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Abstract
Radioactive iodine (e.g. I-125, I-131) have been used for decades in the medical community for cancer 
treatment and imaging. Using gold nanoparticles as a carrier for iodine opens possibilities of new 
treatments for cancer and also for tracking cancerous cells. To design an optimized version of gold 
nanoparticle for such purpose, we need to understand the bonding mechanism and gauge the strength of 
such bonding. To this end we performed theoretical calculations on the adsorption state of iodine on gold 
(111) surface. The results show good adsorption of iodine to gold, most stably on the hollow sites. The 
bonding mechanism is via the hybridization of the 5p orbital of the iodine with the 6s and 5d orbitals of 
the neighboring gold atoms. These results act as a first step to designing an optimized gold nanoparticle 
that can be used in future radiotherapy treatments. 

Introduction
Iodine is an important element for the 

regulation of bodily function, in particular 
of the thyroid gland [1,2]. Other than I-127, 
which is stable, the majority of iodine 
isotopes are radioactive isotopes, such as 
I-123, I-131, etc. These are commonly used 
either for imaging purposes or as treatment 
options against cancerous cells [3]. Since 
iodine is absorbed by the thyroid gland, the 
main target for these radioactive iodines are 
the thyroid cancer cells [4–10]. The prospect 
of using radioactive iodine to target other 
types of cancer cells is difficult due to the 
fact outlined above. In order to expand 
the use of iodine, another method must be 
utilized in such a way as to hold the iodine 
until it reaches the intended target. One 
possible method is to mount iodine on gold 
nanoparticles (AuNP).

AuNPs have been studied for use in 
nanomedicine for various purposes [11–18]. 
Most uses are utilizing its unique properties 
of Au itself such as its tunable optoelectronic 
properties, biocompatibility and non-
toxicity in cells among others. In recent 
years, AuNPs are being developed as a carrier 
of medicine. In this scenario, AuNPs labeled 

(or attached) with cancer-fighting drugs can 
be conjugated with cancer-targeting proteins 
in order to bind only to certain cancerous 
cells. Once there, the drugs can be released 
and therefore would only target the cancerous 
cells instead of roaming around the body of 
the patients. This is a great advantage since an 
optimal amount of drugs for treatment can 
be used, which minimizes side effects and 
also keeps the patients from having an excess 
of medicine in their bodies. In particular 
for radioactive applications, imaging or 
tracing agents can also be augmented onto 
the surface of the nanoparticles, allowing 
medical personnel to monitor the treatment 
process without any delay [18]. Additionally, 
due to the unique properties of Au, external 
treatments in conjunction with radiotherapy 
can be applied to the patient should the need 
arise.

This flexibility allows for the labeling of 
radioactive iodine on AuNPs, increasing the 
viability of iodine as a radioactive treatment 
option for various types of cancer. Not 
limited to just treating thyroid diseases, these 
radioactive iodine such as I-125 and I-131 can 
now be utilized against other types of cancer, 
provided the proper proteins are conjugated 
onto the AuNPs [19,20].
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While experiments have shown that iodine can bond with 
Au, there are still questions on how well such bonding can hold 
up. Kim et al. showed cases whereby iodine is found detached 
from the AuNPs [22]. This could cause potential issues of 
rouge iodine particles going towards the thyroid, which may 
be healthy, and cause adverse effects due to the unintended 
radioactivity in the organ. Several studies have shown that 
exposure of healthy thyroid cells to radioactive iodine increases 
the likelihood of thyroid cancer [21,23,24].

Since results from experiments and clinical trials are 
promising, they can provide the basis for the design of an 
optimized AuNP that can be used in this purpose. However, 
as we mentioned before, few articles look at the fundamental 
science of the nature of bonding behind this adsorption 
process, such as how iodine bonds with the gold surface [25]. 
There are interesting insights to be obtained, and can provide 
us with the understanding needed to design such AuNPs. For 
this, we have to turn to Computational Materials Design.

The concept of Computational Materials Design (CMD) 
is to find out the fundamental mechanism of the process before 
designing a methodology to optimize the material for various 
applications [26]. The use of first principles calculation helps 
us to virtually design materials with desired characteristics 
in order to provide the best product that can then be verified 
by experimentalists before undergoing production. Some 
examples of CMD in application are fuel cells, hydrogen fuel 
storage, NO catalyst, and investigation of melanin chemistry 
among others [27–31].

Using CMD, we aim to design an optimized AuNP that 
can be used in radiotherapy. To do this, we need to quantify 
the strength of adsorption for iodine on AuNP to ensure its 
stability when it is in operation. Therefore, we first have to 
understand the physics of adsorption of iodine on AuNP.

Computational details
First principles calculations based on the density 

functional theory (DFT) were performed using the Vienna 
ab initio simulation package (VASP) [32,33]. Pseudopotential 
based on the generalized gradient approximation (GGA) with 
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation 
functional was used, along with the projector augmented wave 
(PAW) method to approximate the core electrons [34–36]. 
Calculations incorporating van der Waals (vdW) interaction 
were performed by applying the DFT-D3 method developed by 
Grimme et al. [37] The electronic one-particle wavefunctions 
were expanded in a plane-wave basis set up to an energy cut-
off of 400 eV, and the convergence criterion for the electronic 
self-consistency calculation is set at 10−5 eV. The integration 
for the first Brillouin zone is performed using a mesh of 5x5x1 
k-points with a Monkhorst-Pack sampling scheme [38].

The calculation model was made using a 3x3 slab of 5 layers 
of Au(111) separated by a vacuum of 12 Å. The bottom two 
layers are kept fixed in the bulk configuration while the top 
three layers are allowed to relax. A schematic of the clean 
Au(111) surface is shown in figure 1 with possible adsorption 
sites labeled.

 Based on Au bulk calculations, the lattice constant 
obtained is 4.17 Å for calculations without vdW interaction 
(non-vdW) and 4.12 Å for calculations involving vdW 
interaction, which is in range with the value of 4.0786 Å, 
given in the CRC Handbook of Chemistry and Physics [39]. 
The adsorption energies for I/Au(111) can be calculated by 

where / (111)I AuE  represents the energy of a single iodine atom 
adsorbed on the Au(111) slab model, 

2IE  is the energy of 
the isolated iodine molecule, and (111)AuE  is the energy of the 
clean Au(111) slab, with or without vdW in the appropriate 
calculation scheme.

Bader charge calculations using the valence electrons are 
performed to determine the charge transfers that may happen 
during the adsorption process [40]. Positive values means an 
excess of charge (electrons) is present compared to the initial 
Bader charge calculation for the particular atom. Conversely, a 
negative value indicates charges going out of the surrounding 
of the atom.

Results and discussion
This work is going to focus on the interaction between 

iodine and the surface of an Au slab. While nanoparticle sizes 
can vary, Kleis et al. found that above a certain threshold, the 
surface adsorption characteristics of an AuNP approaches 
that of an Au surface [41]. This approximation allows for 
representation of bigger nanoparticle sizes which may contain 
hundreds of atoms as surface slabs and therefore removes 
additional burden to the computational process. For the choice 
of surface, we picked the (111) surface as a starting point in our 
calculation due to it being the most stable among the surfaces 
[42,43].

The first part of the calculation is obtaining the bonding 
energy between iodine and the Au surface. Based on the 
possible adsorption sites, the results of the calculation are 
shown in table 1.

From the results, we can see that iodine will be more likely 
to bind on the hollow sites. The negative values show that 
iodine readily binds to Au surface, with the more negative 
values indicating a more stable adsorption configuration. We 
can see a difference of about 0.01 eV between adsorption on fcc 
hollow and hcp hollow, due to the hollow sites offering three 
Au atoms for the iodine to attach. The van der Waals (vdW) 
calculation shows a much bigger effect on the adsorption 
energy due to the added interactions between the iodine atom 
and the immediate gold atoms. Both the non-vdW and vdW 

Figure 1. Adsorption sies of Au(111) surface.

(1)
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calculations show the preference of iodine to hollow sites, 
with the fcc hollow site showing the most stable adsorption 
configuration. All electronic calculations are based on the 
iodine adsorbing on the fcc hollow site (Figure 2).

Next, we look at the charge distribution of the system 
to understand the bonding between the iodine and the 
neighboring gold atoms. Bader charge analysis is performed 
and the result is given in table 2.

We can see that the charge distributions before and after 
adsorption are not very different from each other. This indicates 
that electrons are being shared between the incoming iodine 
and the surrounding Au atoms, creating a covalent bonding. 
The reason is due to the large work function of Au which allows 
for a smaller charge transfer to electronegative adsorbates, 
which causes the bonding to become mostly covalent [44]. 
Iodine becomes slightly more negative while the Au atoms lose 
their electrons at a much smaller portion.

Table III provides a comparison between calculations with 
and without vdW correction.

Position Adsorption energy (w/o vdW) [eV] Adsorption energy (w/ vdW) [eV]
bridge -0.854 -1.285

fcc hollow -0.916 -1.334
hcp hollow -0.903 -1.325

top -0.622 -1.116

Table 1. Adsorption energies of I on Au(111) surface.

Figure 2. Schematic diagram of I on Au fcc hollow.

Atom Relative charge (before 
adsorption) [e/atom]

Relative charge (after 
adsorption) [e/atom]

Difference [e/atom]

I 0 0.0740 0.0740
Au(1) 0.0304 0.0024 -0.0280
Au(2) 0.0304 0.0024 -0.0280
Au(3) 0.0304 0.0099 -0.0205
Au(4) 0.0352 0.0176 -0.0176

Table 2.Bader charges of I on Au(111) surface.

Based on table III, considering vdW interaction causes 
a small change in the overall configuration and surface 
reconstruction of the Au(111). The differences between the two 
methods are less than 0.1 Å, which is not significant in this 
system. The height of the iodine atom above the Au surface is 
obtained to be 2.229 Å and 2.246 Å for the non-vdW and the 
vdW interaction respectively. This, combined with the overall 
lack of difference between the distances of the two methods 
show an overall similarity in the geometry of the adsorption 
of iodine on Au.

The presence of bonding is visible in the contour plots shown 
in figure 3 between the iodine atom and the corresponding 
Au atom, labeled in this case as Au(3). The contour lines have 
an interval of 0.1 e/Å3 and the lines closest to the bonding 
atoms are labeled with numbers to indicate the distribution of 
charge. It can be seen that between the iodine atom and the 
Au(3) atom, the charge density falls between the 0.3 and 0.4 e/
Å3 contour lines, whereas between the Au atoms, the charge 
density is between 0.2 and 0.3 e/Å3 contour lines. This indicates 
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Atoms Distance (w/o vdW) [Å] Distance (w/ vdW) [Å]
I-Au(1)

2.879 2.874I-Au(2)
I-Au(3)

Au(1)-Au(2)
3.156 3.105Au(2)-Au(3)

Au(1)-Au(3)
Au(3)-Au(4) 2.977 2.936
Au(4)-Au(5) 2.942 2.907
Au(1)-Au(6)

3.000 2.969
Au(2)-Au(6)
Au(1)-Au(7) 2.846 2.818

Bulk Au 2.949 2.913

Table 3. Interatomic distances of selected atoms in the I/Au(111) system.

that more electrons are being shared between iodine and gold 
compared to between gold and other gold. While this figure 
only shows one bonding between the iodine and gold atom, 
and due to the symmetry of the adsorption position, iodine 
actually bonds with the three neighboring gold atoms (Au(1), 
Au(2), and Au(3) of Figure 2) which stabilizes the bonding 
between the iodine atom and the gold surface.

Finally, we look at the bonding properties through the 
plots for the density of states (DOS). Figure 4 shows two sets 
of lines: the dotted lines represent the DOS of the gold valence 
orbitals before adsorption (clean) and the full lines represent 
the DOS of the gold valence orbitals after adsorption (bond). 
The purple line represents the I 5p orbital after it has been 
adsorbed on the surface. We can see the energy range of I 5p 
orbital falls along the same energy ranges of Au 6s and Au 5d 

Figure 3. Charge distribution contour for I/Au(111) taken at the (210) plane, with 0.1  e⁄Å^3  spacing between the lines.
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orbitals. The hybridization between Au 6s and I 5p, as well as 
the hybridization between the Au 5d and the I 5p can be seen 
from the shape of the I 5p, which tends to follow both gold 
orbitals along the I 5p orbital energy range.

A comparison of the “clean” and “bond” lines gives the 
effect due to the bonding, especially in the hybridization of 
the DOS of gold. It can be seen that prior to the adsorption 
process, the Au 5d has slightly more states near the Fermi level, 
but after the adsorption, more states appear in the lower energy 
regime of the Au 5d, indicating a more stable configuration. 
Additionally, the DOS of the Au 5d orbital has been slightly 
broadened, particularly near the Fermi energy. This indicates 
that some electrons were transferred from the 5d orbital to 
some other orbitals such that the orbital is able to take part in 
the adsorption process. 

One aspect of covalent bonding is the hybridization of the 
affected orbitals, and that is seen in the Au 5d orbital with the I 
5p. Several energy levels, especially from -4.5 eV to -2 eV, show 
the Au 5d DOS following the shape of the I 5p DOS, modifying 
the original DOS of the Au 5d. This strengthens our belief that 
the I bonds with Au covalently, which is in agreement with the 
experimental result [25].

Another orbital affected by this adsorption process is the 
Au 6s, which can be seen around -6 eV and near the Fermi 
level. However, since the changes are relatively small, we think 
the adsorption process is driven mainly by the hybridization of 
the I 5p and Au 5d orbitals with some contribution from the I 
5p and Au 6s orbital hybridization.

The purpose of this study is to learn the basic mechanism 
by which iodine can be attached to AuNPs, and also act as an 
initial starting point to more complex studies which make 
the design process more feasible. Therefore, we are looking 
at the most basic case of pure iodine and pure gold, without 
any external factors. We hope to start exploring the various 
possibilities of iodine adsorption on Au, which can provide 
us with both quantitative information and also about the 
qualitative trends and possible problems that can arise from 
this treatment methodology.

Figure 4. Projected DOS of I/Au(111) system. 

Conclusion
In this work, we have calculated the adsorption state of 

iodine on Au(111) surface in order to understand the nature of 
the bonding between the radioactive substance and its carrier. 
Experiments have shown that iodine can bond strongly 
with AuNPs. Based on our calculations, it seems that iodine 
can indeed bond with Au surface. The primary mechanism 
for bonding is the hybridization of the I 5p orbital with the 
surrounding Au atoms’ 6s and 5d orbitals, which allows for the 
continued attachment of iodine on Au.

This result serves as a starting point and benchmark for 
future works, with the eventual goal of designing an optimal 
nanoparticle for use in this field. Considering the history and 
many potential uses of iodine, this work hopes to advance our 
understanding of the use of such treatments to help patients 
cope with their illness and hopefully make a full recovery.
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