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Abstract

Organic carbon (OC) is an essential component of soil; its presence in soil is important for growing
crops, for maintaining the stability of soils, and more generally for capturing CO, from the atmo-
sphere. Sorption of OC to oxide mineral surfaces is considered a key process in the soil preservation
due to its ability to protect OC from microbial degradation. To understand the sorption of OC
in soils, it is important to obtain a quantitative description of the binding of organic molecules
to soil minerals and soil metal cations. In this work, we conducted theoretical modelling inves-
tigations on the binding of water and small organic molecules, typical building blocks of OC, on

-Al,03 (alumina), a common soil mineral. Alumina was modelled both bare and hydroxylated
using (0001)-oriented periodic slabs, using density functional theory (DFT) calculations and empir-
ical dispersion. Adsorption energies and binding energies were calculated. The amine, amide and
carboxylic acid functional groups were found to adsorb more strongly than water during our small
molecule adsorption investigations on the bare and hydroxylated -Al,O3 (0001) surface. These
investigations illustrated the key functional groups required for strong OC binding in soils. With
knowledge gained from this rst stage of investigations, we conducted our biopolymer adsorption
investigations. Several biopolymers such as, cellulose and chitin were adsorbed to the hydroxylated
alumina surface. Pectin was the most strongly adsorbing of the biopolymers and hydrogen bonding
was a major contributor to its stability. Finally, we also investigated the binding of small organic
molecules to the hydrated [Al(H.0)g]®* and [Fe(H»0)g]®* complexes to investigate the binding of
cations in the soil solution. In the cation investigations we calculated the Gibbs energy of reaction
for the products of the ligand substitution process. Acetate, amine and amide ligands yielded
the most energetically favourable substitution products for both the AI** and Fe3* studies. Fe3*
produced more energetically favoured products compared to its AI®* counterpart. Overall, many
organic functional groups, particularly, the amine, amide and acid bind strongly to the bare and
hydroxylated alumina surface and metal cations. Hence, they are likely to remain adsorbed on

alumina and cations in soils.
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Chapter 1

Introduction

Soil chemistry originated in the early 1850’s with the research of J. T. Way.1” Often considered
as the father of soil science, Way found that soils could adsorb both anions and cations, and that
these ions could be exchanged with other ions. His research found that ion exchange was rapid
and treating soils with either heat or acid reduced the soils ability to adsorb ions. Much of the
research between 1850 and the early 20th century was an extension of Way’s work. Modern day
soil chemistry has predominantly been motivated by the modern environmental movement, which

emphasises reducing pollution and protecting and preserving natural reserves.?

Soil chemistry is a sub-discipline of soil science that deals with chemical composition, chemical
properties and chemical reactions of soils.? Soils are porous media created at the surface of land
through weathering processes mediated by geological, biological and hydrological phenomena. In
chemistry, soils are chemical systems containing reactive species of solids, liquids and gases. As
they are open systems, soils exchange both matter and energy with the surrounding biosphere,
atmosphere and hydrosphere. Soils are the predominant characteristic of the life supporting critical
zone. The critical zone extends from the top of the vegetation canopy to the bottom of the

groundwater aquifer (permeable rock).!

1.1 Soil Minerals

Approximately one half to two thirds of the soil volume is comprised of solid matter. Of this solid
matter, more than 90% represents inorganic compounds, in which humus accounts for ~ 10% of
the solid matter and minerals account for the remaining solid matter.® Elements present in the

largest quantities in soils are oxygen, silicon, aluminium, iron, carbon, calcium, potassium, sodium
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and magnesium, There elements are also found in the earth’s crust and sediments. Oxygen is the

most ubiquitous element in soils and the earth’s crust.? 18

The elements in soil minerals typically occur as charged ions. These species are arranged in crystal
lattices and held together by ionic and covalent bonds. The two most important properties of these
ions in soil minerals are their valence and ionic radius. The ionic radius of a single ion cannot be
measured. However, the ionic radius can be de ned based on the following assumptions: The rst
assumption states that the radius of the bivalent oxygen ion (O? ) is 0.140 nm in all minerals.
The second assumption states that the sum of the radii of the cation and anion involved in binding
is equal to the measured inter-atomic distance between the two ions. The nal assumption states
that the element’s ionic radius has the same value in all mineral structures containing an ion with
a given coordination number (CN). Most chemical bonds have a combination of covalent and ionic

character. For example, the Al-O bond is approximately 40 % covalent and 60 % ionic.*

Two important parameters can be de ned for the atomic properties of metal cations and anions

that combine to form crystals. The rst parameter is the ionic potential, 1P

(1.1)

where Z is the valence of the metal cation and R is the ionic radius. The signi cance of the ionic
potential (IP) is is that metal cations with an IP < 30 nm ! are found in the soil as free cations.
Metal cations with IP < 100 nm ! have the tendency to hydrolyse and precipitate and those
with an IP > 100 nm ! tend to be present within soils as free oxyanions. The second important

parameter is bond strength, s

=1z

STCN

The bond strength assigns an equal proportion of the valence of a cation to each of the chemical

bonds it forms with the nearest neighbouring anion.!

1.1.1 Pauling’s Rules

Most of the minerals in soils are ionically bonded, thus their structures can be predicted based on

Pauling’s rules.*®

Rule 1: A coordinated polyhedron of anions is formed about each cation. The cation-anion dis-
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tance is determined by the sum of the cation and anion radii. The CN is therefore determined by

the cation to anion radius ratio.

Table 1.1: Minimum radius ratio of the cation-anion inter-atomic distance and their
corresponding coordination numbers (CN)

Minimum Radius Ratio CN

1.00 12
0.732 8
0.414 6
0.225 4

Rule 2: In a stable mineral structure the sum of the bond strengths coming from adjacent cations
to an anion is equal to the charge of the anion. For example, goethite (FeOOH) illustrates Pauling
rule 2. The Fe3* radius is 0.065 nm. The CN of the Fe3* cation according to the Pauling rule 1

is found from

i 3+ .
Radius Ratio of Fe?* = Radil of P _ 0:065

= Radiiof 02 0140 _ 0464 (1.2)

As according to table 1.1, 0.464 > 0.414, therefore the CN of Fe3* with O? is 6. Hence,

:'@

S(I:e3+) 5

=05 (1.3)
Following rule 2 four Fe3* should bond to each O? in the goethite structure. However, the
structure reveals that each O? binds to three Fe3*. However, there is a proton in the formula of
goethite (FeOOH), this proton can be used to provide a cation, therefore resulting in a fourth bond
to O . As there are twice as many oxygen atoms in goethite as hydrogen atoms, each proton
must be shared by two O? . Thus, s = 0:5 as required and the fourth bond to O? (that replaces

Fe3*) is a hydrogen bond.

Rule 3: Pauling rule 3 is a statement of Coulombs law of repulsion for cations. The Coulomb
repulsive interaction between cations in a mineral are weakened or screened by the Coulomb eld
of the anions (negatively charged) surrounding the cations. Alumina, Al,O3 re ects this property

whereby there are both short and long Al-O bonds.

Rule 4 and Rule 5: Pauling Rules 4 and 5 are extensions of rule 3. They re ect that stable minerals

containing di erent types of cations do not tolerate sharing of the polyhedra.t:?
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1.1.2 Primary Soil Minerals

The two most abundant chemical elements present within soils are oxygen and silicon. Therefore,
these two elements combine to produce silicate minerals.%2° These minerals are given the name,
primary minerals as they are sand and silt particles inherited from parent materials such as meta-
morphic and igneous rocks, Feldspars are examples of such minerals. The potassium feldspars are

important as they are a major component of the mineral form of potassium.? 921,22

Table 1.2: Common primary soil minerals.*

Mineral Name Chemical Formula
Quartz SiO»
Feldspar (Na,K)AIO,[SiO;]3, CaAl,04[SiO2],
Mica K2Al,O5[Si> Os]3Al4(OH),4 (muscovite)

K2AI;0s[Si2Os]3(Mg,Fe)s (OH)4 (biotite)
Pyroxene (Ca,Mg,Fe, Ti,Al2(Si,Al)20¢
Olivine (Mg,Fe),SiO4

1.1.3 Secondary Soil Minerals

Secondary soil minerals are given their name as they occur as a result of primary mineral weath-
ering transformations.>23 Particles formed by secondary minerals are clay or silt size. Clays are
inorganic materials that are < 2 mm in size, whereas clay minerals are speci ¢ minerals that
occur in a clay sized fraction.?® Clay minerals have several di erent species, the most common
are phyllosilicates and aluminosilicates. These clay minerals have a plate like structure. These
minerals such as micas, are layered and contain sandwhiches of tetrahedral and octahedral sheets.
Classi ed into three-layer types, they are are distinguished by the number of tetrahedral and octa-
hedral sheets which combine to form a layer. They are further classi ed into ve groups which are
di erentiated by the location of the isomorphic cation substitutions in the layers.> Clay particles
are highly reactive due to their large speci c surface area (compared to sand and silt particles). 24
Amongst the clay minerals, are oxides minerals. The term oxide mineral also refers to metal hy-
droxides, oxyhydroxides and hydrous oxides (whereby non-stoichiometric water is present within
the structure).?* Aluminium, iron and manganese oxides play an extremely important role in soil
chemistry. While they are not found in large quantities (unlike silicates), they have signi cant
e ects on many chemical processes that take place in soils, such as sorption and redox processes

because of their high reactivity and speci ¢ surface areas.?!25{31
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Table 1.3: Common secondary soil minerals.*

Mineral Name Chemical Formula
Kaolinite SizAl4O10(0OH)g
Allophane SixAl;O6+2x nNH20,16 X 4,n 4

Calcite CaCOs;
Gypsum CaS0Oy4

Smectite, lllitle or My (Si,Al)g(Al,Fe,Mg)4020(OH)4

Vermicite M inter-layer cation, 0.4 y 2.0

Aluminium Oxides

In nature, a number of crystalline aluminium hydroxides, oxyhydroxides and oxides are present in
soils. The hydroxides are the most common crystalline minerals and the oxyhydroxides are the
least common. Only two aluminium oxide minerals are naturally occurring within soils, gibbsite
(AI(OH)3) a hydroxide and boehmite ( -AIOOH) an oxyhydroxide. Diaspore ( -AIOOH) and
corrundum ( -Al;O3) can also be found. Anhydrous aluminium oxides are often found in igneous
and metamorphic rocks.?32{34 Gibbsite is the most common aluminium oxide mineral. Gibbsite is
often found in highly weathered soils such as oxisols (tropical mineral soils) and utisols (clay-rich

soils found in warm climates).? 39,3536

Iron Oxides

The major iron oxides and oxyhydroxides are listed in table 1.4. The basic structural arrangement
for the iron oxides is an octahedron. The iron oxides primary di erence occurs in their octahedral
structure and how they are linked.?3” Goethite ( -FeOOH) and hematite ( -Fe,Os3) are called
the alpha ( ) phase structures. Their structures are based on hexagonal close packing of anions.
On the other hand, lepidocrocite ( -FeOOH) and maghemite ( -Fe>O3) are the gamma ( ) phases,
and their structure are based on the cubic close packing of the anions. The phases are less stable
than the phases. The Fe3* can be replaced by the following metal cations, AI**, Mn3* and Cr3*
via isomorphous substitution. Cations such as those of nickel, titanium, cobalt and zinc can also
be present in the iron oxide structure.? 83840 Goethite is the most common iron oxide present
within soils. Hematite is the second most common iron oxide in soils. It is commonly found in

highly weathered soils. It is the mineral that gives many red soils their strong colour.® 4145
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Table 1.4: Common aluminium and iron oxides,

hydroxides and oxyhydroxides found in soils.?{6

Mineral Name

Chemical Formula

Aluminium Oxides

Bayerite -Al(OH)3
Boehmite -AlIOOH
Corundum -Al,O3
Diaspore -AIOOH
Gibbsite -Al(OH)3
Iron Oxides
Akaganeite -FeOOH
Ferrihydrite FesHOg 4H,0
Feroxyhyte -FeOOH
Goethite -FeOOH
Hematite -Fe,03
Lepidocrocite -FeOOH
Maghemite -Fe, 03
Magnetite Fe3O04

1.2 Soil Organic Matter

Similar to the inorganic components of soil, organic components also play a signi cant role, which
a ects the chemistry of soils.*¢{#8 Soil organic matter (SOM) is the intermediate phase of carbon
between completely oxidised carbon (CO,) and photosynthetically xed carbon.® SOM is impor-
tant as it contributes to plant growth by altering chemical, physical and biological properties of
soil. SOM also supplies nitrogen, sulphur and phosphorous for plant growth.*® It also serves as an

energy source for soil micro-organisms and promotes the production of good soil structure.®

By mass, SOM is approximately 50 % carbon. As a carbon reservoir, SOM is the largest pool of
organic carbon on earth. The soil carbon reservoir is four times larger than than the terrestrial
biosphere (plants and microbes etc).5%:5%:51 Soils vary signi cantly in their organic matter content.®
For example, soils on the surface horizons of prairie grassland contain 1 to 6 % organic carbon by
mass. Whereas, soils present within sandy deserts may contain as little as 0.1 % organic carbon
by mass. The largest global mass of soil carbon is stored in histosols (soils that primarily consist
of organic material, often found in Canada and Scandinavia in marshy areas). Histosols have more

than 50 % organic carbon my mass.
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1.2.1 Soil Humus

The main constituents of SOM are carbon (52-58%), oxygen (34-39%), hydrogen (3.3-4.8%) and
nitrogen (3.7-4.1%). SOM contains humic and non-humic compounds. Non-humic compounds
consist of carbohydrates, peptides, proteins, fats and waxes. These molecules are attacked easily
by the microorganisms present within soils. Therefore, they only exist in soils for a brief period
of time.?2 SOM is considered to be synonymous with humus, it includes all organic compounds
within soils.?7-52{54 The carbon containing compounds in humus are a product of degraded plant,

animal, microbial molecules, burned carbon and micro-organisms.®

Humus consists of humic substances. Humic substances can be de ned as naturally occurring het-
erogeneous biogenic, organic substances.? Humic substances are the major constituent of organic
molecules in soils and sediments. They arise from the degradation of plant and animal matter,
and from activity of microorganisms. Humic substances are large complex biomolecules, as they

are predominantly produced from living organisms.>:56

The humic products formed have the tendency to associate into more complex and more stable
structures, than those of the starting material.5’{6% They can generally be recognised as being
either yellow or black in colour.2-61 Humic substances are also partly aromatic, and polyelectrolytic

materials,®? They can be subdivided into humic acid, fulvic acid and humin.?

Several mechanisms have been proposed for the formation of humic substances,
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Figure 1.1: Mechanisms for the formation of soil humic substances, amino compound synthesized
by microorganisms react with (1) reducing sugar, (2 and 3) quinones and (4) modi ed lignins.’

Pathway 1 assumes humic substances come from sugar reduction, it is not considered a signi cant
mechanism, as the quinone pathways are considered to be more signi cant. The lignin theory
(pathway 4) states that humic substances are modi ed lignins that remain after microbial attack.

The modi ed lignins are characterised by a loss of methoxy (OCH3) groups and the presence

21



of ortho-hydroxyphenols and the oxidation of aliphatic side chains to form carboxylic (COOH)
groups. These lignins undergo further modi cations resulting in humic acids and then fulvic acids.
The most recent view of humic substance generation (pathway 2 and 3) involve quinones. Phenolic
aldehydes and acids are also important as they are released from lignin during microbial attack and
are altered to quinones. These quinones polymerise in the absence/presence of amino compounds
producing humic macro-molecules. Pathways 2 and 3 are analogous to one another, except that in
pathway 2 the polyphenols are microbially synthesised from non-lignin based carbon sources such

as, cellulose.2"”

Key Functional groups of SOM
Table 1.5: Important functional groups of SOM.”

Functional Group Structure

Acdic Groups

Carboxylic acid R-C=0(-OH)

Enol R-CH=CH-OH
Phenol OH Ar-OH
Quinone Ar=0

Netrual Groups

Alcohol OH R-CH,-OH
Ether R-CH,-O-CH»-R
Ketone R-C=0(-R)
Aldehyde R-C=0(-H)
Ester R-C=0(-OR)

Basic Groups
Amine R-CHy-NH,
Amide R-C=0-(NH-R)

where R is an aliphatic straight or branched carbon chain (saturated and unsaturated) and Ar is

an aromatic ring.

There are several functional groups present in humic substances. The main and most important
groups are the carboxylic acid and phenolic OH functional groups with the carboxylic acid group
as the most important. Fulvic acids are more acidic than humic acids. Small amounts of alcoholic
OH, quinonic and ketone groups are also found. Fulvic acids are high in carboxylic groups, and

humin has more alcoholic OH groups than humic and fulvic acid.
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Biomolecules in Humus

Large complex humic substances are the major contributor of organic carbon in soils. However,
several di erent types of biomolecules are also present within soils with well-de ned chemical
structures. In most soils, weathering (microbially catalysed) of litter and humus under aerobic and
anaerobic conditions results in the production of the six key building blocks of biomolecules. The
key elements found in biomolecules are hydrogen, nitrogen, carbon, oxygen, sulfur and phospho-
rous (often released). Biomolecules can range from simple organic acids to large and very complex
biopolymers. Organic acids such as formic acid and oxalic acid are amongst some of the best

characterised acids.

Table 1.6: Common aliphatic organic acids present within soils.*

Functional Group Structure pPHgiss
Formic acid HCOOH 3.8
Acetic acid CH3;COOH 4.8

Oxalic HOOCCOOH 1.3
Tartaric acid HOOCH(-OH)CH(OH)COOH 3.0

Formic acid is a mono-carboxylic acid produced by bacteria and found in root exudates (root
excretions) of maize. Acetic acid is also produced microbially, often under anaerobic conditions.
It is found in the root exudates of grass and herbs. The concentration of formic and acetic acid
in soils ranges from 2 - 5 mM. Oxalic acid is ubiquitous in soils. Both oxalic and tartaric acid
are di-carboxylic acids produced by fungi and then excreted by plant roots. Their soil solution
concentrations range from 0.5 - 1 mM. Alongside the aliphatic organic acids, soils also contain

aromatic organic acids. Their concentrations range from 0.05 - 3.0 mM.!

Soils also contain amino acids.>¢3%4 These acids have a concentration of 0.05 - 0.6 mM in soils.
Amino acids can account for as much as a half of the nitrogen in soil humus. The most common
amino acids that are present within soils are: glycine, alanine, aspartic acid, glutamic acid, arginine
and lysine. Glycine and alanine are an example of neutral amino acids, for which the side chain R
contains neither a carboxyl group nor the amino group, they contain aliphatic groups. The name
neutral is apt because the COOH group is dissociated to give the negatively charged COO species
and the NH, group gains a proton to become the positively charged NH3 species. Neutral amino
acids account for two thirds of all soil amino acids. Acidic amino acids on the other hand, the R
group includes a carboxyl group, for example aspartic and glutamic acids. Basic amino acids have

amino groups as their R groups, for example, arginine and lysine.t
Carbohydrates are biopolymers of microbial and plant origin.t- 6567 They account for up to one
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guarter of the organic carbon within soils. They have a non-aromatic ring structure, with OH
substituent groups on the ring. Glucose is an example of a monosaccharide that can polymerise
to form the polysaccharide cellulose, after the elimination of water. The aromatic counterparts of
the polysaccharides are lignin and tannin. These polymers are formed by linking together phenols
or other aromatic OH groups.®® Lignin is the most abundant aromatic biopolymer in terrestrial

plants.>:®° It accounts for up to a third of plant litter biomass.

1.3 The Soil Solution

Soils contain both organic and inorganic components, but they also contain water. The amount
of water within in soils is known to be temperature dependent.”®71 Liquid water in soil is a
repository for dissolved solutes (gases and solids). For this reason it is therefore given the term the
’soil solution’.r Soil water resides in the pore spaces of soils and it reacts with the soil particles
themselves, as well as roots, microbes and gases.® Several complex chemical reactions take place
within the soils solution>2° In saturated (or near saturated) soils the water is also known as the

bulk solution, chemical reactions take place within the bulk solution.®

The chemical reactions that take place in the bulk solution are, (1) protonation and deprotonation
of acids, (2) complexation, (3) hydrolysis (under speciation), (4) solid precipitation and dissolution
and (5) gas dissolution. The rst three reactions are strictly aqueous. Gas dissolution reactions
involve reactions between liquids and gases. Precipitation and dissolution reactions deal with the

movement of ions between solid and aqueous phases.®

1.3.1 Protonation and Deprotonation of Acids

In soils some of the molecules liberate H* ions, thus they are known as Bronsted acids. Strong acids
such as HCI and HNO3 completely dissociate into protons and the conjugate bases (anions). Weak
acids on the other hand (such as HCO,; and CH3;COOH) deprotonate at a higher pH (compared to

strong acids). For a generic weak acid (HA), the deprotonation reaction has the following equation

HA HY+A (1.4)

where A is the anion (conjugate base). Therefore, the acidity constant (Kj) is

_[HIA ]

Ka = AT (1.5)
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using pKy = logKy we will take the negative logarithm of the expression for the acidity constant

and separating terms, we obtain the following approximation

A
pKa = log[H™"] Iog{HA} (1.6)
pH = log[H*] therefore,
= Al
pKa =pH log [HA]
making pH the subject gives
A
pH = pKa + Iog—{HA} 1.7)

This equation is known as the Henderson-Hasselbalch equation.® 72 From this equation one can

calculate the ratio of protonated and deprotonated acids as a function of the pH.

Adl_
log AA] pH pK, (1.8)
The behaviour of acids in soils can be calculated using the above equation, which calculates the

ratio of protonated and deprotonated species within soils. The most important factor within

protonation and deprotonation reactions within soils is the pH.°

1.3.2 Complexation

Molecules and ions that are strongly interacting often become complex ions or complexes.® Com-
plexes are molecules that are composed of a central ions surrounded by ligands.! Typically, ligands
are negatively charged and attracted to central ions that are typically positively charged cations, al-
ternatively ligands have electrons that are available for binding to cations. In soils, complexes such
as [Fe(H20)6]** form from the interaction of the free Fe3* cation with H,O. In the [Fe(H20)6]**
complex ligands can replace a single or several H,O molecules in the primary hydration sphere.
Alternatively, other ligands may exist in the second solvation sphere. When a ligand is in the
second solvation sphere an ion pair is formed. The interactions between an ion pair (electrostatic)
are weaker than those of the complexed ions. Complex ions are known as inner-sphere complexes
and ion pairs are known as outer-sphere complexes.> 3 Many alkaline earth metals occur in soil

solutions as either complex ions or ion pairs. Ligands must complete with water in the central
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ion’s solvation sphere to associate with a central ion.®

Predicting Complexation

Complexation within soils can be predicted using the hard and soft acid and base (HASB) theory.
HASB theory predcits the polarisibility of ions. The HASB theory states that hard Lewis acids
tend to interact with hard Lewis bases and soft Lewis acids tend to interact with soft Lewis bases.
In aqueous solutions, such as the soil solution, cations such as AI**, Fe3* and Co®* (and more)
react strongly with oxyanion ligands, such as CO% , SOf1 and POi . Metal cations such as Cu®*
and Cd?* interact with non-oxygen anions such as S> and CN . Cations that prefer to interact
with oxygen containing anions (hard Lewis bases) are hard Lewis acids and are less polarisable.
Whereas, cations that interact with non-oxygen containing anions (soft Lewis bases) and soft Lewis
acids. Intermediate acids and bases can interact with either hard or soft acids and bases and are
more polarisable. The HASB theory allows the prediction of cation and anion complexation. In
soils, reduced oxidation states such tend to softer Lewis acids and bases. For example, Fe?* is a

softer acid than Fe®*, hence they behave di erently in soils.

1.3.3 Speciation of the Soil Solution

Speciation is a chemical process by which a species has formed. In soils, speciation of free metal
ions reduces their toxicity.”*{’7 In the soil solution it is paramount as one should know the form of
the free and complex species that are present within soils. With this knowledge one gains a better
understanding of the reaction of the species present. lons in the soil solution can form a number
of di erent species. One example of speciation reactions are hydrolysis reactions. Hydrolysis
reactions split a H* ion from a water molecule producing HzO™ by interacting with neighbouring

water molecules. The general equation for the hydrolysis of a hydrated metal ion in solution is

[M(H20),]™  [M(OH)y(H20)x y]™ V" +yH* (1.9)
where y is a stoichiometric coe cient and n is the charge of the complex. The degree of hydrolysis
is pH dependent. Several reactions can occur within soils, another example is the reaction between

a hydrated metal complex and a ligand. The general equation between a hydrated metal complex

and negatively charge ligand is the as follows

a[M(H20)x]"" + bL [M(H20)x]alb (1.10)
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where a and b are stoichiometric coe cients. L is a singly charged ligand.

1.3.4 Dissolution and Precipitation

Precipitation is the process of depositing a substance from the soil solution and dissolution is the
process of dissolving a solid. These reactions determine the fate of inorganic mineral components
within soils.?> Mineral weathering processes are a ected by the dissolution-precipitation equilibria
of the solid phase.'2 Precipitation of minerals within soils only occurs when supersaturation
conditions exist in the soil solution. On the other hand, dissolution only occurs when the soil

solution is undersaturated with respect to the minerals within the soil.?

Silicate minerals such as anorthite (CaAl,Si,Og) undergo dissolution reactions to form various
secondary minerals that are important in soils. An example of the weathering reaction of anorthite

to produce kaolinite (Al,Si,Os(OH),) is as follows? 78

CaAl,;Si,Og + 2CO, + 3H,0 A|28|205(OH)4 + C612+ + HC03 (111)

1.3.5 Gas Dissolution

Soils also contain gases. The exchange of gas from the soil solution to the atmosphere is a process
that controls the aqueous chemistry of ammonia, carbonate, nitrogen, oxygen and sulfur. An

example is the gas dissolution reaction for di-nitrogen

N2 +H20q)  Nagag) (1.12)

The equilibrium distribution for gas dissolution is predicted using Henry’s law

ai

Ky = EI (1.13)
where Ky is the Henry’s law constant. a; is the aqueous activity of the dissolved species i, and P
is the partial pressure of the gas. As the partial pressure of a gas increases, the aqueous activity

also increases.?
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1.4 Adsorption Phenomena of Soils

We have discussed the important components of soils, particularly the inorganic and organic com-
ponents. We have also discussed the importance of water and the important chemical reactions
that occur within the soil solution. We will now discuss the importance of adsorption phenomena
within soils. Adsorption within soils can be de ned as the accumulation of a material (adsorbate)
at an interface between either a mineral surface or a SOM surface and the aqueous solution.?°
Adsorption is considered to be one of the most (if not the most) important chemical process within
soils. It determines the the availability and retention of plant nutrients, pesticides and metals
within soils. It is one of the primary processes that a ects the transport of nutrients and also
contaminants within soils. Both physical and chemical forces are involved in adsorption processes
within soils. Physical forces include Van der Waals forces and electrostatic outer-sphere complexes.
Contrarily, chemical forces result from the interaction of a short range nature. These interactions
include covalent bonding, hydrogen bonding and ionic bonding, a process that involves a ligand

exchange mechanism.?

Adsorption reactions can be classi ed into outer-sphere adsorption and inner-sphere adsorption.
Within outer-sphere adsorption processes at least one water molecule remains between the surface
and the adsorbate. Inner-sphere adsorption processes on the other hand involve the adsorbate
directly binding through either a covalent or an ionic bond with the mineral surface. These two
adsorption mechanisms are analogous to outer-sphere and inner-sphere complexes as discussed in

section 1.3.2.9:79

Inner-sphere
adsorbed ions

(e.g., Zn**, Pb?*, HAsO 2-, HPO,2)

} Outer-sphere
. M¢ adsorbed ions
(e.g., Ca®*, Na*, CI-, SO,2)

Figure 1.2: Bonding characteristics of inner and outer-sphere adsorption.®
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1.4.1 Outer-sphere Adsorption

Outer-sphere adsorbed ions are located on mineral surfaces. Although they are located on the
surface of a mineral they do not form chemical bonds with the functional groups present on the
surface. lons such as Ca?*, Mg?*, Na*, K*, NO, and SO3 can be adsorbed by outer-sphere ions.
They acts as the major reservoir of many micro-nutrients. Cations are adsorbed electrostatically
to negatively charged surfaces and anions are adsorbed (electrostatically) onto positively charged
surfaces. Several factors that a ect outer-sphere electrostatic adsorption reactions are the ion
valence, type of surface charge, ion hydration and the concentration of ions in the soil solution.

Their reactions are all fast and reversible and they occur on minute to seconds timescales.

On oxide mineral surfaces, outer-sphere adsorbed ions exist as hydrated ions. These hydrated ions
are attracted to the charge of the surface functional groups. The charge of the surface functional
groups on oxide minerals is not strong enough to dehydrate the hydrated outer-sphere adsorbed
ions. Minerals such as phyllosilicates have a delocalised charge, and on these surfaces cations

maintain their hydration spheres.®

Cation Exchange in Soils

Cation exchange in soils is primarily an outer-sphere adsorption reaction. Cation exchange reac-
tions predominate within soils that have a high mineral content. The Cation exchange capacity
(CEC) is the amount of cations a particular soil can adsorb.>8 It is equal to the net negative
charge of the soil particles. The majority of a soil’s CEC is provided by SOM and soil clays.
Exchangeable cations are ions that are replaced by other ions salt solutions in soils. The major
exchangeable cations (in order) are Ca?* (80%) > Mg?* (15%) > K* (4%) > Na* (1%). As
the acidity of soils increases, H* and AI** ions also occupy the cation exchange sites on mineral
surfaces. As a result of the varying charge, size and polarisability of cations, their adsorptive
behaviour also varies. Cations with a low charge and a large hydration radius such as Ca?*, Mg?*

and Na* tend to adsorb via the formation of outer-sphere bonds on most mineral surfaces.

The attraction of an ion and a charged surface is determined by the strength of electrostatic adsorp-
tion. Strongly adsorbed ions ions are always preferentially adsorbed over less strongly adsorbed
ions. The magnitude of this interaction in outer-sphere adsorption reactions is often described by

a phenomenon known as cation selectivity.®

Outer-sphere Anion Adsorption

Similar to, outer-sphere adsorbed cations, anions also undergo outer-sphere adsorption reaction.

Anions are attracted to positively charged sites on clay mineral edges, allophane surfaces and
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hydrous oxides. They are repelled by permanent charge clay mineral inter-layers. Soils that
contain large amounts of oxide minerals and kaolinite often have a positive charge overall. The
positively charged sites electrostatically attract anions. CI , NO; and SOf1 anions are the most
important anions within soils. The mobility of the CI anion is similar to that of the NO; anion.

Therefore, it is often used as indicator for the mobility of NO5; within soils.

1.4.2 Inner-sphere Adsorption

We will now discuss inner-sphere adsorption reactions. Inner-sphere adsorption reactions are
chemisorption reactions, whereby covalent bonds are formed between an adsorbate and a mineral
or SOM surface. Metal cations such as AI®*, Be?* and Pb?*, alongside transition metal cations
(and several others) all form inner-sphere bonds with the functional groups that exist on SOM
and mineral surfaces. Amorphous materials have more surface functional groups than crystalline
materials. Thus, they have a greater inner-sphere adsorption capacity. For example, ferrihydrite

(FesHOg 4H,0) has a greater adsorption capacity than that of goethite ( -FeOOH).

Inner-sphere adsorption reactions are dependent upon an ions water solubility and the ability to
form covalent bonds. Charge, surface area and the type of ligand are important factors for the
surface. Compared to outer-sphere adsorption reactions inner-sphere reactions are initially very
rapid, however the rates get slower over long periods of time. The pH is also an important factor

in inner-sphere adsorption reactions as the charge of a functional group is pH dependent.? 97581

Inner-sphere Cation Adsorption

The following metal cations Cu?*, Cd?*, Co?*, Fe3*, A3+, Hg?*, Mn?*, Ni?*, Pb?*, Be?* and
Zn?* are all micro-nutrients essential within soils. These cations can form inner-sphere complexes
on mineral surfaces, due to their electron orbital energies favouring the formation of covalent
bonds. Aluminium and iron ion concentrations are the largest within soils, the remaining ion

concentrations are fairly low.

Inner-sphere metal cations adsorb to the edges of clay minerals and on the surfaces of soil mineral
oxides. The general reaction for the deprotonation of a reactive surface functional group (in this

case surface hydroxyls) and an M2* cation as an inner-sphere complex is

S OH+ M2+ S O M'+H* (1.14)

Generally, the divalent cations Hg?*, Cu?* and Pb2* are more strongly adsorbed than Cd?*,

ZnZ*, Mn?* and Ni%*. Trivalent cations such as Fe3* and AI’* form minerals within soils. The
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adsorption of trivalent cations is also stronger than that of divalent cations in soils.®

Inner-sphere Anion Adsorption

There are several anions that are strongly retained by inner-sphere complexes such as PO?1 ,
AsO; , MoO; , CrO3 ,S? ,SeO3 , B(OH), and F and their protonated forms. These anions
have a great impact on soils as they are added to soils in fertilisers, agricultural waste, coal
combustion and y ash. Initially, the addition of strongly adsorbed anions increase their bio-
availability and the soil solution concentration. However, the anions then adsorb to soil colloids,

thus decreasing availability and leaching.

Poﬁ and F anions displace O? ligands that coordinate to AI** and Fe3* metal cations through
a ligand exchange process. Ligand exchange reactions take place on the surfaces of oxide minerals.
Unlike outer-sphere ligand exchange reactions which depend on the surface charge to be positive,
inner-sphere ligand exchange depends on the approach of the anions towards the surface. This
approach of anions is independent of the surface charge. The general equation for the ligand

exchange process for anion adsorption is

S OH+A S A+OH (1.15)

1.4.3 Adsorption of OC to mineral surfaces

A number of studies have been carried out to determine the OC content and binding in soils using
spectroscopic techniques.®%485 For example McKnight et al.8? investigated sorption of riverine OC
onto Fe and Al hydrous oxides. Their results suggested that carboxyl groups bonded to aromatic
molecules are preferentially adsorbed onto the Fe and Al hydrous oxides of soils. They also found
that alkyl carbon fractions accumulated within solution, thus suggesting aliphatic groups have
weaker binding due to their lack of carboxyl functional groups.®%:87 These comparative studies
were conducted on the chemical structure of the OC before and after it was adsorbed onto -FeOOH
and AI(OH)s surfaces. Thus, concluding that aromatic carbonyl groups bind to soil, speci cally
to iron and aluminium based minerals.888° Kaiser et al.8% also examined the organic compounds
present in forest oor-derived OC by dissolving samples of OC in water and then adsorbing onto
the AI(OH)3 surface. They analysed and compared the OC composition in the initial solution and
the e uent (portion of OC not adsorbed). The e uent was found to contain slightly less carbonyl
and aromatic carbon and more alkyl carbon than the initial solution. This indicates that the OC
that remains bound to soil is enriched in carbonyl and aromatic groups, while alkyl groups are less

strongly bound and can be removed from the soil by a solvent.
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Many studies showed that OC binds to the surfaces of mineral oxides, in particular, aluminium
and iron oxides and hydroxides.8?:86:90 Sorption of OC is considered a key process in the stabiliza-
tion of OC, as it is protects OC from microbial decay.®3{85 The stability of the mineral-attached
OC depends upon three factors: (i) the availability of the mineral surfaces during sorption, (ii)
structural properties of the OC and (iii) the presence of inorganic ions, such as phosphate, com-
peting with OC for the sorption sites.83 Sorption of OC onto mineral surfaces also controls the
mobility of organic matter within soils. The main sorbents of OC within soils are metal oxides and
hydroxides.839 OC sorption onto mineral surfaces occurs via a range of di erent mechanisms, the
most prominent being the ligand exchange mechanism, which is a complex mechanism consisting
of both electrostatic attraction and surface complexation; it is considered as the most e cient
mechanism to stabilise OC from microbial decay.®3 Thus, Al and Fe oxides and hydroxides have
been identi ed as the minerals that are primarily responsible for the stability of OC in soil. The
overall aim of this thesis is to investigate the mechanism of OC binding to these minerals, using

calculations of model systems.

1.5 Motivation and Aims

Soils are complex systems composed of inorganic minerals, SOM, living organisms, gases and
water.1:2 9 These important soil components result in reactions that preserve the quality of soils.
In particular, the presence of OC is very important for the stability and fertility of soils. However,
it has received less attention than the adsorption of cations and anions. The adsorption of OC
to mineral oxide surfaces is an important process as it protects organic carbon from microbial
degradation.®3:8492 However, the exact nature of the interaction of OC to mineral surfaces and

mineral complexes is unknown.

Although there have been some experimental studies into OC interaction within soil, the chemi-
cal form of carbon that preferentially adsorbs has not been investigated. Most investigations of
OC in soil have also been carried out using experimental techniques, with very few theoretical
investigations of mineral-molecule interactions. Hence, we will conduct a series of theoretical in-
vestigations to obtain a comprehensive and systematic description of the binding of OC to soil
mineral complexes and soil mineral surfaces. We aim to obtain a greater understanding of the
complex nature of adsorption phenomena within soils. These investigations are a step towards
the production of carbon fertilisers a concept based upon improving the soil via the addition of
carbon-based molecules. Carbon based fertilisers have a similar purpose as nitrogen, phosphorous
and potassium based fertilisers, except they contain carbon. Their purpose is to improve the soil

for plant growth by containing strongly adsorbing OC that binds to soil minerals and soil cations.
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1.6 Outline of Thesis

We will be conducting theoretical modelling investigations into the interaction of OC with mineral
complexes and mineral surfaces. We will be the investigating the adsorption of small organic
functional groups to alumina a common soil mineral oxide that is believed to be important for OC
binding, and speci cally the -Al,O3 (0001) surface, a well characterised surface. We will then
hydrate the -Al,O3 (0001) surface and conduct adsorption studies of organic functional groups
to the hydroxylated surface. This will enable us to compare and contrast the binding of organic
groups to the bare and hydroxylated alumina surface to determine strongly adsorbing groups and
also the nature of binding on each surface. Investigations into the hydroxylated -Al,O3 (0001)
surface are important, as water is naturally present within environmental systems. Therefore,

mineral surfaces are naturally hydrated.

We will then present the most realistic modelling investigations into OC interactions with the hy-
droxylated -Al,O3 (0001) surface. Using knowledge attained from our initial adsorption studies
we will deduce which small organic functional groups bind strongly to the mineral oxide surface.
Hence, we will research naturally occurring biopolymers that contain these strongly adsorbing
carbon containing functional groups. We will then adsorb these biopolymers to the hydroxylated

-Al,O3 (0001) surface in several di erent geometries. From these investigations we will determine
the geometries particular biopolymers prefer to adsorb in. We will also determine the strongest
adsorbing biopolymer. Our nal set of investigations will focus on the ligand substitution re-
action between small organic functional groups (previously studied) to the hydrated hexa-aqua
[AI(H20)6]°* and [Fe(H,0)6]** complexes. These models will yield a further understanding of the

functional groups that bind to aluminium and iron cations in the soil solution.
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Chapter 2

Theory

2.1 Quantum Mechanics

Quantum mechanics is a set of laws that governs the behaviour of particles. These particles include
atomic nuclei and electrons. Its predecessor classical mechanics failed to provide an accurate
description of matter on this small scale. An example of a failure of classical mechanics is its
inability to describe the true nature of electrons. Classically, an electron would either be described
as a particle or a wave. However, electrons neither behave exclusively as a particle nor a wave,
as they exhibit the phenomenon known as wave-particle duality, whereby the electron does not

correspond to point object, but rather it spreads as a wave, with the wavelength.®3

h
— 2.1
= (21)
where is the wavelength, h is Plancks constant, m is the mass and is the velocity. Niels
Bohr proposed a theoretical hydrogen model which is well known as the Bohr model. The model
expresses the positions of electrons and nuclei, under the consideration of wave-particle duality.

Bohr was unable to extend the model to a many electron system.

As a solution the quantum wavefunction, was proposed. The wavefunction contains a complete
description of a quantum system. For a single electron system the wavefunction is represented by

(r1), which contains one radial parameter (r1). The radial parameter is used to represent the
coordinates of an electron. In a many-electron system n-radial parameters are included. Thus, the

wavefunction is  (rq;ro:::ry), de ned for electron 1, electron 2, to electron n respectively.%3
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2.2 The Schrodinger Equation

The year 1926 marks the origin of modern quantum mechanics,* where Austrian physicist Erwin
Schrodinger proposed a non-relativistic form of the wave equation.®® Schrodinger linked the energy,

E, to the wavefunction, , of a system via the Hamiltonian operator, A.

A =E (2.2)

Equation 2.2 is the Schrodinger equation in its time-independent form. A is known as the Hamil-
tonian operator, which yields the total energy of the system.®* The Schrodinger equation is an
eigenvalue equation, where the solutions of the equation E and  denote eigenvalue and eigen-

function.

The wavefunction, , and the energy, E, are linked together by the Hamiltonian operator, A. In
the Schrodinger equation the Hamiltonian operator acts upon the wavefunction to yield the energy

of a system. The Hamiltonian can be separated into its kinetic T and potential energy ¥ terms.

A="7+V (2.3)

2 @2 @2 02, _ ¥ .
%W-F@TIZ-F@)_ %rz (2.4)

Equation 2.4 is the kinetic energy operator () in a three-dimensional system of coordinates X, y

and z, where 2, is the Laplacian. } is the reduced Planck’s constant:

}= (2.5)

h
2

The potential energy operator, ¥, is just a multiplicative factor. Thus, we can construct the
Hamiltonian operator for a system containing electrons and nuclei using the kinetic energy and

potential energy operators (equations 2.3 and 2.4).

2 X 7,7 Xz > 1
e =oh S I )
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where mg is the mass of an electron, M 5 is the mass of the nuclei and A and B represent the
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nuclei A and B. "¢ is the dielectric permitivity of the vacuum, e is the charge of an electron,
i and j are electrons and r;; is the separation between electrons i and j. Rag represents the
separation between nuclei A and nuclei B and Za and Zg are the nuclear charges. The rst two
terms of the Hamiltonian for a polyatomic system account for the kinetic energy of the electron
and the nuclei. The nal three terms in equation 2.6 are potential energy terms. The rst term
in the parentheses represents the repulsive energy between nuclei, the second term represents the
attractive energy between the electron and nuclei, as opposite charges attract. The nal term in

the brackets represents the repulsive energy between electrons, as like charges repel.

The Hamiltonian for a polyatomic system can be simpli ed using Hartree atomic units. Hartree
atomic units de ne the charge of a proton, mass of an electron, me, reduced Planck’s constant, }
and the 4 "o term to 1. With this knowledge the Hamiltonian can be written in a more simple

form.

X zzg Xzp X1
ATB AT (2.7)

ai AL s T

R
A>B AB

Hartree atomic units are employed to simplify the complex Hamiltonian operator for a polyatomic
system. However, a solution to the Schrodinger equation is not easily obtained for a polyatomic
system. Approaches have been developed to simplify it, the rst of these is the Born-Oppenheimer
approximation, which exploits the mass di erence between electrons and nuclei. However, the

solution for a polyatomic system still remains a challenge.

2.3 The Born-Oppenheimer Approximation

The Born-Oppenheimer approximation exploits the mass di erence between electrons and nuclei
(mass of nuclei 1836 mass of an electron). Since electrons move more than a thousand times
faster than nuclei, electrons are able to adjust their positions instantaneously with respect to nu-
clei. Hence, nuclei can be considered to be stationary, on the timescale of electron movement.
Consequently, the wavefunction can be separated into its electronic and nuclear components re-

spectively.%®

rR)= (rR) (R) (2.8)

Where is the electronic wavefunction and is the nuclear wavefunction. r and R are the

coordinates of the electrons and the nuclei. The Born-Oppenheimer approximation can then be
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applied to the Hamiltonian operator simplifying the nuclear motion, thus generating the clamped-
nucleus Hamiltonian. Within this approximation, the nuclear kinetic energy is set to zero and the

nuclear-nuclear repulsive potential energy is treated as a constant.

- }X?IZ XZA+XL+XZAZB
i Asi Fai i>j Fij

(2.9)

R
A>B AB

One can now generate the clamped nucleus Schrodinger equation. This equation computes the
electronic energy, E for xed nuclear positions R generating what are known as potential energy

surfaces.

A (rR) (R)=E (rR) (R) (2.10)

By employing the clamped-nucleus approximation the electronic part of the Schrodinger equation
can be solved. For a one-electron system an exact solution to the above Schrodinger equation can
be obtained. However, in a many body system an approximate solution must be obtained.%:°7
One of the early and well known methods to solve it is the mean- eld approximation, which is also

known as the Hartree-Fock method.

2.4 Hartree-Fock Theory

The Hartree-Fock method is considered a fundamental starting point in ab initio calculations.®® It
is the based on molecular orbital (MO) theory. MO theory posits that the motion of each electron

can be described by an orbital (single particle function).

Hartree-Fock theory is based on the premise of treating electrons as independent and non-interacting.
The electronic Schrodinger equation is solvable for hydrogen, if we imagine that we add an electron
to the hydrogen atom, we would obtain H . Treating the two electrons in H as non-interacting,
would result in a separable Hamiltonian, A and the total wavefunction, (r,r,), which describes
the motion of electrons 1 and 2. Therefore, the total electronic wavefunction would simply be a
product of two hydrogen atom wavefunctions (orbitals), (r1) n(r2). Thus, the Hartree Product

is born, whereby the wavefunction has the form:

HE(rL i) = 1(r1) 2(r2):: n(rn) (2.11)
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where, ng is the Hartree wavefunction and 1(r;), 2(r2) and nL(rn) are spatial orbitals cor-
responding to electrons 1 and 2, all the way through to electron n. Although useful, the Hartree
Product has a major shortcoming, which is its inability to satisfy the Pauli antisymmetry prin-
ciple.®{01 The Pauli Antisymmetry principle®® 190.101 states that the wavefunction describing
fermions should by antisymmetric with respect to the interchange of the space-spin coordinates.
Space-spin coordinates refer to fermions not only having three spatial degrees of freedom, but also
a set of spin coordinates. The spin can either be or . With the full set of coordinates the

Hartree Product becomes:

HE (X1, X2 Xn) = 1(X1) 2(X2): n(Xn) (2.12)

where 1(X1), 2(X2) and L(Xn) are the space-spin orbitals corresponding to electrons 1 and 2,

all the way through to electron n. However, this does not satisfy the antisymmetry principle as:

HE (X1 X2) = 1(X1) 2(X2) (2.13)

If we swap the coordinates of electrons 1 and 2:

HE (X2;X1) = 1(X2) 2(X1) (2.14)

The only way to obtain a negative wavefunction is as follows:

HE(X2;X1) = 1(X1) 2(X2) (2.15)
which is not true, hence the Hartree product does not contain the required properties.®® Hence, to

satisfy the Pauli antisymmetry principle the following wavefunction must be employed for a two

electron system.

(a1 %2) = %[ (1) 2(%2)  1(X2) 20x0)] (2.16)

This wavefunction now satis es the Pauli antisymmetry principle, but also the Pauli exclusion

principle which is a consequence of the antisymmetry principle. In the case of many electrons, or
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N electrons, the above wavefunction can be written by using a determinant, known as the Slater

determinant.192

1(x1)  2(x1) it p(xa)
“HE (X1 X2iiXN) = p% 1(.X2) 2(.X2) n(.XZ) (2.17)
1(Xn)  2(XN) T n(XN)

Equation 2.17 can be represented by its principal diagonal using Dirac bra-ket notation,'%® which

is the shorthand notation for the Slater determinant:

1(X1) 2(X1) it n(Xw)
~HF(X1;X2:::XN):19% 1(-X2) 2(-X2) n(;XZ) =] 1(x1) 2(x2): n(xn)  (2.18)
1Xn)  2(Xn) i n(XN)

where, p% represents the normalisation factor, ~ g is the trial wavefunction and ,(Xn) rep-
resents the épin orbital of the nth electron.'°2:1%4 Equation 2.17 illustrates the Slater determinant
for an N-body electron wavefunction which is constructed from one-electron functions via a lin-
ear combination of atomic orbitals (LCAO method). Slater determinants are conveniently able
to satisfy an important requirement for the wavefunction, which is the need to satisfy the Pauli

antisymmetry principle.? 10

2.4.1 Energy Expression

Using the bra-ket notation we now have simpli ed notation for the electronic wavefunction, which
we know takes the form of a Slater determinant. The expectation value of the energy is given by

the following equation in bra-ket notation.

Eel= | (2.19)

where Eq is the total electronic energy, A is the Hamiltonian operator and s the wavefunction
(antisymmetrized). The variational theorem®8 195106 states that the energy is always the upper

bound to the true energy and it depends on the wavefunction. Hence, one can obtain better
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wavefunctions by varying their parameters with the given space. Thus, the correct molecular

orbitals are the ones that minimise the electron energy.

2.4.2 The Hartree-Fock Equations

The Hartree-Fock method seeks to approximately nd a solution to the electronic Schrodinger
equation. The method assumes that the wavefunction can be approximated by a single Slater

determinant made up of one spin orbital per electron. The Variational theorem is applied.®®

The many-body Schrodinger equation is mathematically transformed by conversion into the one-

electron Hartree-Fock equation .%3

Fi="i (2.20)

where F denotes the Fock operator (one-electron operator for a spin orbital), ; is the one electron
space-spin wavefunction and "; is an eigenvalue which denotes the energy of orbital i. The Fock

operator is de ned below

1 XXX
F=hi+ 3 Ji  Rij) (2.21)

i=1j=1
Where h; is a one electron operator which includes the kinetic energy and Coulomb (potential)
energy between the atomic nucleus and electrons. The nal two terms are the two-electron terms,
which describe the electron-electron interaction. J\ij and IQU- denote the Coulomb and exchange

operators.

1.
Ji= i (2.22)
12

1.
Kij = =l (2.23)
12

where r1, is the inter-electronic distance between electrons one and two. The Coulomb operator,
NP j.» accounts for electrostatic (classical) interactions. It essentially states that an electron in orbital

i experiences repulsion from an electron that is in the spin orbital ;. On the other hand, the
exchange operator, IQU—, is an interaction that is purely quantum mechanical. The term arises due

to the antisymmetric nature of the wavefunction.
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2.4.3 Open and Closed Shell Systems

In a closed shell system, there is a one restriction that -spin and -spin electrons are paired in
the same spatial orbital ( ). Hartee-Fock in the closed shell system is called restricted Hartree-
Fock (RHF). On the other hand, in an open shell system the spin orbital ( ) of the electron is
independent from the electron. Open shell Hartree-Fock is also called unrestricted Hartree-Fock

(UHF). The expressions for Hartree-Fock energies are illustrated below:

X 1 X 1. 1.
E'F = dfi 0+ (i il i) (2.24)
, 2 i ro ro
RHE _ 20X < 1 1
Eg = =2 dfi 0+ @ i g il i) (2.25)
.. ro r2

i ij

Where E{'F represents the Hartee-Fock energy for one-electron spin orbitals and ERHF represents

the Hartree-Fock energy for restricted closed shell spatial orbitals.®3

2.4.4 Hartree-Fock Matrix Equation

In a closed shell system, due to the orthogonality of the spin functions, the Hartree-Fock equation

for the ith electron can be written as the following:

Fi i(ri) =" i(ri) (2.26)

Fi denotes the Fock operator, " is an eigenvalue, which denotes the orbital energy. ; represents the
wavefunction of the ith molecular orbital. As a solution to obtain the eigenvalue and wavefunction

analytically, a set of functions known as basis functions are introduced.

Let us now consider the Hartree-Fock equations in their spatial form. In another approximation, the
spatial functions ; functions are expanded with a nite number of basis functions. Basis functions
are a set of functions that can be used to represent the electronic wavefunction. Introducing a

basis set transforms the Hartree-Fock equations into the Roothaan equations.

()= C, (2.27)

Where N is a number of basis functions. The number of basis functions is usually larger than
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the number of electrons. C , is an expansion coe cient and is a de ned basis function. By

introducing the basis set the Hartree-Fock equation can be rewritten:

F ¢Cc, =" C, (2.28)

Multiplying both sides of equation 2.28 by  and integrating both sides yields the Roothaan-Hall

equations. 106,107

c, Fi =" C, j (2.29)

The multiplication and integration of equation 2.28 allows us to de ne the Fock matrix F  and

the overlap matrix S

F =  jFj (2.30)

S = (2.31)

By employing the notation used in equations 2.30 and 2.31, equation 2.29 can be rewritten as the

following:

FC.,="% S C, (2.32)

Equation 2.32 can be written is a simpler form as a matrix equation, also known as the Hartree-

Fock-Roothaan-Hall equation.

FC = sc" (2.33)

Where F is the Fock matrix, S is the overlap matrix, C contains the expansion coe cients and "

is the diagonal matrix element which comprises of orbital energies.®3 107,108
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2.4.5 The Self Consistent Field Method

By varying the expansion coe cients C j and calculating the orbital energies i, the lowest energy
solution can be obtained. This is known as the self-consistent eld method. The Fock operator, =
contains within it a description of electron electron interactions. Thus, the Fock operator depends
on the orbitals i.e. on the coe cients C ;. These are calculated using an iterative method starting
with an educated guess for C ; (unknowns). Firstly, the initial guess for the unknown C ; is made
and then the Fock operator, F; is built. The Fock equations are then solved to yield a new set of
orbitals which are then used to construct new Fock operators, Fj. The cycle is then repeated until
there is no signi cant di erence from one step to another. The cycle also employs the use of the
variational principle, which yields the lowest total energy.t0: %3
Specify

system and
basis set

Choose initial
Cij and W

Test for Build Fock
convergence operator

Solve HF
equations,
yielding
revised Cij

Figure 2.1: Hartree-Fock self-consistent eld method schematic adapted from Harvey.'?

2.5 Basis Sets

In order to carry out Hartree-Fock and essentially all other ab-initio quantum mechanical calcu-
lations the basis set approximation is required. In practical calculations a linear combination of
atomic orbitals is used to express the one electron wavefunction (as described in section 2.4.4). To
obtain the highest level of accuracy, one would choose a basis set that is in nite in size (complete
basis set). However, a basis set of in nite in size is impossible to obtain in actual calculations. An
unknown molecular orbital can be treated as a function, spanned by the whole basis set. When

a nite basis set is used, only the components of the molecular orbital along the coordinate axes
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corresponding to selected basis functions can be represented. Thus, the smaller the basis the poorer

the representation.% 106

2.5.1 Slater Type Basis Sets

Slater type orbitals (STOs)° are functions used as atomic orbitals. They, resemble the wavefunc-
tion of the hydrogenic atom. STOs have a cusp at the nucleus and an exponential decay of the

from e '. The Cartesian form of an STO is the following:

sto = Nx'ylzKe ¥ (2.34)

N is the normalisation constant and x'yizK is the angular component. STOs are primarily used
for atomic and diatomic systems. The main advantage of an STO is that it has the correct radial
form. However, STOs do not allow us to obtain analytical solutions for two-electron integrals. On

the other hand Gaussian type orbitals are able to overcome this.%3: 106

2.5.2 Gaussian Type Basis Sets

Gaussian type orbitals (GTOs)'° were developed as a solution to the limitations of STOs. By
using a GTO it is possible to calculate the Coulomb and exchange integrals analytically. GTOs

can be written as the following:

oto = Nxlyizke (2.35)

The origin of the coordinates is the nucleus. N is the normalisation constant and x'yJz¥ is the
angular component. r2 is the exponent, note the notation has changed from (for an STO)
to (for a GTO) to avoid confusion. i, j and k are non-negative integers that determine the
Cartesian nature of the orbital. The main disadvantage of a GTO is that unlike an STO they give
a poor representation of radial wavefunction near the atomic nucleus. Gaussian orbitals also decay

at a faster rate than Slater orbitals.®3
In order to improve the radial wavefunction of a GTO, one orbital is expressed by a linear combi-

nation of GTOs (basis functions). This process is known as contraction.

d Sauss (2.36)
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2.5.3 Classification of Basis Sets

After selecting either an STO or GTO, the most important factor is determining the number of
functions to represent an orbital. The smallest number of functions yields the minimum basis
set.1% The minimum basis set is the smallest basis set that could be used to obtain reasonable
molecular orbitals for a particular molecule.1® For example, for hydrogen only a single s-function
would be used. For lithium and beryllium only two s-functions are required. However, one set of

p-functions are typically added (2px, 2py and 2p,).

The next improvement on the basis set is the doubling of all basis functions. Thus, producing a
Double Zeta (DZ) basis set. The zeta term stems from the exponent term of an STO basis set
(denoted ). Therefore, for Hydrogen a DZ basis set employs two s-functions (1s and 1s’). After a
DZ basis set the next step up in the basis set range is the Triple Zeta (TZ) basis set. Such a basis

set contains three times as many functions as the minimum basis functions.1%

When a covalent bond is formed between di erent orbitals electron density distribution is di erent
from isolated atoms. Therefore, basis functions with higher angular momentum (polarisation func-
tions) are added as a correction. Adding a set of polarization functions (p-functions on hydrogens
and d-functions on heavy atoms) results in the DZ basis set becoming the Double Zeta Polarized

(DZP) basis set.10¢

In the highest spin-state electrons are allocated in the outer shell, which is unoccupied in the
lowest spin-state. The extra basis function is known as the di use basis function. They are added

to represent excited state electrons or anions.%3

2.5.4 Basis Set Superposition Error

Using an insu ciently large basis set can result in an incorrect description of molecular orbitals,
which can also lead to errors in calculated energies. One way in which this can occur is when
calculating the binding energy between two molecules. The basis set superposition error (BSSE)
is an arti cial increase in the binding energy. This increase arises due to the use of incomplete
atom centred basis sets. The binding energy between molecule A and molecule B can be calculated

using the following formula:

Egina =E®(A B) E?®A) E"(B) (2.37)

A-B is the complex of molecules A and molecule B, a and b are the basis sets associated with

molecules A and molecule B respectively. If a and b are nite sets of atom centred functions the

45



basis set used in the calculation of the complex (ab) will be larger than both a and b. As a larger
basis set provides more variational freedom, the energy of the complex may be arti cially lowered.

This is relative to the individual molecules themselves.10:111

A commonly used method for correcting the BSSE is the counterpoise method. Applying one form

of the correction?? 113 to equation 2.37 yields:

ESha=E®(A B) E¥@A) E®®B) (2.38)

By implementing this form some of the basis functions are present without the corresponding atom.
The basis functions of species B are present in the calculation of species A, and the basis functions
of species A are present in the calculation of species B. These basis functions are present without

the atoms corresponding to these functions being present.'?

2.6 Density Functional Theory

Density functional theory (DFT) is a popular widely used method in the world of modern quantum
mechanics.}4 115 DFT takes a di erent approach to solve the Schrodinger equation. Instead of
using the electronic wavefunction, , the Schrodinger equation is solved using the electron density,

(r).10:93,106,116  Eor g many-electron system the use of the electron density is a much simpler
method than the use of the wavefunction.1® In DFT the electron density is used to compute the
properties of a system rather than the wavefunction in principle. A functional is essentially a

function that maps a function to a number.

The origins of DFT can be traced back to the Thomas-Fermi method.'17{12° Thomas and Fermi
recognised the basic nature of the electron density, which they then applied to atoms.*%:120 The
Thomas-Fermi theory stated that the kinetic energy density at any particular point is approximated
by that of a uniform electron gas of non-interacting electrons. Dirac expanded on the work of
Thomas and Fermi by introducing an exchange correlation term, thus leading to the Thomas-
Fermi-Dirac energy functional.''® A major shortcoming of the above models was their inability to
predict chemical bonds between atoms, Hence, the methods were not of much use to chemists.*?!
Building upon the work of their predecessors Hohenberg and Kohn were able to formulate the rst
and second Hohenberg and Kohn theorems. These two theorems are the two main theorems in

DFT.
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2.6.1 The First Hohenberg-Kohn theorem

The rst Hohenberg-Kohn theorem states: The external potential, (r) and hence the total energy,
is a unique potential of the electron density (r).1?2 Hohenberg and Kohn derived their rst theo-
rem by considering a collection of an arbitrary number of electrons enclosed in a large box moving
under the external potential (r) and the mutual Coulomb repulsion.?2:123 The Hamiltonian has

the form

H=T+V+U (2.39)
where T is the N-electron kinetic energy. V is the N-electron potential energy (from the external

eld) and U is the electron-electron interaction energy. in the ground state the electron density

has the following expression

n=C; ) ®) (2.40)

Hence from the above equation (r) is a function of (r) because the wavefunction, (r) can be

determined by (r). As (r) is a component of H122:123

This can be proved by assuming the existence of an alternative potential 0(r) with the ground-state

wavefunction, °, that also produces the electron density O(r). and  are distinct since:

N ‘(neo (2.41)

the above equation holds as & ’. Hence both and ’ satisfy two di erent Schrodinger

equations.  satis es

A =E (2.42)

0 .
and satis es:

B =g’ (2.43)

Therefore, the above Schrodinger equations have di erent Hamiltonian’s and ground state ener-
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gies.1?2 Using the variational property the ground state electronic energy we obtain:

0

E'= 'jiAT° < jAj + jA° Aj (2.44)

so that

z
E<E+ ['() ()] (Ndr (2.45)

By simply interchanging the primed and unprimed quantities we obtain

z
E<E + [() (] (Ndr (2.46)

Addition of the above two equations yields the following

E'+E<E+E (2.47)

which cannot hold because if E = E’ then you get 0<0. Therefore 0(r) does not come from the
same (r). Thus, proving that (r) is a unique functional of (r). Hence, the many electron ground

state is a unique functional of the electron density (r).1?2123

2.6.2 The Second Hohenberg-Kohn Theorem

The second theorem states that the lowest energy is obtained if the electron density is the true
ground-state electron density. Their second theorem further proved that by taking the energy
functional as a function of the the electron density allows the ground state energy to be found.

The universal energy functional can be de ned as

FI (N1= T +Vj (2.48)

where F[ (r)] is a universal functional that is valid for any number of particles and any potential.1?3

When given the external potential (r) the energy functional can be expressed as

z
ELMI= (n) (Ndr+F[ ("] (2.49)
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By de nition the above equation is equal to the energy functional of the wavefunction. This can

be written as

[= vi®+ Tevis (2.50)
where [ 0] is the energy functional of the wavefunction. [ 0] attains the ground state electron
energy as its minimum when *is the ground state wavefunction for a system of N electrons
according to the variational principle. If ° denotes the ground state wavefunction that corresponds

to the external potential 0(r) 6 (r) then

[ 1> []=E (2.51)

Hence,

[°(r]> [(]=E (2.52)

Thus, proving that [ (r]< [ 0(r] for all 0(r) associated with O(r). Where (r) is the exact
electron density associated with the ground state electronic energy. The second Hohenberg and
Kohn theorem, therefore provides a variational principle for the ground state directly in terms of
the electron density. Thus, allowing the electron density to be used as a basic variable in quantum

mechanical calculations!?2123

2.6.3 Kohn-Sham Theory

A vital aw of Hohenberg and Kohn's theory was its inability to accurately represent the kinetic
energy. Kohn and Sham?® further developed DFT methods by introducing orbitals into the
method. They provided a form for the Hohenberg-Kohn (HK) functional which avoided the explicit
use of the kinetic energy. In the Kohn-Sham method the kinetic energy functional is split into two
parts, one that can be calculated exactly and one small correction term. The Kohn-Sham method
is closely related to the Hartree-Fock method. Thus, sharing the identical form for the kinetic,

electron-electron, nuclear-electron and Coulomb energies.

Splitting the kinetic energy into two parts can be justied as follows. If we assume that the

Hamiltonian operator takes the form below with O 1.
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H = T + Vext + Vee (2.53)

where is a constant between 0 and 1 and represents the level of interaction in the systenH is
the Hamiltonian, Vg is the external potential and V. is the electron-electron Coulomb interaction
energy. The external potential Vey is equal toV,e Wwhen =1. V. is the nuclear-electron Coulomb
interaction energy. When = 0, the electrons are non-interacting. In this case, the exact solution
to the Schmdinger equation is given as a Slater determinant composed of molecular orbitals ¢).

The exact kinetic energy is given as follow¥®

Nylec 1
Ts = i) P 5 (2.54)
i=1
Where T is the kinetic energy calculated from a Slater determinant. At = 1 the system is

contains interacting electrons. This equation can be modi ed to obtain the exact kinetic energy of

the system, by calculating using natural orbitals (NO), which arise from the exact density matrix.

Thus, the exact kinetic energy can be written as follows

X NO : 1 2: NO
T[ exact] = i) Er i (2.55)
i=1
X i NO ;2
exact — niJ i 7] (2.56)
i=1
where
X
Nelec = N; (2.57)

i=1

where «act IS the exact density and n; is an eigenvalue of the density matrix that has values
between 0 and 1 and corresponds to the number of electrons in the spin orbital. Representing the
exact density requires an in nite set of natural orbitals. An approximation is made as the exact

matrix density remains unknown. Therefore, the novel approximate density matrix is now written

as one electron functions.

l\xlec
approx — §il
i=1

(2.58)
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approx IS the approximated density matrix and ; are the one-electron functions. this equation

directly relates to equations 2.55 - 2.57 with occupation numbers 0 or 1%

The key to Kohn-Sham theory is to calculate the kinetic energy, under the assumption that the
electrons in the system are non-interacting. Realistically electrons are interacting. However, the
di erence between exact kinetic energy and the kinetic energy calculated using the non-interacting
orbital approximation is small. The remaining kinetic energy is added into a term known as the
exchange correlation term. As well as the kinetic energy, the exchange correlation term contains the
non-classical electron-electron interaction energy. Hence, we can now specify a general expression

for the DFT energy as follows

Eprr [ 1= Ts[ 1+ Ene[ 1+ J[ ]+ Exc[ ] (2.59)

Eprt is the DFT energy. Ene[ ] and J[ ] are potential energy terms, with J[ ] de ned as the
Coulomb energy. E4[ ] is the exchange correlation term. EquatingEprt to the exact energy
enables theE,; term to be de ned. The E4: term is the result of subtracting the kinetic energy
(non-interacting) and the E.o[ ] and J[ ] potential terms from the total DFT energy. This can be

written as the following 16

Exc[1=(TL] Ts[D+(Eeel ] J[] (2.60)

The rst set of parenthesis in equation 2.60 are considered as the kinetic correlation energy and
the second set contains both potential correlation and exchange energyEee denotes all of the

electron-electron interaction energy.

In principle, DFT is able to provide an exact solution of the Schmdinger equation. However,
the universal exchange-correlation energy is not de ned at present, therefore an exact solution is
di cult to obtain. During the introduction of basis sets into the Kohn-Sham equation the expansion
coe cients are obtained and orbital energies are calculated using SCF procesS. Several exchange
correlation functionals have been developed over the last fty years in an attempt to produce a

representative solution to the many-body problem.

2.6.4 The Exchange-Correlation Functional

Kohn-Sham theory introduced the exchange-correlation functional. The main di erence between

di erent DFT methods is the functional form that the exchange-correlation functional takes. An
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explicit form of the functional is not known except for the case of a uniform electron gas. Never-

theless, one can derive properties that the exchange-correlation functional should havé® 124

One of the rst properties is that the exchange-correlation functional should be self-interaction
free. For example, in the case of a one electron hydrogen atom the Coulomb electron-electron
energy should cancel and the correlation energy should be zero. Another property is that the
coordinate scaling of the exchange energy should be linear. So multiplying by a constant should
yield a similar linear scaling of the exchange energ}?® However, no direct scaling applies to the
correlation energy, but scaling the electron coordinates by a factor greater than one should increase
the correlations magnitude %6125 Another property of the exchange-correlation functional is that
as the scaling parameter tends to in nity the correlation energy for a nite system approaches a
negative constant. The nal properties relate to asymptotic behaviour. The exchange potential
should exhibit asymptotic behaviour.196:126 The correlation potential should also show asymptotic

behaviour.106

The exchange-correlation functional can be separated into its exchange and correlation parts, as
shown below and expressions for the exchange and correlation parts derived separately based on

the principles listed above

Exc[ 1= Ex[ 1+ Ec[ ] (2.61)

2.6.5 Local Density Approximation

The local density approximation (LDA) method is amongst the oldest forms of the exchange-
correlation functional.’% The LDA functional was proposed by Hohenberg and Kohn in 196422
The LDA comprises of locally approximating the true exchange-correlation energy of a system by
the exchange-correlation energy associated with a uniform electron gas. The uniform electron gas
is the only system for which the exchange-correlation energy is known exactly. The exchange-

correlation energy for the electron gas of a uniform density can be presented as:

Z
ERA (M= ()" (r)]dr (2.62)

Where "QOC'“ denotes the exchange correlation energy density and(r) is the electron density.

Equation 2.62 shows the general principle of how the exchange-correlation functional depends on

the exchange-correlation energy density and electron density in LDA.
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LDA functionals have been found to give accurate computational results for solid-state physics.
However, they severely overbind chemical bonds and overestimate barrier heights. Therefore, they

are not a useful model within chemistry®?

2.6.6 Generalised Gradient Approximation

The LDA method was improved through the development of a method that considered a non-
uniform electron gas. Hohenberg and Kohn presumed that the LDA functional was too simple
for modelling atoms and molecules, so they proposed thgeneralised expansion approximation
(GEA). 122 The GEA is a series expansion of higher order density gradient terms. The rst order
density gradient was tested for atoms and molecules, this procedure failed. Despite the failure of
the GEA method, it became the basis for the Generalised gradient approximation (GGA), which
is currently the most popular exchange-correlation functional in condensed matter physics. Unlike
the LDA method, in the GGA method the exchange and correlation energies depend on not only
the electron density, but also on the derivatives of the electron density. The rst derivative of the
electron density is included as a variable®®® The GGA method improves on the LDA description
of atoms, molecules and solid$?’ Unlike LDA functionals, GGA functionals tend to improve
the description of the energy'?’-128 atomisation energied?®1?° and energy barriers’3%132 GGA
functionals also expand and soften bond$?’ this is an e ect that is able to correct'3® and over-

correct the LDA prediction. 134

The principles of the GGA functionals were developed by Perdew and his coworkerS® They
designed a cuto procedure. This cuto procedure terminates the GEA exchange correlation hole
in real space. This is achieved by using delta functions. As a result, the GGA exhange correlation
functional can be written in terms of a function known as the enhancement factorFxc [ (r);r (r)],

that modi es the LDA energy density.

Z
ESSAL (D= (0)"3& [ (NIFxc [ (r);r (r)]dr (2.63)

Perdew and his coworkers developed several exchange correlation functionals. The exchange cor-
relation functionals they developed have the acronyms PW86 (Perdew-Wang}3® PW91 (Perdew-
Wang 1991)37:138 and PBE (Perdew-Burke-Erzerhof).1?” These three functionals are considered

to be re nements of the same model.

PW91¥" is an important GGA functional within solid-state DFT. PW91 is a non-empirical func-

tional, as it does not contain any free parameters, rather it is determined from exact quantum

53



mechanical relations. In PW91 the enhancement factorF " 93(s) has the form:

1+0:1964% sinh 1(7:79565) + (0:2743 0:150841005")s2

= PwW 91(S) -
X 1+0:1964% sinh 1(7:79565) + 0 :004s?

(2.64)

Equation 2.64 is an extension of the work conducted by Becké® who developed the B88 func-
tional. For some time, PW91 was the main functional used in quantum physics. However, it was
superseded by a modi ed functional known as the PBE functional, which was devised by Perdew,
Burke and Erzerhof!?” The exchange part of the functional ( £8F ) is written as an enhancement

factor multiplied by the LDA functional. 106

EXEE = ERXFxc [ (r);r (1)] (2.65)

The PBE functional uses a simpli ed enhancement factor of the form:

FxF =1+ (2.66)

1+ s2=0
Where =0.21951 and =0.804. PBE is a simple functional which retains only the most energeti-

cally important conditions satis ed by PW91. 127

2.6.7 Meta-Generalised Gradient Approximation

GGA functionals have been modi ed further to improve them. Including higher order density
functionals improves the accuracy of calculations. These improve on traditional GGA functionals
by allowing the exchange and correlation functionals to depend on higher order derivatives of
the electron density, where the Laplacian is the second order term? 140.141 - Alternatively the
functional can be taken to depend on the orbital kinetic energy .1°® When employing the use of
meta-GGA functionals numerical stability is improved via the introduction of a dependence on the

kinetic energy,

oc%pied
=3 it (2.67)

The meta-GGA functionals may be written in the general form:
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z
Eqele CCAINMNI= FL(r)ir (r);r 2 (r); (r); (r);=: (r)]d(r) (2.68)

Where (r);:: (r) are other quantities that can be used in the construction of meta-GGA's.

PKZB %2 and TPSS'“® are examples of meta-GGA functionals.

2.6.8 Hybrid Functionals

The nal class of functionals to consider are hybrid functionals** Hybrid functionals combine
Hartree-Fock like exchange with conventional GGA exchange and correlation. The development

of hybrid functionals came from Becke's introduction of the Half and Half method.106.144

1 1
E;IC"-H - éE)e(xact + é(E>IZDA + EEDA) (269)

where E;'g H is the half and half exchange correlation energyE £ is the exact DFT energy. The

ELPA and ELPA terms denote the exchange and correlation energy terms for the LDA functional.
Since GGA methods yield more accurate results than LDA methods, a generalised version of the
Half and Half method may be de ned. It may be de ned by writing the exchange energy as a

combination of the exact LDA exchange energy and a gradient correction terr?

The general form of the exchange correlation functional for hybrid functionals has the form:
EQ)(/:brid - (E;“: E)C(-IvGA)+ E)%gA (270)

Where determines the amount of exact exchange mixing. B3LYP?%144(146 gnd B97'47 are both

examples of hybrid functionals. The Becke, Lee, Yang and Parr B3LYP?%:144(146 fynctional is

amongst one of the most popular hybrid functionals and it has an exchange correlation functional

of the form144.148

EXCP =1 a)(E™ +aEf +b ER+(1 QEZ®)+ cE'F (2.71)
Where a = 0.2, b = 0.72 and ¢ = 0.81 were tted to a training set of experimental atomisation

energies, ionisation potentials, proton a nities and total atomic energies. The B3LYP functional

proposed in 1993 is still one of the most successful functionals due to its overall performant¥.
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2.6.9 Dispersion

Recent investigations have found that many functionals lead to incorrect energies and structure for
large moleculest® This is because of the poor treatment of the physically and chemically important
London dispersion forcest*® 150 |nclusion, of London dispersion forces in theoretical simulations
of weakly bonded Van der Waals system®$? is important to reach chemical accuracy**® Inclusion

of these interactions also in uences the accuracy of theoretical thermodynamic$41%4 London
dispersion forces are the interaction forces between an instantaneous dipole that arises as a random
uctuation in one part of a system with an instantaneous dipole in another part of the system. In
small molecules, these interactions are negligible. However, they are no longer negligible in large
molecular systems, as their e ects become largel? A solution is to therefore add an empirical
dispersion correction term, DFT with added dispersion correction is often labelled as DFT-D. The

general form of the dispersion energy $°

1 X X Cr/;\B

= s, =N
"Ris

EDFT D _
2A68 6;8;10;:::

disp fgamp (Rag ) (2.72)
The sum is over all atom pairs in the system. AB represents the atom pair AB andR ag in the
inter-nuclear distance between atom A and atom B. C® denotes the averaged (isotropic) #'
order dispersion coe cient of orders n = 6;8;10;:::.. S, denotes the global scaling factors, they
can be adjusted to adjust the correction to the repulsive behaviour of the exchange correlation
functional in use1%® fdamp is the damping function. It determines the short range behaviour of
of the correction, it is needed to avoid near-singularities at smallR pg values. It is also needed to
remove double counting e ects of electron correlation at intermediateR ag  distances*® Typical

expressions forf gamp aret®

1
1+6(Rag =(Sin RE®))

1Edamp (Rag) = (2.73)

or157, 158

1
1+ e (Ras =Srn RéB 1)

fdamp (R a8 )0: (2.74)

where R4® is a cut o radius for the atom pair AB and S, is a functional dependent (global)

radii scaling factor.'>® is a parameter that determines the steepness of the function for small

R ag distancesi*®
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There are several dierent types of dispersion correction D13%° D2,'%8 and D3.16° The total

dispersion-corrected DFT energy is given by

Eort p3= Eks or7 + Edisp (2.75)

Eks prT is the usual self-consistent Kohn-Sham energy as obtained for the chosen density func-

tional. Egisp is the dispersion correction as a sum of two and three body energies (for D3),

Edisp = Eo+ Ejz (276)

the most important two-body term is given by

5 X X CAB
E°= Sh Ran damp (Ra) (2.77)
AB 6;8;10;:: AB

Global scaling factors, S, are adjusted for > 6 to ensure asymptotic exactness which is ful lled
when the C£® are exact. This is the fundamental di erence between the DFT-D3 approach and the
DFT-D1 and DFT-D2 approaches, wherebySg was not equal to unity and only a scaled asymptotic

value is obtained®® The DFT-D3 method will be utilised in our investigations.

2.7 Periodic systems

2.7.1 Structures of Crystals

Real systems, such as mineral particles, are macroscopic objects, constituted by a large number of
atoms. They can e ectively be viewed as in nite.*® In a crystalline solid a small number of atoms,
also known as abasis are repeated periodically in spacé®%:162 There are many ways to choose
a basis. When considering the whole symmetry of the crystalline solid the minimum unit of the
whole system, is given the termunit cell or Wigner-Seitz cell combining the unit cell with lattice
vectors enables reproduction of the crystalline structure (in nitely). The vectors that produce the

in nite crystal are termed unit or primitive vectors!®! The set of translations corresponding to
combinations of primitive vectors is known as the Bravais lattice!®? The translation, T, can be

written as multiples of primitive vectors.

T = nia; + npay + nzas (2.78)
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where a;, a, and az are the primitive lattice vectors of the direct unit cell. n;, n, and n3 are
integers. Each lattice has areciprocal lattice. The reciprocal lattice has lattice vectorsa,, a, and
a; which follow orthogonality rules relative to the direct lattice vectors. The primitive vectors in

the reciprocal space are de ned by the following relation

aj aj = i
where j =1ifi=jand j =0if i 6 j.
In one dimension-62
2
a = a (2.79)
In three-dimensions
a =2 3% (2.80)
a qj ag

Amongst the possible choices of the unit cell in a reciprocal lattice that are equivalent, the preferred
choice is the Brillouin zone.*®® This can be obtained by connecting a point in the reciprocal
lattice to neighbouring points and passing orthogonal planes through their midpoints. The volume

between the planes is known as thdrillouin zone .63

2.7.2 Bloch's Theorem

Bloch's theorem'®4 connects the properties of the electrons in the unit cell with those of the
electrons in an in nite periodic system. The potential energy of a crystal must be a periodic
function with the same periodicity as the lattice. So, the translation by any lattice vector for

example a, does not change the potential energy

V(r)= V(r+ a)

hence, the Schmedinger equation has the form

H(r)(r)=E(r) (2.81)
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which is equivalent to

R+a)(r+a)=E(r+a) (2.82)

Therefore, the wavefunction can be written as a product of a function with the same periodicity

of the potential, U, (r) and the phase factor (or a plane wave),g*(").

k(r)= € ug(r) (2.83)
where uy( is periodic and equals
uk(r) = uk(r + ai) (2.84)
Hence, the periodic wavefunction has the form
k(r+a)= €% y(r) (2.85)

which means that the neighbouring cells di er only by the phase factore*("). The electron density
by de nition is equal to the probability density of the periodic wavefunction, when the complex

conjugate is taken

k(r)=2j «(nj? (2.86)

Consequently, the electron density is also periodi¢81{163

k(r+a)= «(r) (2.87)
Therefore, all information about the system's electron density is contained in a single unit cell

(Brillouin zone). This allows us to use a single unit cell to model in nite periodic crystals using

DFT methods as described in section 2.6.
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2.8 Molecular Dynamics

In this section, we will discuss molecular dynamics (MD) simulations a class of computer simula-
tions that aim to calculate the structure and the physical movements of atoms in a systent85(169
MD simulations predict how every atom in a system will move. These simulations are often used
to capture a variety of processes such as; ligand binding, change in geometry and in bio-molecular
processes such as protein folding®” The rst MD simulations were carried out on simple gases in
the 1950s!’® Over the years MD has gained popularity and visibility, particularly in biomolecule

research67.171

The basic principle behind MD simulations is fairly simple. Given the positions of atoms in
a system (e.g. a hydrated surface surrounded by an organic molecule), one can calculate the
force exerted on each atom by all of the other atoms in the system®” Therefore, one can use

Newton's laws of motion to predict the position (spatial) of each individual atom as a function of

time 166,167,170,172,173

2.8.1 Molecular Dynamics Algorithms

Nuclei are heavy enough, such that to a good approximation, they are believed to behave as

classical particles. Thus, the dynamics can be simulated by solving Newton's second law:

F = ma (2.88)

where F is the force, m is the mass anda is the acceleration. This equation can be written in the

following di erential form

dav _  d?r

- Mge (2.89)

V is the potential energy at position r, wherer contains the coordinates for all particles. r has
Cartesian coordinates and it is a vector of length Blaom - The left hand of the equation is the

negative of the energy gradient, also known as the forces 106

At a small time step t the positions of a set of particles that were initially at position r; at time

t can be given by the following Taylor expansion

1@r
2 @%

1@r

t et t)% +

li+v = I + *1( t)+ )2
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Fieg = 1) + Vi + %ai( t)? + %bi( t)3 (2.90)

v; are velocities which are the rst derivatives of the position with respect to time (%2 at time

2
. — r .
ti. The accelerations, a;, are the second derivatives %t ) at time t;. The b; terms are the
hyper-accelerations and are the third derivatives and so forth. By substituting t with -t we

obtain

= visgal 02 g 1) 291)

Addition of equations 2.90 and 2.91 give

fiee =21 ri 1)+ a( )2+ (2.92)
Fo 1dv
a=ifl- 28 (2.93)

where the accelerationa; can be derived from equations 2.88 and 2.89. This algorithm is known
as the Verlet algorithm 174176 |t solves Newton's equations numerically to obtainr; ; at time
t+ t, if we know the coordinatesr; and r; 1 and accelerations assuming third order ) and
higher terms are negligible. At the initial point, previous positions are not available, however they

can be approximated from a rst order approximation of equation 2.90

rq=fro Vot (2.94)

At each time step the acceleration must be evaluated from the forces (equation 2.93). This then
allows the atomic positions to be propagated in time, thus, generating a trajectory. As the time-
step size t decreases, the trajectory approximation becomes a better approximation of what is
known as the "true trajectory”. This occurs until practical problems arise, such as the issue of
nite numerical accuracy. A small time step does however mean that more steps are needed for
propagating the system. Hence, the computational expense increases with the size of the time

step.

A key disadvantage of the Verlet algorithm is that the new positions are obtained by the addition
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of a term proportional to  t? to a di erence in the positions (2r; r; 1). As t?is a small number
and (2r; r; 1) is alarge number as it is the di erence between two large numbers, it can often
lead to truncation errors due to nite precision. Further disadvantages of the Verlet algorithm are

its inability to display velocities explicitly. This is often a problem when generating an ensemble,

ensembles will be discussed further in the this section.

The introduction of the Leap-frog’” algorithm deals with the numerical aspect of the Verlet al-
gorithm and the inability to display velocities explicitly. By performing expansions analogous to

those of the Taylor expansion (equation 2.90), with a half time step followed by subtraction we get

liq1 =T+ Viygp=o t (2.95)

Similarly, the velocity is also obtained

Vieg=2 = Vi 12t &t (2.96)

Both equations 2.95 and 2.96 de ne the leap-frog algorithm and it can be seen that the velocity and
position updates are out of phase. The numerical accuracy of the leap-frog algorithm is considered
better than that of the Verlet algorithm. However, the disadvantage of the leap-frog algorithm
is that the velocities and positions are not known at the same time. This drawback is however

removed by the velocity Verlet algorithm.*# The equations used to propagate atoms are given by

e =M+ Vi t+ Za t?

1
Visg = Vi ¥ é(ai +aj) t (2.97)
In this approach, both the velocities and position are known at the same time.

2.8.2 Generating Ensembles

Standard MD simulations generate what is known as anNV E ensemble. In this ensemble tem-
perature and pressure uctuate while the total energy remains constant. The total energy is the

sum of kinetic and potential energies, it can be calculated from the positions and velocities
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1
Ewot = Emiviz+ V(r) (2.98)
i=1

In practice the total energy may not be constant, however preservation of the energy within a given

threshold may be achieved by de ning the maximum (permissible) time-step.

Although the NV E ensemble is the simplest ensemble, it is also possible to generdte/ T and
NPT ensembles. These ensembles are generated by modifying the positions or velocities in each
time step to maintain constant temperature or pressure. Our work will utilise the NV T ensembile,
whereby the temperature of the system is xed. The temperature of the system is is known to be

proportional to the the average kinetic energy

1
E kinetic é (3N atom N constraint ) kT (2 . 99)

where Naiom IS the number of atoms andNeonstraint IS the number of constraints. The number
of constraints, typically three, correspond to the conservation of linear momentum. As the kinetic
energy of the system is the di erence between the total energy which is almost constant and the
potential energy, which is dependent upon positions, the kinetic energy uctuates. Hence, the
temperature is constant, but has an average value with an associated uctuation. Similarly, if the

volume of a system is xed, the pressure will be the property that uctuates.

In the NV T ensemble the system is coupled to a "heat bath". This heat bath gradually removes
energy to or from the system with a suitable constant. This procedure is known as @ghermostat.
The kinetic energy of the system is modi ed (in this case) by scaling the velocities. The rate of

heat transfer is controlled by a coupling constant

dT 1
T = —(Tdesired  Tactual ) (2.100)
E
. . t Tgesi
velocity scaling factor = 1+ —(-2esred ) (2.101)
Tactual

In the Nose-Hoover methods' 7817 the heat bath is an integral part of the system196:180 The NVT
ensemble corresponds to a closed system which can exchange energy, with the environment, which
is a realistic situation in chemical systems. In this work, DFT-based MD calculations were carried

out, where all forces, and therefore positions and accelerations were obtained by DFT calculations.
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Chapter 3

The Bare -Al 203 (0001) Surface

3.1 Adsorption to the Al  ,03 (0001) Surface

The structure and properties of -Al,O3 surfaces have been studied both experimentall§?®°> and
computationally. 7181 Studies show that its most stable surface is the (0001)-oriented surface.
Among the possible terminations of the clean (0001) surface, the single-Al termination is the most
favourable 8’ Moreover, computational investigations of thermodynamics under vacuum and am-
bient conditions showed that the preferred surface termination depends on the temperature and
the partial pressure of water vapour: the most stable termination varies from the bare surface to
the fully hydroxylated surface, as the partial pressure of the water vapour increase$? Multiple
computational studies have investigated the adsorption of water on this surfacé®3185 Both disso-
ciative and molecular adsorption structures were identi ed, with dissociative adsorption being the
preferred binding mode at low coverage, and complex combinations of dissociated and molecularly
adsorbed water predicted at high coverages. The adsorption of water had noticeable e ects on both
the geometry and electronic structure of this surface: upon adsorption the distance between the
terminating aluminium atoms and the oxygen plane increased-8318 Surface hydroxyls formed by
dissociative adsorption of water were observed experimentally both for monolayers of water and
single water molecules on the -Al,O3 (0001) surface. There have been fewer computational stud-
ies of adsorption of organic molecules onto -Al,03: examples include methanol and ethandf’
phenols}8 18 carboxylic acids!®® and nitrogen containing molecules, such as; methylnitrilet®!

methylamine,*®? nitroamine,%? nitroguanidine!®® and nitromethane.1%

Johnston'®” investigated the adsorption of ethanol and found that ethanol bound slightly more

strongly to the (0001) surface in a dissociative con guration over a molecular con guration by 0.07
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{0.14 eV. The adsorption of non-dissociated structures was dominated by electrostatic interactions
and the adsorption energy was found to be in uenced by the proximity of the ethanol molecule's
oxygen atom and the surface aluminium atom?? The adsorption of phenols was also investigatet§®
Yeh et al.18818% studied the adsorption of catechol (phenolic alcohol) onto the -Al,Os surface in
both hydrous and anhydrous conditions. In anhydrous conditions, catechol adsorbed onto hydrox-
ylated and non-hydroxylated surfaces. In aqueous conditions, catechol displaced water molecules
and was strongly attracted to the non-hydroxylated alumina surface. Ruan et al!®® investi-
gated the adsorption of formic acid onto the -Al,O3 surface and found that the 1,2-dissociated
structure where the carboxyl oxygen and hydroxyl hydrogen atoms of formic acid were adsorbed
onto the -Al,0O3 surface was the most stable. A very strong interaction was found betweeib-
D-glucopyranose and the -Al,03; (0001) surface, which has been attributed to the formation of
bridging aluminium-oxygen bonds and hydrogen bonds®® Most of the computational studies that
investigated the adsorption of molecules onto the -Al,O5 surface used DFT185 187{189,191{194 (g
for water adsorption, MP2 methods) except the investigation conducted by Yeh et al*®® which

used force elds.

A recent investigation into the adsorption of OC to the alumina and hematite (bare and hydrox-
ylated) surfaces was carried out by Blanck et alt®® Using DFT at the PBE level of theory they
calculated the binding energies for the adsorption of several organic functional groups and phos-
phate and nitrogen containing groups to the -Al,03 (100) and the -Fe,O3 (0001) surfaces. They
found that the distance between the adsorption sites of the -Al,03 (100) surface were smaller (2.6
A and 2.9 A) than those of the -Fe,O3 (0001) surface (5.1A). Hence, bidentate adsorption was
preferred on the hematite surface . Hematite was the more reactive surface for all molecules ad-
sorbed. Methylphosphate and dimethylphosphate were the most strongly dissociatively adsorbed
molecules. Whereas, benzene and acetonitrile were the least adsorbed (molecular adsorption).
Acetic acid yielded very similar adsorption energies on both alumina and hematite. On alumina
acetic acid adsorbed in a bidentate con guration, whereas on hematite it adsorbed molecularly.

Thus, the bidentate con guration compensated for the strong reactivity of the hematite surface.

In this work, we aim to obtain a quantitative description of the binding of organic molecules
containing a variety of functional groups, in order to understand how OC binds to soil minerals. We
will be investigating the binding of water and small organic molecules onto -Al,O3 (corundum),
a common soil mineral. -Al,O3 is the simplest representative of the family of aluminium oxides,

hydroxides and oxyhydroxides, and it has been shown to bind OC strongly’

65



3.2 Computational Method

3.2.1 Adsorption to the Bare -Al ;03 (0001) Surface

DFT calculations of -Al,Qg3, its (0001) surface and adsorption structures were performed using
the CP2K software package!®’11%° Suitability of several DFT functionals was tested by optimis-
ing the lattice parameter of the rhombohedral -Al,O3. The methods considered were based on
the generalised gradient approximation (GGA): PBE,2°° PBEsol?°! and revPBE?%? functionals,
and meta-GGA: TPSS functional.}*® Grimme's D3'4° empirical dispersion correction was used
with these functionals. The calculations utilised double- basis sets with di use and polarization
functions (DZVP) optimised for use in CP2K,?%% and Goedecker-Teter-Hutter (GTH) pseudopo-
tentials.?°® All calculations were done at the k-point. 1% 2x2x2, 3x3x3 and 4x4x4 extended
rhombohedral unit cells of -Al,O3z; were used for bulk calculations. In these calculations, the
angles were xed at their experimental values = = 6 90 , while the lattice constant (a =

b = c¢) was allowed to optimise. The calculated lattice constants were: 5.159 (PBE functional
with the D3 correction), 5.145 A (PBEsol+D3), 5.166 A (revPBE+D3) and 4.720 A (meta-GGA
TPSS+D3). This compares to the experimental value of 5.150A.2%4 Thus, all of the tested GGA
functionals were found to give very good agreement of the -Al,O3 bulk lattice parameter with the
experimental value, therefore the GGA PBE functional was used in all the following calculations
of the -Al,03 (0001) surface and adsorption. The -Al,0O3 (0001) surface was modelled using
periodic slabs, where the lattice parameters were xed at their optimised bulk values, while the
positions of all atoms were fully optimised. Slabs were separated by 1A of vacuum in the vertical
direction. 2x2 and 3x3 extended cells were used for surface calculations. Convergence of surface
energies with respect to slab thickness was tested. A 2x2 12 layer converged slab was chosen and
then used for calculations of adsorption of water and small organic molecules. The slab consisted
of 80 atoms and a length of approximately 14.01A. The calculated binding adsorption geome-
tries' energies were corrected for the basis set superposition error (BSSE) using the counterpoise
method,}*? the correction range from 0.07 - 0.14 eV. All structures were visualised with the UCSF

Chimera?®® software package.
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3.3 Results and Discussion

3.3.1 Surface Energies of -Al ,03 (0001) Slabs

First, we investigated the convergence of the surface energy of the-Al,O3; (0001) surface with
respect to the thickness of the slab. The 2x2x1 and the 3x3x1 extended unit cell were tested, and

the surface energy was calculated with the equation below.

Esab Epuk Number of Layers  Extension

Esurface = A (3.1)

whereEsyrface ;» Esiap and Epyk are the energies of the -Al, O3 (0001) slabs and the -Al,O3 bulk
unit cell. A represents the surface area of the -Al,0O3 (0001) slabs. Surface cell extension was 4

and 6 for the 2x2x1 and the 3x3x1 extended unit cells, respectively.

Table 3.1: The surface energies idm 2 for various thicknesses of the -Al,O3 (0001)-orientated
2x2x1 and 3x3x1 extended slabs.

No. of Layers Surface Energy/ J m 2 Surface Energy/ J m 2
2x2x1 cell extension 3x3x1 cell extension

6 2.10 2.07
9 1.90 1.88
12 2.01 1.98
15 2.03 1.99
18 2.03 1.98
21 2.03 -

24 2.04 -

27 2.04 -
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Figure 3.1: Dependence of the surface energy for the-Al,03 (0001)-oriented 2x2x1 extended slabs.



The surface energies of the -Al,O3 (0001)-orientated 2x2x1 and the 3x3x1 extended slabs of
di erent thicknesses were compared, and the results can be seen in table 3.1. The converged
surface energy for the thickest considered 18-layer 3x3-extended slab is 1.98 J fa These results

are similar to the literature values for the surface energy of the -Al,0O3 surface which ranged
between 0.11 { 0.13 eVAZ? for 9 to 18 layer slabs®1®® The 2x2-extended slabs follow the trend

of the 3x3-extended slabs with 0.04 J m? higher energies. Therefore, we further tested the
convergences of 21, 24 an 27 layer slabs for the 2x2-extended slab. The 12-layer slabs can be
considered converged. The 2x2x1 extended 12-layer slab was chosen for modelling adsorption of
small organic molecules onto the -Al,O3 (0001) surface, as the thinnest converged slab that

represents a good balance between accuracy and system size.

3.3.2 Adsorption of Small Molecules onto the -Al ,03 (0001) Surface
Table 3.2: BSSE corrected Binding energies for adsorbates on the-Al,O3 (0001) surface.

Adsorbate Adsorption Con guration  Binding Energy / eV
Water molecular -1.32

dissociated -1.62

Methanol molecular -1.53

dissociated -1.63

Methanethiol molecular -1.36

dissociated -1.47

Methylamine molecular -2.03

dissociated -1.12

Diemthyl ether molecular -1.66
Formic acid molecular -1.42

dissociated -2.33

Acetic acid chelate -2.04

Formamide molecular O-bound -1.64

dissociated N-bound -1.85

Methyl formate molecular C-O-C-bound -1.54
Methyl formate molecular C=0-bound -1.06
Methane molecular -0.38

Cyclohexane molecular -0.76

Benzene molecular -1.08
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The adsorption of several small organic molecules was investigated. To evaluate the strength of
binding of various organic functional groups to the -Al,0O3 (0001) surface. We applied the BSSE
correction to all of our calculated binding energies: the correction was small and ranged from 0.08

{0.12 eV. The binding energies were calculated using the following equation

Ebinding = Esurface + Adsorbate (Esurface + EAdsorbate ) (3-2)

Table 3.3: Bond lengths in A for adsorbates on the -Al,0O3 (0001) surface.

Adsorbate Adsorption Con guration Al-O Al-S AN AI-C O-H

Water molecular 1.95
dissociated 1.72 0.98
Methanol molecular 1.93
dissociated 1.71 0.98
Methanethiol molecular 2.40
dissociated 2.20 0.98
Methylamine molecular 1.98 0.98
dissociated 1.79 0.98
Diemthyl ether molecular 2.40
Formic acid molecular 2.00
dissociated 181 1.04
1.58
(0...H)
Acetic acid chelate 1.98,2.14 1.03
Formamide molecular O-bound 1.87
dissociated N-bound 1.85 0.98
Methyl formate molecular C-O-C-bound 2.00
Methyl formate molecular C=0-bound 1.91
Methane molecular 2.48
VDW
Cyclohexane molecular
Benzene molecular 2.27
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Adsorption of Water onto the -Al ,O3 (0001) Surface

The binding of water to the -Al,03 (0001) surface was investigated. Water was adsorbed both
molecularly and dissociatively. The calculated binding energy for molecular adsorption of water
was -1.32 eV and the chemisorption bond length of the Al-O bond was 1.98. For dissociatively
adsorbed water, the calculated binding energy was -1.62 eV and the chemisorption bond lengths
for the AlI-O and O-H bonds were 1.72A and 0.98 A. Our calculated binding energies are very
similar to those calculated by Shapovalov et al'® For molecularly adsorbed water Shapovalov
et al.’® calculated a binding energy of -1.22 eV and for dissociatively adsorbed water, it was
-1.60 eV. Our chemisorption bond lengths are also fairly similar to those determined within the
literature, molecularly adsorbed water had a chemisorption Al-O bond length of 1.99A and for
dissociatively adsorbed water, the Al-O bond length was 1.7%\.20-21,45{4&?2 91,183,184, 186,206{210
The agreement with the literature of the binding energies and bond lengths allows us to conclude
that of the two types of structures water adsorption is more stable when it adsorbs to the -Al;03

(0001) surface in a dissociative con guration.

(a) -1.32 eV (b) -1.62 eV

Figure 3.2: Optimised adsorption geometries of (a) molecularly adsorbed water (b) dissociatively
adsorbed water onto the -Al,0O3 (0001) surface.

Adsorption of Alcohol, Amines, Thiols and Ethers onto the -Al ,O3 (0001) Surface

Since our results regarding water adsorption agree with previous experimental and computational
studies, we then progressed onto modelling carbon containing functional groups, which are impor-
tant to carbon-mineral interactions. First, the adsorption of alcohol, amine and thiol molecules was
considered, because like water, they contain a hydrogen-heteroatom bond capable of dissociation;
ether group was also considered because it is structurally similar to alcohols, but they are without

the possibility of dissociation.

The adsorption of methanol as a model alcohol onto the -Al,O3 (0001) surface was investigated.
The calculated binding energy for molecular adsorption of methanol was -1.53 eV (gure 3.3 (a))

and the chemisorption bond length of the AI-O bond was 1.93A. For dissociatively adsorbed
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methanol (gure 3.3 (b)) the calculated binding energy was -1.63 eV and the chemisorption bond
lengths for the AI-O and O-H bonds were 1.71A and 0.98 A respectively. Methanethiol was the
next molecule under investigation, similar to methanol a molecular and dissociative con gura-
tion were considered. The calculated binding energy for molecular adsorption (gure 3.4 (a)) of
methanethiol was -1.36 eV and the chemisorption bond length of the Al-S bond was 2.48. For
dissociatively adsorbed methanethiol (gure 3.4 (b)) the calculated binding energy was -1.47 eV

and the chemisorption bond lengths for the Al-S and O-H bonds were 2.2@ and 0.98 A.

(a) -1.53 eV (b) -1.63 eV

Figure 3.3: Optimised adsorption geometries of (a) molecularly adsorbed methanol and (b)
dissociatively adsorbed methanol onto the -Al,O3 (0001) surface.

(a) -1.36 eV (b) -1.47 eV

Figure 3.4: Optimised adsorption geometries of (a) molecularly adsorbed methanethiol (b)
dissociatively adsorbed methanethiol onto the -Al,O3 (0001) surface.

For the adsorption of amines, methylamine was the model amine considered for binding onto the
-Al,03 (0001) surface. Several adsorption con gurations of methylamine were investigated. The
calculated binding energy for the most stable molecular adsorption geometry ( gure 3.5 (a)) of
methylamine was -2.03 eV and the chemisorption bond length of the AI-N bond was 1.98.. For
dissociatively adsorbed methylamine ( gure 3.5 (b)) the calculated binding energy was -1.12 eV
and the chemisorption bond lengths for the AlI-N and O-H bonds were 1.7% and 0.98 A. A doubly

dissociated methylamine geometry was also considered, upon optimisation and similar to water this
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structure optimised to a geometry where only a single N-H bond was dissociated. To compare to
the alcohol functional group, dimethyl ether was adsorbed onto the -Al,O3 (0001) surface in a
molecular con guration ( gure 3.6). A dissociated structure was considered to be unlikely as it
would require cleavage of the strong O-C bond. Its calculated binding energy was -1.66 eV and its

adsorption bond length was 2.40A.

(a) -2.03 eV (b) -1.12 eV

Figure 3.5: Optimised adsorption geometries of (a) molecularly adsorbed methylamine (b)
dissociatively adsorbed methylamine onto the -Al,O3; (0001) surface.

Figure 3.6: Optimised adsorption geometry of molecularly adsorbed dimethyl ether (-1.66 eV)
onto the -Al,03 (0001) surface.

The calculated binding energies and respective bond lengths between the surface Al and adsorbate
O atoms for methanol, methanethiol, similar to water adsorption show that these molecules prefer
to adsorb in a dissociative con guration. Dimethyl ether could only bind in one con guration
and that was the molecular con guration. Methanol and methanethiol are iso-structural and the
observed adsorption geometries illustrate that the two molecules are very similar. Methanethiol
adsorbs less strongly by approximately 0.16 eV. The Al-S bond is also longer than the AI-O bond
and this can be explained by the larger radius of S. The stronger Al-O bond can also be explained
by the greater electronegativity of O compared to S and therefore a greater negative charge of

0. Methanol, methylamine and dimethyl ether all have binding energies greater than that of
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water, therefore they would displace water when binding to the -Al,O3 (0001) surface in soils.
methylamine is the only surface adsorbate that preferred to bind in a molecular con guration when
it could bind in both a molecular and dissociated con guration. This can be explained by the pKa
value of a primary amine which is approximately 35. Therefore, the proton will not leave as the
pKa value is very high and the CHsNH species is not as stable. Methanethiol had a binding
energy smaller than that of water, thiols bind less strongly to the -Al,O3 (0001) surface due to
less ionic character within the bond. Therefore, methanethiol will not compete with water when
binding to soil aluminium oxide minerals as water binds more strongly. Hence water would displace
the thiol adsorbate. Thus far, alcohols, amines and ethers all bind strongly to the -Al,O3 (0001)

surface and thiols are weaker adsorbates.

Adsorption of Acids, Amides and Esters onto the -Al ;O3 (0001) Surface

Next, we consider the adsorption of carbonyl compounds: carboxylic acids, amides and esters,
which are able to bind to the mineral surface via two atoms: the carbonyl oxygen and the second
oxygen or nitrogen atom. We are therefore able to present a large variety of possible adsorption
structures. The adsorption of formic acid as the simplest carboxylic acid was considered. The
adsorption of formic acid to the -Al,0O3 (0001) surface enabled several di erent structures to be
built. Two molecular con gurations were possible for formic acid as adsorption to the surface
could occur through the hydroxyl oxygen atom or the carbonyl oxygen atom of formic acid. The
calculated binding energy for the structure whereby formic acid bound through the hydroxyl group
of formic acid (gure 3.7 (b)) was -1.42 eV and its Al-O chemisorption bond length was 2.00A.
For the formic acid bound through the carbonyl oxygen (gure 3.7 (a)) the calculated binding
energy was -0.95 eV and its corresponding Al-O chemisorption bond length was 1.92. These
ndings tell us that formic acid prefers to bind through the hydroxyl end. Formic acid was also
adsorbed in a dissociative con guration ( gure 3.7 (c)) to the -Al,03 (0001) surface where the
OH bond of the formic acid was dissociated. The calculated binding energy for dissociatively
adsorbed formic acid was -1.80 eV and the chemisorption bond length of the AlI-O bond was 1.76
A. Chelate con gurations (gure 3.7 (d)) were also considered. Formic acid did not remain in
a chelate geometry upon optimisation, however it did optimise to a stable dissociated structure
with some hydrogen bonding. The chemisorption bond lengths for this dissociated adsorption
were 1.81A (Al-O), 1.04 A (O-H) and 1.58 A (O...H). The calculated binding energy for this
con guration was -2.33 eV, this is signi cantly larger than the -1.80 eV binding energy for the
dissociated con guration. This is most likely due to the additional stabilisation produced by the

formation of the O...H hydrogen bond.
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(a) -1.66 eV (b) -1.42 eV

(c) -2.33 eV (d) -2.04 eV

Figure 3.7: Optimised adsorption geometries of (a) molecularly adsorbed formic acid through its
C=0 oxygen (b) molecularly adsorbed formic acid through its O-H oxygen (c) dissociatively
adsorbed formic acid and (d) chelating acetic acid onto the -Al,0O3 (0001) surface.

The adsorption of amides onto the -Al,03 (0001) surface was investigated using formamide.
Formamide was found to bind to the -Al,0O3 (0001) surface through either its oxygen or nitrogen
atoms in a molecular con guration. The oxygen bound formamide ( gure 3.8 (a)) had a calculated
binding energy of -1.64 eV. The chemisorption bond length is 1.8A for the Al-O bond. The
Nitrogen bound formamide (gure 3.8 (b)) had a calculated binding energy of -1.16 eV and an
Al-N chemisorption bond length of 2.37 A. The binding energies of molecularly bound formamide
show that the oxygen bound formamide is more stable. Oxygen's lone pair is more available
than nitrogen's lone pair. Hence, oxygen's lone pairs bind more strongly to the Al* surface
ions, producing a stronger bond to the surface. Another adsorption con guration considered for
formamide adsorption onto the -Al,0O3 surface was the dissociated con guration ( gure 3.8 (c)).
The calculated binding energy of formamide adsorption to the -Al,03 surface was -1.22 eV and

the chemisorption bond length was 1.85A for the Al-O bond and was 0.98 A for the O-H bond.
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