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Abstract

Cancer begins as an aberration of the DNA that fails to undergo cell death. As it grows, the
abnormal cells take in energies meant for healthy cells and this causes stress on the body of the
patient. Recent developments look at a generalized treatment involving heavier radionuclides to
target cancer masses. This type of treatment is called the targeted alpha therapy or TAT and uses the
alpha decay of heavier radioisotopes in order to disrupt the growth of cells. The alpha particle,
being heavier than electrons and having a larger energy, can cut DNAs more effectively and cause
the cell to die.

The use of astatine as radionuclide stems from the certainty of it releasing an alpha particle during
its decay and its relatively short half-life. However, randomly releasing astatine into a patient’s
body may cause more harm than benefit as it can target healthy organs. It therefore must be carried
by some material that can hold the astatine until they reach the targeted areas and be biocompatible.
Gold, in the form of gold nanoparticles, is chosen for this purpose for its known biocompatibility as
well as other advantageous properties that could be used against cancer.

Information obtained from experiments show that astatine can indeed be adsorbed by gold, but
these experiments are geared towards the medical field, which is interested in the efficacy of the
treatment. This study is conducted in order to support the initiative by theoretically simulating the
carrier system to look at the fundamental science behind this adsorption phenomenon. By doing
this, the hope is to be able to recommend to experimentalists and the medical community on the
optimum shape and size the carrier particles should be for further investigation.

The first part of this work looks at the physical mechanism for astatine adsorption on gold. The
Au(111) is chosen as the test slab since the surface is well known for being the most stable among
the other surface facets. Astatine is found to adsorb on the fcc-hollow site and that the adsorption
process is based on covalent bonding. Evidence for hybridization of the 6p orbital of astatine with
the 5d and 6s orbitals of gold also support this finding, as well as the lack of any charge transfers
between astatine and gold. The addition of van der Waals (vdW) and spin orbit coupling (SOC)
corrections provide more accurate information.

The second part of this work deals with the comparison between astatine and iodine when adsorbed
on Au(111). Since astatine is a halogen, the comparison between another halogen element that has
been in use for longer can provide us with insights as to the peculiarities of astatine. The first
anomaly is that astatine adsorbs stronger on gold than iodine. This is normally not the case since
adsorption energies tend to decrease the lower the element is in the periodic table. However, the
presence of a fully occupied 4f orbital means that a phenomenon known as lanthanide contraction is
affecting the physics of astatine. Due to astatine being lower in the periodic table than iodine,
electrons have to occupy the 4f orbitals before filling the valence orbitals. The 4f orbital is known
for its less effective screening of core charges, making the valence electrons more susceptible to the
attraction from the nucleus.

The final part of this work concerns the design of surfaces. Actual surfaces are not pristine and
therefore may be subject to a number of defects. Furthermore, the three-dimensional nature of gold
nanoparticles means there would be different surface facets, including stepped surfaces. An
extension to the Au(111), the Au(211) introduces a step into the flat surface, making the facet more



representative of a three-dimensional shape. Both astatine and iodine adsorb on the edge-bridge site
on Au(211), with stronger adsorption energies than on Au(111). This is due to the work function of
Au(211) being smaller than Au(111), meaning Au(211) is more active. Au(211) also provides a
more stable adsorption for the adsorbates, since the energy required to dislodge the adsorbate from
the edge-bridge site is higher than the energy required for Au(111). The charge movements and
densities of states were looked at and they showed few differences between the Au(111) and the
Au(211). This confirms the stronger adsorption is caused by the surface facet.

The future developments in this field can benefit greatly from the addition of theoretical calculation
methods. Various designs can first be evaluated theoretically before going through experimental
verification. Considering the current state of availability, theoretical methods can be employed to
find the most promising samples which warrant further testing. Finally, different materials and
radionuclides can be studied, depending on the conditions that may be desired by the medical
community. These are just several future ideas that can be realized with theoretical methods. As
more researchers employ these techniques, important discoveries can be made which can support
the medical community.
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Chapter 1

Introduction

1.1 Background

Cancer is a leading cause of death; in 2022, it was projected that almost 10 million people died due
to cancer [1]. The main cause of cancer is a genetic aberration that affects the way our cells
regenerate [2]. Currently, there are several types of treatments that can be done on the patient: these
are surgery, chemical treatment (chemotherapy), and radiation treatment [3]. Each case will have its
own advantages and disadvantages, and in the end it falls to the patient to decide which one he/she
will choose.

1.1.1 Radiotherapy

Radioactivity was discovered in the late 19th century by Henri Becquerel when he was doing
research on phosphorescent materials [4]. During this time, several pioneers on the subject emerged,
such as Wilhelm Rontgen, Marie and Pierre Curie, and Ernst Rutherford, who performed
experiments on the nature and applications of radioactivity. Of interest is one of the natures of such
phenomenon, which is the emission of “energetic particles” [5]. Some of these particles were
discovered by Rutherford and named a-particles and f-particles (helium ions and electrons
respectively) and would play a part in the development of nuclear medicine.

There are two types of radiotherapy, external and internal. External treatments employ radiation
from outside sources (normally X-rays or gamma-rays) to target affected areas [6]. Its nature allows
treatment in areas that are difficult to reach or areas where surgery would be risky, such as the brain
and spine [7]. These methods require the patients to be in the medical facility for each treatment
since the equipment cannot be moved around. On the other hand, internal treatments do not require
continuous presence in medical facilities. The treatments are placed in the patients’ bodies and
continue to work until some determined time.

The feasibility of internal nuclear medicine was shown in 1946 when Drs. Saul Hertz and Arthur
Roberts reported radioactive iodine, a # emitter, as an effective cure for thyroid cancer [8]. Aside
from directly treating the cancerous cells, some radioactive iodines can be used as tracers, allowing
for the tracking of anything that the radionuclide is attached to inside the patient [9]. Several studies
have confirmed the efficacy of radioactive iodine such as iodine-123 and iodine-125 in acting as
tracers and medicine in treating cancers [9-11].

1.1.2. Astatine for radiotherapy

There are several issues that can occur using these f# emitters. For one, the f emitters are not always
reliable. These radionuclides do not always emit f-particles; sometimes y-particles are emitted and
this may pose unintended radiation to healthy cells. The other is the possibility of # radiation
resistance, in which the newly formed cancer cells are more resistant to the f radiation treatment
[12].



Recently, heavier radioactive elements are being used in place of iodine as radioactive source.
These elements release a-particles (He2* ions), which are becoming more attractive, since the
-particles’ high Linear Energy Transfer value compared to B-particles allow for a more effective
treatment [12-14]. Currently, astatine-211 (2!1At) is being studied in the hopes of adding another
arsenal in the fight against cancer.

There are several reason why 211At is chosen for this treatment. For one, it has a short half-life of
7.2 hours, meaning the treatment does not stay in the body for very long [14,15]. Additionally, the
decay of astatine always provides one a-particle. These characteristics make it unique among the
other astatine isotopes, which may not produce a-particles or decays too quickly to be of any use
[16].

Unfortunately, employing 211 At directly to treat cancer masses does not ensure the radionuclides can
reach the target area. It must be attached to some kind of carrier, which can also be appended with
some targeting compound, to deliver it to the intended location and prevent it from being absorbed
by healthy organs.

1.1.3 Gold as material for carrier

As a substance, gold is inert, which makes it less likely to react with other biological compounds
[17]. This has been shown in biological experiments in which gold, in the form of gold
nanoparticles (AuNPs), is employed due to its biocompatibility [19-22]. Additionally, the use of
gold has several properties that are beneficial, such as surface plasmon resonance, causing
biological radiosensitization to targeted cells, catalyzing the production of reactive oxygen species
[19, 22-24]. These additional capabilities allow gold to be useful in cancer treatments.

Another reason to employ gold nanoparticles is to increase the effectiveness of the treatment. Figure
1 shows a simplified version on the use of these radionuclides in the proposed treatment. On the left
is the traditional radiopharmaceutical approach, where a radionuclide is attached to the targeting
compound, which will then find its way to one of the cancer cells. It will then attach itself to the cell
via a cancer-specific receptor before the treatment can begin. However, since the number of
receptors are limited, there are only limited amount of radionuclides that can attach to the receptors.
This limits the treatment dosage and depending on the stage of the cancer, may not be as useful to
the patient.

On the right side of figure 1-1, is the proposed idea, in which the gold nanoparticles, acting as
carrier, will bring the radionuclides to the vicinity of the cancer cells with the help of the targeting
compounds. The limited number of receptors are not an important issue since the AuNP can hold
several of these radionuclides, increasing the radiation dosage to the cancer cells. Additionally,
other auxiliary drugs could be added onto the AuNPs to help with either the treatment or locating
the AuNPs in the treatment process. The latter point can provide the medical personnel with
information and/or confirmation that the treatment is proceeding as expected, which is non-existent
in the radiopharmaceutical method.

Production of gold nanoparticles are varied depending on the size and shape, but in general, there
are two types of production method: inorganic and organic [26-31]. However, both methodologies
use HCIAuy as the base material; the HClAus 1s reduced which will aggregate the Au atoms in the
solution. Once the AuNPs reach the desired size and shape, they will need to be stabilized to stop
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Figure 1-1. Schematics of TAT by radiopharmaceutical method of treatment (left) and carrier-
utilization method (right) [25].

them from growing. They also need to be functionalized in order to allow biological components
(e.g. the targeting compounds) to attach to the AuNPs. Usually, this function is performed by
chemicals such as polyethylene glycol (PEG), which has the advantage of shielding the AuNPs
from detection by the body’s defensive mechanisms [32-33].

1.2 Objectives

Since this methodology is still relatively new, there are opportunities to improve on the knowledge
of the fundamental science. By understanding the mechanism of adsorption between astatine and
gold, we can provide physical justification on why gold is used. We can also learn some properties
of astatine adsorption on gold by comparing it with a similar radionuclides. Additionally,
adsorptions on stepped surface facets are studied to learn the adsorption strengths in such
conditions. Once we know the science behind it can we propose a design to improve the current
system.

The main objective of this study is to understand the bonding between gold (represented by gold
slabs) and the halogen radionuclides (astatine and iodine). Additionally, the stability of adsorption
should be confirmed for use in medical applications. Since the transport phase inside the body will
take time, the adsorbates may desorb and potentially be absorbed by healthy organs which can be
detrimental. With this information, we hope to provide the experimentalists and medical doctors the
theoretical foundation to develop a more effective treatment for cancer.



1.3 Scope of this study

This study focuses on the adsorption astatine on gold surfaces as a representative for the more
complex interactions that take place. It also covers the adsorption of iodine on gold surfaces as a
comparison for astatine due to both elements being halogens. The configurations considered are
only of gold and astatine or iodine, since the other additional molecules, such as drugs or targeting
compounds, may vary. Additionally, only one atom of astatine or iodine will be studied at any one
time. This allows the distances between the adsorbates to be large enough that no two adsorbates
will be interacting with each other.

Since this study is designed to support the current initiative of the medical community,
consideration of other metals are not included. While there may be other materials that can offer
more advantages (cost, adsorption stability, or others), their use are still being investigated to ensure
biocompatibility with the test subjects. Future works may look at expanding the studies into other
metals that are being explored for use in the medical field.

Finally, this study will not cover the nuclear reactions that take place, both during production of the
nuclear medicine or in its application.
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Chapter 2

Astatine atom adsorption on Au(111)

The study of astatine’s adsorption on gold is important to find out the adsorption characteristics
before going on to more applicative aspects. As mentioned before, several works have shown that
gold can adsorb astatine on its surface and keep them there until the delivery inside the test subjects.
However, since this is a new field, we still have limited knowledge on their fundamental properties,
such as adsorption characteristics, charge distribution upon adsorption, etc. Therefore, the first step
is to simulate the adsorption of astatine on gold surface in order to learn how both elements are
interacting, compare the theoretical results with experimental results, and get a general
understanding of the adsorption process.

2.1 Adsorption energy and geometry

First-principles calculations are performed using density functional theory, as implemented in the
Vienna Ab Initio Simulation Package (VASP) [1,2]. The details of the calculations are written in
Appendix B. The choice of a surface slab as the basis of the calculation is taken from a study done
to look at the limit of finite-size effect on adsorption [3]. The study found that for a nanoparticle of
size above 2.7 nm, the adsorption on its surface can be approximated as adsorption on a slab
surface. The justification i1s made that since some of the experimental works are using AuNPs of
5nm diameter size or larger, that this slab surface approximation works for modeling the adsorption
of astatine on the AuNPs. The choice of Au(111) is based on the finding that the (111) surface offers
the most stable configuration among other low Miller index surfaces [4,5].

The clean slab is shown in figure 2-1, with (a) as the top view and (b) as the side view. The top
three layers are allowed to relax, given by the black lines numbered from 1 to 3, and the bottom two

layers are kept static to simulate bulk conditions.

Table 2-1. Interlayer distances after relaxation calculation.

Interlayer distance changes This work [6] Literature [7]
Layer 1 to layer 2 2.1% 3.3+0.4%
Layer 2 to layer 3 -0.7% -0.8 £0.4%

Table 2-1 shows the result of the final relaxed geometry of the slab. The calculated values are
consistent with the results obtained from the literature. With this, I continued my calculations to
find out the most stable adsorption position for astatine on Au(111).
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Figure 2-1. (a) Top view of Au(111), (b) side view of Au(111), (c) possible adsorption sites of
Au(111).

The adsorption energies for astatine were calculated using the formula

Eq = Exyautiin — (0-5 X Epp, + EAu(lll)) [1]
where E, 4 represents the adsorption energy, Ea,111) represents the total energy of the At/Au(111)
system, E,, represents the energy of the isolated At dimer, and Ej(;; represents the total energy
of the clean Au(111) slab.

Astatine does not exist in stable condition in standard temperature and pressure (STP) condition,
and therefore, verification of the configuration of astatine has not been confirmed [8]. Therefore,

following its categorization as halogen, the dimer At is treated as being theoretically stable.

Table 2-2. Adsorption energy calculations for astatine on various adsorption sites of Au(111) [9,10].

Adsorption Energy (non-vdW) [eV] Energy (vdW) [eV]  Energy (vdW + SOC) [eV]
position

bridge -0.85 -1.37 -1.40
fcc-hollow -0.91 -1.43 -1.43
hcp-hollow -0.90 -1.42 -1.43

top -0.59 -1.20 -1.26




Astatine was found to be most strongly adsorbed on the hollow sites: both fcc-hollow and hcep-
hollow sites gave almost the same results. Therefore, I selected the fcc-hollow site as the primary
adsorption site going forward since it is slightly stronger than the adsorption on the hcp-hollow site.
At this point, a calculation choice is made between without van der Waals correction (non-vdW) or
with van der Waals correction (vdW). The calculation results are written in table 2-1. Calculations
including vdW yield a closer result to the experimental result, which was found to be approximately
-1.6 eV [11]. Spin-orbit coupling (SOC) is another correction that is included due to the heavy
nature of astatine. While SOC can appear in light elements, its presence is more pronounced in
heavier elements. As can be seen from table 2-1, the difference in energies after considering SOC is
very small, which means energetically, this correction is not that important compared to the vdW
correction. Regardless, all the calculations yield the same trend: that hollow-sites are the most
favorable adsorption positions.

L Jmea
LIS I )
i»» IS I )
N

RICIC D)

Figure 2-2. Top (above) and side (below) views of final adsorption configuration of At/Au(111).



Table 2-3. Distance between selected atoms of the At/Au(111) system.

Atoms Distance (w/o vdW) [A] Distance (vdW) [A] Distance (vdW + SOC) [A]
At - nearest Au 2.96 2.95 2.99

atom

At - Au surface 2.34 2.35 2.42

Au(l) - Au(2) 3.14 3.10 3.06

Au(l) - Au(7) 2.85 2.82 2.82

Au(3) - Au(4) 2.98 2.93 2.92

Au(1) - Au(6) 2.99 2.96 2.95

Another effect of considering the SOC in calculations is in the different resultant geometry of
interaction. There are works that predict reduction of bond length when including SOC, while
others found the bond length to increase [12-14]. From figure 2-2 and table 2-3, I found the bonding
distances between astatine and gold increases slightly due to considering SOC in the calculations.
The effect of this increase on the adsorption energy however is not significant as shown in table 2-2.

2.2 Mechanism of adsorption

Based on the previous energy calculations, the adsorption mechanism was found to be
chemisorption due to the strength of the bonding. Since any interaction between two particles
requires the involvement of electrons, the bonding process can also be ascertained in more detail as
ionic or covalent. To study further, we now look at the charge transfer as well as the densities of
states.

The charge transfer can be quantified using Bader charge calculations. Since it assigns each charge
to a particular atom, it is possible to determine which atom end up with more or less charge in its
volume. Bader charges calculated before and after the bonding process reveal that the adsorption
process is more covalent than ionic. For comparison, Bader charges for an ionic bonding and
covalent bonding are also given, all shown in table 2-4. A positive value indicates the atom in
question gains charge by that amount while a negative value indicates that atom loses charge by the
indicated amount.

Table 2-4. Bader charge differences for At/Au(111) system compared to other types of compounds.

Bader charge difference (vdW) Bader charge difference (vdW+SOC)
Au in At/Au 0.00e 0.02¢
At in At/Au -0.02e -0.09¢
Na in NaCl -0.86e N/A
Cl in NaCl 0.86¢e N/A
Clin Cl +0.04¢ N/A

10
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Figure 2-4. Comparison of densities of state of At/Au(111) system. (a) Before and after adsorption
(considering vdW) (b) vdW and vdW + SOC.

There is only a limited charge movement between the astatine and gold, indicating that the electrons
are shared between both reactants. We can see the bonding is much more similar to the covalent
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Figure 2-3. Charge contour plots of astatine on fcc-hollow site of Au(111), taken from the (210)
plane. (a) With only vdW consideration (b) With vdW + SOC consideration.

bonding between Cl, than an ionic bonding experienced by NaCl. Astatine, although a halogen, is in
this case being an electron donor to gold.

The charge contour plot shows charges accumulating in the middle of the astatine and gold atoms.
Each contour line corresponds to a 0.1 eA~3 difference in charge density. Due to the symmetry of
the adsorption, the charge contours for astatine on Au(1) and Au(2) is almost identical. This means
that the charges shared by the three gold atoms are approximately a third of what the astatine lost.
Since the gold atoms are in a slab configuration, the charge lost by astatine is distributed throughout
the volume, although the bulk of the electron transfer are retained by the three surface atoms. Both
contour plots show similar charge densities, with the (b) plot exhibiting less charge interaction
between the astatine and the surface gold atom. This may be due to the slightly longer adsorption
distance after considering SOC, but is not a large factor due to the adsorption energies being similar
(table 2-2). In both cases, charge accumulation between the astatine and gold supports the argument
the bonding between them is covalent, because a similar plot for NaCl would show almost no
sharing of electrons between the Na and Cl atoms.

Two density of states plots are given for comparison purposes in figure 2-4. The vertical black
dotted line represents the Fermi energy, and all readings are based from that reference line (negative
and positive values correspond to occupied and unoccupied states, respectively). Figure 2-4a shows
the effect of the adsorption of astatine on a clean surface of gold. Here, we can see the bonding of
astatine affects the gold orbitals, namely the 5d and the 6s. Hybridization of the astatine 6p with the
gold 5d and 6s orbitals can also be seen, especially around the -6 eV and from -4.5 eV to -2 eV.

Figure 2-4b shows the adsorbed system, with and without the consideration of SOC. The main
difference between the two is the separation of the Au 5d and At 6p orbitals into two peaks, one of
higher and one of lower energy regime. This split is due to the separation of the total angular
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momentum (f) components of the higher orbitals [15]. For the Au 5d, the j splits to j = 1.5 and 2.5,
while for the At 6p, the j splits to j = 0.5 and j = 1.5. This splitting causes both Au 5d and At 6p to
separate into two peaks. From this separation, we can see that the lower energy peak of At 6p
hybridizes with the lower energy, making a stronger case for the covalent bonding of astatine to the
gold surface.

2.3 Conclusion for chapter 2

I showed that astatine is able to adsorb on Au(111) surface via covalent bonding. This can be seen
from the lack of charge transfer as well as the hybridization of the astatine 6p orbital with the gold
Sp and 6s orbitals. The effect of SOC, while important in analyzing the electronic states, does not
provide significant impact on energy calculation and therefore may be neglected in calculating
adsorption energies.
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Chapter 3

Iodine atom adsorption on Au(111)

The findings on the previous chapter align with the experimental results that astatine on gold
nanoparticles can be used to deliver targeted alpha therapy to cancer masses. Considering that this is
a new methodology, I wanted to look at an already established radionuclide that could potentially be
an alternative to TAT, i.e. iodine. lodine has been used for thyroid cancer treatment since the 1940s,
and there have been studies that explore other usage of iodine radioisotopes to enhance its
flexibility [1-3]. The primary difference between astatine and iodine is in the decay product;
whereas astatine releases an alpha particle, iodine releases beta and gamma radiations.

3.1 Adsorption energy and geometry

Table 3-1 Adsorption of a single iodine and single astatine on Au(111) [4].

Adsorption [/Au(111) I/Au(111) I/Au(111) At/Au(111) At/Au(111)
position Energy (w/o  Energy (vdW) Energy (vdW  Energy (vdW) Energy (vdW
vdW) [eV] [eV] +SOC) [eV] [eV] +S0C) [eV]
bridge -0.85 -1.29 -1.30 -1.37 -1.40
fce hollow -0.92 -1.33 -1.34 -1.43 -1.43
hcp hollow -0.90 -1.33 -1.34 -1.42 -1.43
top -0.62 -1.11 -1.14 -1.20 -1.26

Table 3-1 shows the adsorption energies of a single iodine atom on Au(111) surface, as well as a
single astatine atom on Au(111) for comparison. As before, two sets of calculation, one considering
SOC and another one that does not are performed. We can see minimal changes in the energy after
SOC application, which is consistent with the finding in the previous chapter that SOC correction
does not affect the adsorption energies significantly. The calculations also support the experimental
finding that the labeling (i.e. adsorption) of iodine on gold nanoparticle is by chemisorption [5].
Similar to the At/Au(111) system, the addition of vdW has a much greater effect than SOC,
although the trend for adsorption is the same with or without the corrections.
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Figure 3-1. Top (above) and side views (below) of the final adsorption of iodine on Au(111).

Table 3-2. Distance between selected atoms of the I/Au(111) system.

Atoms Distance (w/o vdW) [A] Distance (vdW) [A]  Distance (vdW + SOC) [A]
I - nearest Au 2.80 2.87 2.89

atom

I - Au surface 2.23 2.25 2.28

Au(l) - Au(2) 3.16 3.11 3.07

Au(1) - Au(7) 2.85 2.82 2.81

Au(3) - Au(4) 2.98 2.94 2.92

Au(l) - Au(6) 3.00 2.97 2.96

The final configuration of the adsorption, shown in figure 3-1, is found to be at the fcc-hollow site,
the same with At/Au(111). The 3 gold atoms surrounding the fcc-hollow has increased their
distances from 2.91 A, which is their initial interatomic distance, by an average of 0.2 A to
accommodate the incoming iodine atom. This further supports chemisorption being the adsorption
mechanism, since physisorption will not be strong enough to cause a deformation on the slab
surface.
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3.2 Comparison with astatine

Before comparing the I/Au(111) system to At/Au(111) system, there is another interesting aspect
that differentiates them, and that is the presence of electrons in the 4f orbital. Based on the Aufbau
principle, the 4f orbital starts to be filled after the 6s orbital. This corresponds to one period lower
from iodine, affecting Cerium and heavier elements. One of the effect of this filling is the decreased
charge shielding offered by the 4f electrons, resulting in what has been termed “Lanthanoid
contraction,” named for the series that it first showed up [6,7]. The consequence of this
phenomenon is the reduction of atomic radius for elements with higher atomic numbers [7,8]. This
results in the adsorption distances of iodine on Au(111) to be very similar to that of astatine on
Au(111) despite astatine being 1 period down from iodine.

When a comparison is made between the final configuration of I/Au(111) with At/Au(111), the
results gives similar values. While this may be expected since both iodine and astatine is adsorbed
on the same surface facet, it shows a similar phenomenon happening in the At/Au(111) case. The
gold surface atoms moved by almost the same amount for At/Au(111) as they did for I/Au(111).
This indicates there is a limit on the ability of the gold atoms to move due to the packing structure
of the (111) surface. Therefore the two adsorbates, being almost equal in size with a gold atom, can
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Figure 3-2. Charge contour plots of iodine on fcc-hollow site of Au(111), taken from the (210)
plane. (a) Plot with vdW consideration (b) Plot with vdW + SOC consideration.

only stay at some distance away, which may explain why smaller radius halogens have stronger
bonding to gold surface. This, however, is not true in astatine’s case. Even though the adsorption
distance is longer than iodine, the adsorption energy of astatine on gold is still slightly stronger.
This could be due to the lanthanide contraction and the poor shielding offered by the electrons in
the 4f orbital, which caused the nucleus to have a stronger effect in the bonding process.
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Figure 3-3. Comparison of densities of state of [/Au(111) system. (a) Before and after adsorption
(considering vdW) (b) vdW and vdW + SOC.

Charge contour plots of I/Au(111) system with and without SOC consideration are shown in figure
3-2. We can see that the charge contours are mostly the same, due to the similarity of the bonding
distances. This implies that SOC consideration has almost no effect on the charge transfers of the
system as a whole. Another point to discuss is the charge contours are mostly affected by the
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adsorption distance of the adsorbate and the surface. The comparison to figure 2-3 shows that due to
the increase in adsorption distance with SOC consideration, the charge concentration between
astatine and gold decreased slightly.

Table 3-3. Bader charge differences for [/Au(111) and At/Au(111) systems.

Bader charge difference (vdW) Bader charge difference (vdW+SOC)
Auin I/Au -0.02¢e -0.03e
Iin I/Au 0.08e 0.07e
Au in At/Au 0.00e 0.02¢
At in At/Au -0.02e -0.09¢

Looking at table 3-3, the similarities of the amounts indicate that iodine adsorbs on the gold surface
via covalent bonding, with a tendency to be a charge recipient. In comparison to astatine, which
stayed either constant or slightly positive, iodine tends to receive charges from the gold atoms,
albeit in a very small amount. The tendency for iodine to assume a negative charge can be explained
by it being a halogen, which typically would accept one electron in order to complete its valence
shell. This can be seen in table 2-4, where chlorine in NaCl accepts 0.86 charges in the process of
bonding. Since iodine binds covalently with gold, such large charge movements are absent.

In figure 3-3, the comparison between densities of state before and after adsorption is shown in the
top part. Similar to the conclusion obtained in the previous section, iodine adsorbs on gold by
covalent bonding, with the same energy ranges that show hybridization between iodine 5p and gold
5d and 6s orbitals. The difference is when the DOS for calculations involving SOC is plotted. There
is no splitting for the iodine 5p orbital and the shape is generally similar to the calculations without
SOC consideration. This also indicates that iodine is not affected by SOC.

3.3 Conclusion for Chapter 3

The adsorption of iodine on Au(111) provides an interesting comparison to astatine since both are
halogens and both are important sources of radiation for radiotherapy purposes. Due to both
elements being classified as halogens, similar characteristics can be observed in the adsorption
process. Both iodine and astatine adsorb on Au(111) by covalent bonding, with hybridization of the
halogens’ p orbitals with gold 5d and 6s orbitals. Astatine’s adsorption energy was found to be
slightly stronger than iodine, which is useful for its application for radiotherapy.
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Chapter 4
Adsorption of astatine or iodine on Au(211)

Theoretical simulation can construct precise surface facets as well as controlling certain variables
such as the amount of adsorbates or surface defects, which allows for a more detailed study.
However, in real life, things are not so simple. Gold nanoparticles are three dimensional structures;
it is inherent for them to have different shapes and sizes, including different faces on the surface.
The effect of surface facet therefore is important in understanding where adsorbates such as astatine
or iodine may prefer to be adsorbed.

4.1 Energy and geometry of astatine or iodine adsorption on Au(211)
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Figure 4-1. (a) Top view of Au(111), (b) side view of Au(111), (c) possible adsorption sites of

Au(111).

The previous study on astatine or iodine adsorption is based on a flat surface, based on the
understanding that if Au(111) can adsorb them, more reactive surface facets can too. To learn more
about the adsorption characteristics, I looked into the adsorption of astatine or iodine on a stepped
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surface. This will provide a numerical comparison between a flat and stepped surface, as well as see
the changes present in such adsorption cases.

In figure 4-1, the different views of Au(211) surface slab that will be used in these calculations,
along with the possible adsorption sites listed. The slab shown is made of a 2x1 supercell of 2x3x6
gold atoms in order to highlight the stepped surface. These sites are designated slightly differently
due to the presence of an edge that stops the Au(111) facet from continuing. The top half of the slab
(layers 1 to 6 in figure 4-1 b) is allowed to relax while the bottom half is kept static to simulate bulk
conditions.

A comparison of the relaxed layers can be made with the literature to determine the amount of
contraction or expansion that took place in the slab during relaxation. The edge layer (layer 1 to
layer 2) contracted, around -30%, compared to the literature’s -4.2% [1,2]. One reason might be due
to the limited layers that this work employed: since adsorption process is mostly a surface
phenomenon, the simulation focuses mostly on the surface layers. The literature had much thicker
slab while this work has a limited amount; this means that a small deviation in the c-direction will
have a bigger impact on the percentage value. However, if one considers the interlayer difference,
such as from layer 1 to layer 4, the contraction is calculated to be -4.5%, which is similar to the
value given above.

Similar to the previous equations, the adsorption energies of the various systems can be calculated
using the formula

Eva = Evyaucx) — <0-5 X Ey, + EAu(X)) [2]

with the subscripts M and X representing an adsorbate (iodine or astatine) and the surface facet (111
or 211), respectively. E,4 represents the adsorption energy, Ejja,x) represents the total energy of
the adsorbate M on Au(X) system, EMz represents the energy of the isolated diatomic molecule of
M, and Ey,(x, represents the total energy of the clean Au(X) slab. The results are collated in table
4-1.

Table 4-1. Adsorption energies of astatine or iodine on Au(211) [1]

lodine Astatine

Energy (vdW) Energy (vdW + Energy (vdW) Energy (vdW +

[eV] SOC) [eV] [eV] SOC) [eV]
Edge-bridge -1.63 -1.64 -1.63 -1.61
Edge-top -1.18 -1.21 -1.19 -1.24
Mid-hollow -1.38 -1.37 -1.47 -1.45
Terrace-top -1.12 -1.13 -1.22 -1.27

The final configuration of astatine on Au(211) can be seen in figure 4-2 and its adsorption geometry
is given in table 4-2. For comparison, the geometry results of adsorption on Au(111) are given.
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Figure 4-2. Top (above) and side views (below) of final adsorption of astatine on Au(211). The
Au(211) slab is extended to show the stepped nature of the slab.

Table 4-2. Final distances of iodine or astatine on different gold surfaces [1,3].

Todine Astatine

vdW [A]  vdW+SOC[A] vdW[A] vdW +SOC [A]

M - Au(211) 2.13 2.17 2.26 2.31
Au(211)_1 - Au(211) 2 3.26 3.22 3.25 3.21
Au(211) 2 - Au(211) 3 2.74 2.74 2.75 2.74
M - Au(111) 2.26 2.28 2.35 2.42
Au(111)_1-Au(111)_2

Au(111) 2 - Au(111) 3 3.11 3.07 3.10 3.06

Au(111) 1-Au(111) 3
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4.2 Comparison between adsorption on stepped and flat surface
4.2.1 Adsorption configuration

The adsorption energy for a single iodine or astatine atom on Au(211) is stronger than the
corresponding adsorption on Au(111). This is due to the more active edge site, as exemplified by the
work function of the different surface facets. The calculated work function for Au(111) is 5.2 eV
whereas it is 5.1 eV for Au(211). A smaller work function value indicates less energy is needed to
remove an electron from the surface of the metal, which makes Au(211) to be more active than
Au(111).

Another point is the similarity between the adsorption sites on the “flat” side of Au(211): the mid-
hollow and terrace-top. The adsorption energy of the mid-hollow site closely resembles the
adsorption energy of the hollow site of Au(111). Similarly the Au(211) terrace-top site mimics the
Au(111) top site energetically. These reasons make the Au(211) to be a good contrast to Au(111), as
the Au(111) surface can still be found in parts of Au(211).

From table 4-2, we see that both adsorbates end up closer to the surface of Au(211) than Au(111).
This could be due to the relatively loose atomic layout in the a-b plane. Since the edge gold atoms
have only the gold atoms on the terrace to hinder their movement, they are able to move more freely
to accommodate the adsorbate. This causes the distance between Au(211) 2 and Au(211) 3 to
decrease more than the bulk interatomic distance of ~2.9 A. This squeeze allows for a larger space
to open up for the astatine or iodine, and making them adsorb closer to the gold surface. This could
not happen in a pristine Au(111) simply due to the closely-packed structure on the surface, as
mentioned in earlier chapters.
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0. 0 1 2 3 4 5
Lo ] ; _
9 13 bridge (211)
s &
— hcp holl 111
4 o-14 bridge (111) op hollow (111)
GC) fce hollow
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2
._. p-. -1.6
edge-bridge
-1.7 (211)

—--111 —--211

Figure 4-3. (Left) Astatine diffusion from the most stable site (1) to the second most stable site (5)
for Au(111) (top) and Au(211) (bottom). (Right) the energy plots associated with the movement.
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4.2.2 Stability of adsorbate

Having data for two different surfaces allow for comparison between the stability of adsorbates
already on the surface. The idea is if the surface allows for easy movement on its surface, any
external influence such as temperature may affect the behavior of the adsorbate, e.g. by moving
around. This could potentially affect other adsorption taking place on the surface since the
interaction between the present adsorbate and the incoming adsorbate may limit the amount of
adsorbates present on the surface. For this calculation, I designated the point 1 as the most favorable
adsorption site on that particular surface and point 5 as the second most favorable adsorption site
(figure 4-3 left panel). In the Au(111) case, this means going from the fcc-hollow to the hep-hollow,
with a distance of 1.68 A. For Au(211), the adsorbate goes from the edge-bridge site to the mid-
hollow site, a distance of 2.54 A. Since diffusion may take different paths, the path selected here is
a shortest-distance case based on the previous distance values. Energy needed to overcome the
barrier between the sites would determine how stable an adsorption position is.

From the right panel of figure 4-3, we find the Au(211) has a higher energy barrier than Au(111), at
-0.31 eV compared to -0.08 eV. In both cases, this is due to the need for astatine to traverse between
the two gold atoms before reaching its new placement. This bridge site is a less favorable place for
astatine to adsorb, and so a lower adsorption energy is obtained. This energy difference effectively
becomes the energy barrier that astatine has to overcome. Due to the symmetry of the Au(111),
astatine going from point 5 to point 1 faces the same energy barrier, while in the case of Au(211),
the energy barrier is lower, at 0.15 eV. This is still almost twice as much as the energy barrier for
Au(111), making Au(211) a much more stable platform to adsorb and hold astatine.

4.2.3 Charges and densities of states

To investigate the bonding in more detail, the electronic states are studied, first by looking at the
charge transfer for both surfaces.

Table 4-3. Bader charge differences for [/Au(211) and At/Au(211) systems.

Iodine Astatine
vdW vdW + SOC vdW vdW + SOC
M in M/Au(211) 0.08e 0.06e -0.01e -0.08e
Au in M/Au(211) 0.0le 0.01e 0.04e 0.06e
M in M/Au(111) 0.08e 0.07e -0.02e -0.09¢
Au in M/Au(111) -0.02e -0.03e 0.00e 0.02e

Comparing the Bader charges between the M/Au(211) system and the M/Au(111) system (table
4-3), there is not much difference in the charge movements for the adsorbates’ cases. This
strengthens the argument that the bonding between astatine or iodine on gold is covalent in nature,
and that the electrons responsible for bonding are mostly shared between the affected atoms.

The contour plots in figure 4-4 show an increase in overlapping charges between the adsorbates and

gold edge atoms. This is due to the charges being concentrated on two gold atoms instead of three.

Additionally, the shorter adsorption distances mean that the charges are more concentrated in the

spaces between astatine or iodine and the gold atoms. This is also reflected in the At/Au(211)
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Figure 4-4. Contour plots of (top left) /Au(211) with vdW, (top right) At/Au(211) with vdW,
(bottom left) I/Au(211) with vdW + SOC, and (bottom right) At/Au(211) with vdW + SOC.

system where, due to the slightly longer adsorption distance, the charge contour overlap is not as
large as I/At(211).

Finally, we look at the density of states of the M/Au(211) systems in figure 4-5. Both p orbitals of
iodine and astatine produce similar effects after bonding. The 5d orbital of gold initially had a
quantity of states around the -2 eV region, which were then reduced after bonding. These imply that
the adsorption process makes the gold more stable, which can be seen with the overlap of the
adsorbate’s p orbital and the gold’s 5d and 6s orbitals. The energy ranges for these hybridization
remains the same: between -4.5 eV to -2 eV for the hybridization with the gold 5d and around -6 eV
for the hybridization with the gold 6s.

The comparison between adsorption of astatine on flat and stepped surface can be seen in figure
4-6. In general, the peaks of astatine 6p correspond with each other, whether it is adsorbed on
Au(111) or Au(211), which indicates that the hybridization between astatine and gold is similar
across different surfaces. These however do not explain why the adsorption energies are 0.2 eV
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Figure 4-5. Comparison of densities of state before and after adsorption for (a) I/Au(211) with
vdW, (b) At/Au(211) with vdW, (c) /Au(211 with vdW and SOC, and (d) At/Au(211) with vdW

and SOC.

stronger for the stepped case than the flat case. Since the Bader charge difference also gave similar
results, the stronger adsorption must therefore be a property of the nature of the stepped surface, as
indicated by the work function difference.

These results suggest that the surface of a constructed nanoparticle should be composed of more
stepped or corrugated surfaces to allow for stronger adsorption of either astatine or iodine for
treatment. Not only does Au(211) show superior adsorption capability compared to a flat Au(111),
it is also able to keep the adsorbate stable on the adsorption site. Additionally, a three-dimensional
nanoparticle will undoubtedly have some stepped edges as the curvature of the particle wraps
around to form their shape. Making their diameters smaller will produce more of these jagged edges

than a larger-sized nanoparticle.
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Figure 4-6. Comparison of densities of states for At/Au(211) and At/Au(111). (a) with vdW and

(b) with vdW and SOC.
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4.3 Conclusion for chapter 4

I presented the results that Au(211) can adsorb both astatine and iodine more strongly and stably
than Au(111). This is due to the Au(211) surface being more reactive than the Au(111) surface based
on calculations of the work function. Both astatine and iodine adsorbs covalently on Au(211) with
hybridization of the iodine’s 5p and astatine’s 6p orbitals with the gold 5d in the energy range of
-4.5 eV to -2 eV and gold 6s around the energy range of -6 eV. Consideration of SOC shows a more
fitting hybridization but ultimately does not affect the adsorption energy strength calculated
previously. Diffusion calculations also show that adsorption on Au(211) is more stable than Au(111)
in that the adsorbate is less likely to diffuse after adsorption on the edge-bridge site of Au(211).
Therefore, based on this study, nanoparticles which have more edges and sharp interfaces can
adsorb astatine more strongly and keep them stable.

The findings from this simulation can be used to determine the optimal shape and structure of the
gold nanoparticles used for TAT applications. Current state of experimental finding is based only on
the size of the AuNPs, which, while useful, is not comprehensive in understanding the best
adsorption criteria for astatine on gold. Since we can employ theoretical calculations to look into the
details of such reaction, it becomes an important endeavor to study various combinations in order to
help experimentalists realize these findings in actual conditions.

29



References

[1] J. Tanudji, S. M. Aspera, H. Kasai, M. Okada, T. Ogawa, and H. Nakanishi, e-J. Surf. Sci.
Nanotechnol. 22 (2024) 38-45.

[2] A. M. Rodriguez, G. Bozzolo, and J. Ferrante, Surf. Sci. 289 (1993) 100-126.
[3] J. Tanudji, S. M. Aspera, and H. Kasai, e-J. Surf. Sci. Nanotech. 21 (2023) 318-323.

30



Chapter 5

Conclusion

5.1 Summary of findings

This dissertation has studied the adsorption of astatine on gold surfaces and its comparison with
iodine on the same gold surfaces. Astatine was found to adsorb quite stably on gold due to the
covalent bonding between astatine and gold. Since astatine is a halogen, another similar
radionuclide, iodine, is used for comparison. Both elements are found to exhibit similar properties
but also, due to the heavy nature of astatine, its electronic character is slightly different than iodine.

In chapter 2, I showed that astatine is able to adsorb on flat Au(111). The adsorption is covalent,
with the 6p orbital of astatine hybridizing with the gold 5d in the energy range of -4.5 eV to -2 eV,
as well as with the gold 6s in the energy range of -6 eV. Bader charge calculation indicate that
astatine is loses a small amount of charge after adsorption, classifying it as a charge donor, although
only very slightly. Due to the heavy nature of astatine, spin-orbit coupling (SOC) correction is
considered in the calculation, but the change that it brings to the adsorption energy is small enough
to be negligible. Calculations involving van der Waals (vdW) correction is found to yield more
accurate energies, comparable to experimental results. The effect of SOC is manifest in the
electronic states, where the splitting of the gold 5d and astatine 6p, otherwise unobserved if doing a
scalar-relativistic calculation, produces a more fitting hybridization between the two orbitals
mentioned earlier.

In chapter 3, a comparison of the previous system is made by replacing astatine with iodine. The
aim is to provide an idea as to the effect of a lighter radionuclide adsorbing on gold. Iodine, having
no electrons in 4f orbital, contrasts with astatine with a fully occupied 4f orbital. The result found
that iodine adsorbs less strongly than astatine, which is unexpected since earlier studies show a
decreasing adsorption energy as we go down the periodic table. This may be due to the lanthanide
contraction found in astatine, which is able to keep the atomic size from getting larger. Electrons
occupying the 4f orbital are also less effective at screening the core charges, making the valence
shells more compact.

In chapter 4, I conducted a study on the effect of different surface facets in order to find a more
optimum surface for adsorption. The Au(211) is chosen since it has a short terrace of Au(111), with
a step that allows for a break in the flat surface. The result is that both astatine and iodine can
adsorb more strongly on the stepped edges than on flat surface. This is due to the Au(211) being
more reactive than the Au(111), as shown by the slightly weaker work function. The stabilities of
the adsorption on these surfaces are also calculated, with adsorption on Au(211) being much more
stable. The energy barrier that an adsorbate needs to overcome is higher in the Au(211) than in
Au(111), effectively making the adsorbate stay in that position and not moving about easily.

Based on the above findings, I found that gold can be a good carrier for astatine in TAT
applications. The inherent inertness of gold means the gold is unlikely to interact with other
compounds and therefore is deemed to be biocompatible. In addition, the bonding strength afforded
by gold towards astatine is strong enough to hold astatine until they reach the targeted areas. As
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used in experiments, gold can be made into nanoparticles, which can be deployed inside the
patients’ bodies to perform treatments. In this study, the gold nanoparticles have been modeled as
surfaces. This was based on findings that for nanoparticles of sizes above c.a. 2.7 A, the adsorption
energy obtained for a nanoparticle was found to correspond with a surface equivalent. Therefore
since the experimental results were obtained using nanoparticles of at least 5 A diameter, the results
from the modeling is valid.

Finally, auxiliary compounds such as drugs, tracking particles, etc. can be attached to gold
alongside astatine. With the additional advantages that gold has, e.g., surface plasmon resonance,
producing reactive oxygen species to aid in destroying cancer cells, and others, the use of gold is
one important aspect in this methodology. No doubt more insights will be made and applied in the
future, as more of these aspects are studied.

5.2 Future works

The current state of experimental TAT is quite complex, with many different groups studying
different aspects of the treatment itself. Among the aspects are the different use of targeting
compounds and clinical trials involving only astatine without gold nanoparticles. There are also
ideas about harnessing other materials to be carriers. With such diverse interest, researches in TAT
are bound to generate much more new information as well as best practices that allow it to be a
viable methodology in cancer therapy.

Since this study only looks at a limited aspect, there are many potential researches that can be
undertaken. The decay process has been neglected to focus attention to the adsorption phenomenon.
Simplification is also employed in the form of surfaces; as gold nanoparticle sizes become smaller,
finite-sized effects cannot be ignored and a full simulation using three-dimensional model is
required. The addition of engineered defects may also provide an interesting result since from the
study, we know that a pristine surface has less room for the surface atoms to maneuver.
Additionally, there is a lack of experimental results for different variables since many of the
experiments are performed by biologists who are more interested in astatine’s efficacy than the
underlying physical fundamentals.

Moving out of the theoretical sphere, there are many issues to be tackled in its application. From
astatine production capabilities to potential patient antibodies disrupting its application, it takes
many people of different background and specialities to study this methodology. A review has been
written to provide an overview of the current state of development as well as problems that come up
before astatine’s application can be approved for regular use in treating cancers [Chapter. 1 ref. 21].
Future developments for this initiative should therefore be undertaken to advance both fields of
study.
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Appendices

Appendix A - Theoretical foundation of density functional theory

A.1 Born-Oppenheimer approximation of a time-independent Schrodinger
equation

All systems by nature contain energies, and those energies can be conveyed using the Schrodinger
equation of the form

H‘P{ g ,} E‘P{ ,,‘j} (A1)
_)

where ¥ is the many-body wavefunction based on the coordinates of the particles, R; is the

coordinate of the ith nucleus, ? is the coordinate of the ith electron, and E is the energy eigenvalue.

H is the Hamiltonian | operator which can be further divided into
H Tlec+T +Vlec nuc+V

nuc nuc—nuc + V elec—elec R
where T, .ec 18 the electronic kinetic energy operator, 7,
Velec —nuc is the nuclear-nuclear potential
energy operator, and V. Llec—elec 18 the electron-electron potential energy operator. Fully writing the
terms, equation (A2) becomes
ﬁz_h_ZNvg_h_ZM_I ifz,ez Ne_z_l 1 fz,zje2
2m — 2 = M, 4re 07 o i 2 47r€0 iz T 2 4me Py
(A3)
where 7 is the reduced Planck constant, m is the mass of the electron, M is the mass of the Ith
nucleus, i and j are counters for electrons that have a maximum value of N, I and J are counters for

(A2)

.« 1s the nuclear kinetic energy operator,

is the electron-nuclear potential energy operator, Vnu c—nuc

. . 1. . .
nuclei that have a maximum value of M, -~ is a constant found in Coulomb’s law, Z is a
ey

multiplier for the charges found in the nucleus, and r; and R; give the distances from the origin point
of the ith electron and Ith nucleus respectively.

Due to the large ratio of mass between the nuclei and the electrons, we can approximate the motion

of the particles by assuming the nuclei to be fixed while the electrons are moving in the constant
1 Z,Z;

external potential V(r). This approximation makes T ~ 0 and Vnuc e = , which
47[60 1<J R]J
then simplifies equation (A3) as
Helec = Telecz+ Velec nuc + V lec elec N o (A4a)
N h Ze e
Hyoo = Z‘, Z 4e 1 — (Adb)
C2m 471'60 == 2 47r€0 iz i

A.2 Hohenberg-Kohn theorems

Before going deeper, we have to establish a new parameter called the electron density. The electron
density is defined as

Jp(?)d?z N (A5)
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where p(?) is the electron density and the integral over the volume of the system yield N, the total

number of electrons. The Hohenberg-Kohn theorems state that

1. An external potential V, (7 ) can only correspond to one particular p(7).

2. Given a particular system, there exists a ground state electron density, p(7), which minimizes
the energy.

The proof for number 1:

Consider two different external potentials V., and V. _,. These potentials correspond to two different

Hamiltonians A and A’ respectively, whose ground state electron densities are the same even though
the normalized wave functions W and W’ are different. This yields

E, = <‘P|H|‘I‘> < <‘P’|I§V|‘P’> = <‘P’|FI+ V- \7’|‘P’>
E, < <w’|ﬁ'|w’> + Jp(?)[v(?) - v’(7)] d7

E, < E(’)+Jp(7)[v(7)—v’(7)] d7 (A62)

The reverse:

Ej = <qﬂ|ﬁ'|\1ﬂ> < <‘P|PI’|‘P> - <‘P|FI+ - V|‘P>
Ey < Ey+ [p(7)[\/(7) - V(7)] a7

E) < E, - Jp(7)[v(7’) _ v’(7)] d7 (A6b)

Combining equations (A6a) and (A6b) gives

Ey+ Ey < Ey + E (A7)
which does not make sense. Ergo, there is a one-to-one mapping between external potential Vm(?)
and electron density p(?).

The ground state energy can be written as

E [p] = Eelec—enuc [,0] + F [,0] (A8)
where F [p] =T [p] +E,joc—ciec [p] - E,jpe_ciec can be decomposed into the classical and non-
classical parts:

1 &2 - —
lassical [p] == < J“ p( ! l)p( r2) d?1d72 (A9)
2 47T€0 i

where the classical part is just the Coulomb interaction.

E

C

The proof for number 2:
For a trial density p, Ey < E [ﬁ]

Ey=Elp] < (VIAIP) =F ] + jﬁvm_nm)d? = E|p] (A10)

where F[p] = (P17 19) = (P17 [7] + Eutecicc [7] 1)

Therefore, we can separate equation (A10) into
E [p] = [p(?)velec—elec7d7+ <\P| T [p] + Eelec—elec [,0] |\P> (Alla)
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E [ﬁ] = Jﬁ(?)velec'—elec‘?d?+ <li’ | T [ﬁ] + Eelec—elec [ﬁ] Ili’> (Allb)

and when p = p, then equation (Alla) is equal to (Allb), and the system’s ground energy is
obtained.

A.3 Kohn-Sham equations

From equation (A8) and (A9)

1 e p(?l)p(72) - > - >, =
E [p] =T [p] += dr ld ) + Enon—classical [,0] + p( r )Velec—nuc( r )d r
2 471'60 a0
(A12)
Kohn and Sham now introduces a non-interacting single particle reference system with
N 2 N
po= 3 |0 = Y @07 =p() (A13)
i=1 2w i=1
and T, [p] = _%Z (®;| V2| ®@,) (A14)
i=1

where @;s are the orbitals of the non-interacting electrons. Based on equation (A3), a Langrange
multiplier, y, is chosen such that

o - =\ g
e {E[p(r)] —#Jp(r)dr} =0
op(r)

o —
= —= E[p(r)] = u (A15)
op(r)

T [p] and 7T [p] is different due to the latter assuming a non-interaction between electrons. So,

F [,0] =T [P] + Eelec—elec [,0] =T [,0] + Eclassical [p] + Enon—classical [,0] (A16)
With some manipulation, we get
F [:0] = Ts [p] + Eclassical [p] + EXC (A17)

where we define the exchange-correlation energy, Ey.-, as T [p] - T, [p] +E,,—classical [p] .
Combining equations (A8) and (A17),

- - 1 ¢? P(71)P(72) - ;> - U
E [p(r )] -7 [p( 7 )] 4o A7 A7+ Exe [p] + | 0P Woge e 7T
2 47[60 rin
(A18)
Substituting 7 for 71), 7’ for 72), into equation (A18), and the result into equation (A15) gives
7, |p ()] + Vi (P = (A19)
op(r)
e [ p(7)
where Vi (7) = Voo pue(7) + J d7" + Vyo(7) (A20)
47[60 | 7) _ 7)/
SExclp(7
of which Vyo(7) = %()] (A21)
p
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The Kohn-Sham equation is

hZ
(—%VZ + Veff(7)> @, = £0,7) (A22)

N
where E, = Z &,
i=1

2 —>
e r
Vi (F) = Vigeomae F) + PO s Vee(7), and
47Z'€0 ‘ 7) _ 7)/|

N 2
%
= o)
i=1

A.4 Exchange-correlation functional

The exchange-correlation functional embodies all the unknown terms due to the assumptions
introduced by the Kohn-Sham equations. Due to the complexities obtaining an exact formulation,
an ansatz for this functional must be utilized and iteratively solved in order to get a convergence on
the energies of both sides. This procedure is known as a “self-consistent field cycle.”

The simplest approximation is made from using the homogenous electron gas as the basis. This is
known as the local density approximation (LDA) and is in the form of

Egt* [p] = JP(?)gxc (p(7)> d7 (A23)
where €y~ (p (7)) is the exchange-correlation energy per particle of a homogenous electron gas of

density p(7) and can be decomposed as
exc (7)) = ex (p(7)) + ¢ (p(7)) (A24)

The exchange term for the homogenous electron gas can be obtained analytically, and the
correlation term can be obtained from quantum Monte Carlo simulations.

Since any real systems are not homogenous, i.e. having spatially varying p(7), the addition of a
correction to this approximation should yield results more representative of the system. This
correction comes in the form of the electron density, p(7), and its gradient, V p(?), and is called
the generalized gradient approximation (GGA) with the form

ExZ* [p] = ngc (p(?’ ). Vp(7 >) a7 (A25)

There are many types of GGA exchange-correlation functionals that have been developed. Using
GGA, consistent results for molecular geometry and energies can be obtained.

A.5 Spin orbit coupling

Spin orbit coupling (SOC) is the interaction between the spin of the electron and the orbital angular
momentum of the electron. Consideration of this phenomenon causes the splitting of energy levels
of the electron and the disappearance of conventional spin directions. While this can be obtained
from solving the Dirac equation for relativistic quantum mechanics, an easier method using
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approximations can be employed to give a relatively accurate result. The following is a simplified
derivation based on an electron bound to a hydrogen-like atom.

The energy of a magnetic moment in a magnetic field is given by

A —>

H=-uB (A26)

where B is the magnetic field, 4 is the magnetic dipole moment and can be expressed as y = yS,

_)

in which y is the gyromagnetic ratio and S is the spin angular momentum. When a magnetic dipole
- -

is placed in a magnetic field B, it experiences a torque 7 X B which tends to line it up parallel to

the field. Equation (A26) then becomes

N - >

H=-ySB (A27)

1
The magnetic field of a proton can be obtained via the Biot-Savart law as B = P;L with an effective
r

e
current [ = 7 e being the charge of the proton and 7 the period of the orbit. On the other hand, the

},.2

orbital angular momentum of the electron (in the rest frame of the nucleus) is L = rmv = 2zm T

Moreover, from this frame of reference, the nucleus (i.e. proton) is revolving around the electron,
which induces a magnetic field in the same direction as the orbital angular momentum (figure Al
left side).

u, S
B, LA

@ (
o’
e a.m

Figure Al. (Left) Hydrogen-like atom, from the electron’s perspective. (Right) A ring of charge,
rotating about its axis. [1]

U

The magnetic field can then be expressed as
- 1 e -

b= drey mc2r3 L (A28)

For the magnetic dipole of the electron, consider a charge g smeared out around a ring of radius r,
which rotates about the axis with period 7" (figure Al right side). The magnetic dipole moment of
the ring is

)
=—xr A29
r= (A29)
The angular momentum is the moment of inertia times the angular velocity:
2r
S = 7mrz (A30)
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The gyromagnetic ratio for this configuration is then

rF_ 4 (A31)

S 2m q

If the directions of ¢ and S are the same (i.e. the same charge) then p, = 2—S ; if not, it is
m

q

_=—-—5

" 2m e -

But it is found that ,L_t; = — —§; this extra factor of 2 can be explained by solving Dirac’s

m

relativistic equation. However, we are going to use an appropriate kinematic correction, known as
Thomas precession to get the answer as

) e? 1 —->-

8mey | m2c2r3

However, this spin-orbit interaction is based completely on classical physics and thus the

. — - - > S
commutation between L and S will change the result. The total angular momentum J = L + §.
The eigenstates of L, and S, are not good states to use in perturbation theory, but the eigenstates of
LZ, 52, J2, and J, are.

- - - - - —
J? = <L+ S>-<L+ S> 12+ S24+2L-S
1
LS == (1-12-5? (A33)
2 g
Therefore the eigenvalues of L- S are
h
0 G+D =10+ —s(s+ 1) (A34)

1 1 1
for which s = 5 Meanwhile <—

r3>=l(l+%>(l+1)n3a3
2 1 AliG+n-1+n-2|

Ego = (Hyo) = (A35)
8mey m2c? l<l+%> (1+1) n3a3

, and we get

Reference for appendix A
[1] D. J. Griffiths, Introduction to Quantum Mechanics, 2nd Ed., Pearson Education (2005)
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Appendix B - Calculation details

Theoretical calculations were conducted using DFT as implemented in the DFT software Vienna
Ab-initio Software Package (VASP) [1,2]. The electronic one-particle wave-function was expanded
to an energy cutoff of 400 eV. A convergence threshold for the self-consistent field calculation was
set to 10-5 eV, meaning that the calculation was considered converged if the energy difference
between the steps was less than 10-5 eV. I used pseudopotentials with Perdew-Burke-Ernzerhof
generalized gradient approximation exchange correlation functional and the projected augmented
wave method to describe the modeling of the core electrons [3,4].

For the partial filling of the electronic orbitals, I used the method of Methfessel-Paxton order 1 with
a smearing width of 0.2 eV. The integration for the first Brillouin zone was performed by a mesh of
5 X5 X1 k-points with a Monkhorst-pack sampling scheme [5]. Calculations involving van der
Waals interaction employed the DFT-D3 code developed by Grimme et al [6]. Calculations
involving spin orbit coupling (SOC) were done from the VASP input file, which automatically
adjusts the pseudopotential to be fully relativistic [7].

The relaxation of the top half of the slabs were done using the residual minimization method - direct
inversion in the iterative subspace algorithm [8,9]. I also included the electronic dipole correction
along the c-axis to take into account possible effects of charge interactions between the repeated Au
slab layers.

Lattice constant for gold slab was found to be 4.16 A for non-vdW calculation, 4.12 A for vdW
calcultion, and 4.10 A for vdW + SOC calculation, all of which are consistent with the values in the
CRC Handbook of Chemistry and Physics [10].

Finally, Bader charge calculations are performed before and after adsorption to obtain the charge
transfers for each atom [11]. The fine fast Fourier transform grid mesh for these calculations was
increased to obtain a resolution of 0.01 charges in the final results, which is more accurate than the
default setting. The simulation considers Au to have 11 valence electrons in the electronic
configuration 5d196s!, iodine to have 7 valence electrons in the 5s25p5 configuration, and astatine to
also have 7 valence electrons in the 6s26p5 configuration.
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