from PBE0 and standard

self-interaction corrected functionals cannot reproduce the localisation of the hole spin

density calculated by MP2 and give an unsatisfactory potential energy profile for O – H

dissociation when a hole is present. M06-2X seems to offer a reasonable performance

for the systems of interest, but is costly, and precludes the credible use of any enhanced

sampling methods. For the excess electrons, however, there are no such problems, and

even the GGA functional PBE can produce reasonable spin densities.

Finally, returning to Magnox sludge, what we can take away from this study is that

holes have the potential to be extremely damaging in brucite, while it seems that low

energy electrons are of little consequence. Holes will affect the brucite directly, and

to a lesser extent, any water present. Most of an ionising particle’s energy is likely to

be deposited in the brucite phase, rather than the water, due to the higher density of
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brucite, and its higher cross-section due to magnesium having a higher atomic number

than oxygen and hydrogen. The hole essentially represents the situation immediately

following an ionisation, so this suggests that considerable damage to the brucite can

be expected, even if water is present. However, experimental studies have shown that

the expected molecular hydrogen yield from brucite is lower than that expected from

water. This could be due to the primary product from the dehydroxylation process

being water rather than molecular hydrogen, and because the water formed cannot

easily escape the brucite lattice. The presence of water will likely mask any molecular

hydrogen yield from brucite, and may also serve to reduce the damage to the brucite,

as electrons, for example, tend to localise in the water preferentially. What is missing

in this work is a connection to the energy of the incident ionising particle. We consider

here the consequence of the ionising particle but neglect the dynamical effects of its

interaction with the material. Further work is required to account for these processes,

but from the present work, it would seem that the water present in the Magnox sludge,

rather than the mineral phase, should be considered the greatest concern for ultimate

disposal of the waste.

Future Work

A number of interesting future projects could arise from the findings in this work.

Firstly, it would be extremely valuable to use enhanced sampling techniques to obtain a

free energy profile for the dehydroxylation process, to improve on the potential energy

profile presented in Chapter 4. Comparison of the free energy profile for this process

in the bulk and at a surface would be interesting and would indicate where damage

is likely to happen in a brucite particle. However, as was shown in Chapter 4, the

energy obtained with a hole is very much dependant on the functional used. It is

already extremely difficult to convincingly converge a free energy profile with PBE, so

such a project would need a functional that can reproduce the M06-2X spin density, or

better, but at a lower cost than a hybrid functional. One possibility may be the SCAN

meta-GGA functional.96

While interesting insights can be drawn from considering the ground state effects of
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excess electrons and holes, it is important to consider the excited state effects. Time-

Dependant Density Functional Theory calculations with Ehrenfest dynamics would be

very interesting. This approach would allow for the study of the early electronic effects

resulting from proton and alpha irradiation of brucite.185

Finally, rather than brucite, it would be interesting to study hydrotalcite, or artinite, the

next most likely and representative phases in real Magnox sludge. Carbonated phases

are extremely common in the sludge and tend to start forming at the surfaces of the

particles which are exposed to carbon dioxide. How this affects the overall picture

would be very interesting and would be the next step in approaching the industrial

conditions in which the sludge is found.
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Glossary and Acronyms

B3LYP

A hybrid exchange-correlation function based on BLYP.

Canonical Sampling through Velocity Rescaling (CSVR)

A thermostat which rescales the particle velocities using a factor randomly cho-

sen from a distribution such that the resulting dynamics samples the canonical

ensemble.

Corroded Magnox Sludge (CMS)

A high-fidelity Magnox sludge stimulant produced from deliberately corroding

Magnox AL80 alloy.

CP2K

A versatile package for molecular simulation implementing Monte Carlo, molecu-

lar dynamics and metadynamics, using classical, DFT and post-DFT Hamiltonians.

The acronym, standing for Car-Parrinello 2000, is a misnomer as the package

implements Born-Oppenheimer molecular dynamics, rather than Car-Parrinello

molecular dynamics.

CRYSTAL

An all-electron electronic structure code using Gaussian basis sets and implement-

ing DFT and post-DFT methods, aimed at solid-state systems, originating from the

University of Torino.

Density Functional Theory (DFT)

An electronic structure method which reduces the many-body electron problem

to a mean-field problem.

Dissociative Electron Attachment (DEA)

A process in which a low energy electron is captured in a transient bound state in

a molecule, leading to dissociation.

Electron Paramagnetic Resonance (EPR)

A spectroscopy technique for detecting unpaired electron spins which exploits the

Zeeman effect. Useful for the detection and study of radicals.
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Energy-Dispersive X-ray analysis (EDX)

A spectroscopy technique using electrons to excite a sample’s electrons. As the

excited electrons relax they emit X-rays of a characteristic energy allowing the

elements that emitted them to be identified.

Environmental Scanning Electron Microscopy (ESEM)

An electron microscopy technique that allows for wet sample environments rather

the demanding vacuum.

First Generation Magnox Storage Pond (FGMSP)

The original outdoor storage pond at the Sellafield site for spent Magnox type

fuel.

Fourier-Transform Infrared Spectroscopy (FT-IR)

A spectroscopy technique using the interaction of infrared light with molecules

to measure vibrations of atoms, allowing functional groups to be inferred. The

Fourier-transform variant is a more modern technique which uses multiple wave-

lengths of light to improve the instrument’s performance.

Generalized Gradient Approximation (GGA)

A family of exchange-correlation energy functionals that depend on the gradient

of electronic density at a given point in space.

Hartree-Fock (HF)

An approximation that assumes that Schrödinger equation can be expressed as a

single Slater determinant.

Highest Occupied Molecular Orbital (HOMO)

The highest energy filled electronic state in a molecular system. Loosely analo-

gous to the concept of the valence band in solid-state systems.

HSE06

A range-seperated hybrid exchange-correlation function based on PBE0. At long

range, it behaves like PBE, and at short ranges it behaves like PBE0. The switching

off of the exact exchange is progressive with distance and is determined using the

error function.

Linear Energy Transfer (LET)

The amount of energy transferred, per unit distance, by an ionising particle.

Local Density Approximation (LDA)

A family of exchange-correlation energy functionals that depend on the electronic

density at a given point in space.

Lowest Unoccupied Molecular Orbital (LUMO)

The first empty bound electronic state in a molecular system. Loosely analogous

to the concept of the conduction band in solid-state systems.
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Magnox AL80

The alloy used to clad the Mangox nuclear fuel which has a composition of

99.16 % magnesium, 0.80 % aluminium, and 0.04 % beryllium.

Metadynamics

An enhanced sampling method to sample rare events by adding a time-dependant

bias to a molecular dynamics simulation.

Micro-Raman Spectroscopy

Raman spectroscopy techniques exploit the inelastic scattering of light to detect

vibrational states of molecules. To be detectable by Raman, a molecule must be

polarisable. Micro-Raman refers to the combination of a microscope with Raman

spectroscopy that allows the spectra to be obtained for a small volume of the

sample.

PBE

A Generalized Gradient Approximation (GGA) exchange-correlation functional.

Proton Magnetic Resonance (PMR)

A variant of the nuclear magnetic resonance (NMR) spectroscopy technique which

uses 1H atoms, rather than carbon-13 (13C). This technique exploits the magnetic

dipole in isotopes with odd-numbered masses to infer information about their

chemical bonding environments. While 13C NMR identifies carbons and their

environments, 1H NMR identifies hydrogen atoms.

PW91

An early example of a Generalized Gradient Approximation (GGA) exchange-

correlation functional (see GGA) named for its authors, Perdew and Wang.

VASP

Vienna ab initio Simulation Package is a state-of-the-art electronic structure code

using pseudopotentials and a plane wave basis aimed at solid-state physics. While

VASP can do DFT calculations, it also has many other features, including post-DFT

methods such as 2nd order Møller-Plesset peturbation theory, quasiparticle GW,

and Bethe-Salpeter.

X-Ray Diffraction (XRD)

A technique which uses the diffraction of X-rays as they interact with the atoms

in a crystal to infer the atoms’ positions and the overall crystal structure.
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