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General introduction

lonizing radiations (loR) inflict detrimental damage on genetic material, proteins, and the
signaling pathways that typically govern cellular functions!. This damage can result in adverse
outcomes, such as premature aging?, the development of tumors and cancers3, but also in
therapeutic benefits in the realm of radiation therapy®. lonizing radiation can consist of high-
energy photons, such as extreme ultraviolet rays (XUV), X-rays, or gamma rays, or charged
particles like protons (H*), alpha particles (He?*), electrons (e’), or muons (). The sources of
ionizing radiations can be natural, such as radioactive minerals, oceans, solar radiation, and
cosmic rays, or of anthropogenic nature, originating from medical procedures, nuclear power

plant waste, nuclear catastrophes, or nuclear weapons testing>.

The responses of biomolecules to IoR are multi-timescales®’. In this thesis, our focus is on the
physical stage, which takes place within a timescale ranging from 10! to 10''> seconds. The
physical stage is initiated by the deposition of energy from IoR to the target, leading to ionizations
and excitations, and creating a superposition of electronic states. This stage ends with charge
redistribution before the atomic nuclei respond. The ultrafast events occurring at the physical
stage are of utmost importance as they set the stage for all subsequent events. The excited or
ionized biomolecule experiences rapid structural transformations from 10> to 10 seconds,
during which reactive chemical species such as free radicals can be produced. These reactive
species can then interact with nearby molecules, such as water or other biomolecules, from 10
to 10 seconds, leading to a cascade of chemical reactions. Finally, the altered biomolecules and
chemical species engage with larger biochemical networks in the cell over extended periods
ranging from seconds to days (or more). This engagement encompasses signaling pathways, DNA
repair mechanisms, and potentially programmed cell death if the damage is extensive®. This multi-
timescale nature is essential to understand the detailed mechanisms of radiation interaction with

biological systems and the potential consequences, either harmful or therapeutic.



Energy deposition is a critical parameter for controlling the dosage and penetration of loR. For
instance, in particle therapy, it is essential to precisely target tumor cells while sparing healthy
tissues. In the case of photons, for example, it is important to determine the dose liberated during
medical imaging®. Stopping power, or attenuation in the case of photons, is a term that refers to
the amount of energy transferred from ionizing radiation to the target material (energy
deposition) per unit distance. The stopping power or energy deposition generally depends on the
energy and types of loR. Charged particles deposit their energy in a highly localized region within
matter, with the amount depending on the kinetic energy of the particles. A sharp and significant
transfer of energy occurs at the end of the particle's trajectory, known as the Bragg peak. This
characteristic makes charged particles especially useful in radiotherapy. On the other hand,
photons can deposit energy through various processes, such as photoabsorption, photoelectric
effect, Compton scattering, or pair production, depending on their energy'. In general, the

energy deposition by photons is spread over molecules and attenuates with penetration distance.

The creation of a superposition of electronic states in biomolecules as a result of IoR interaction
can lead to an ultra-fast redistribution of charge. This can occur as a result of charge migration®?,
Interatomic Coulombic Decay (ICD)?, and auto-ionization®®. Consequently, the charge does not
remain localized at the initial position but is transferred to another part of the molecules, leading
to characteristic fragmentation and processes in biological systems. For instance, the
decarboxylation of acidic amino acids induced by X-rays!* or ionization at specific sites in

polypeptide molecules can lead to fragmentation elsewhere within the molecule®.

Recently, the advent of ultrafast spectroscopies has enabled the direct investigation of the
earliest mechanisms in the physical stage, in real-time. Experimental techniques employing
pump-probe XUV lasers, generated through high harmonic generation®8, offer exceptional
approaches for probing matter’s responses with attosecond resolution. However, time-resolved
pulsed radiolysis using beams of charged particles has been mainly constrained to the picosecond
range. Beyond experiments, theoretical access to the physical stage for large biomolecules is now
possible. Pure Real-Time Time-Dependent Density Functional Theory (RT-TD-DFT) allows for the

step-by-step simulation of the response of the electronic cloud in large molecular systems



subjected to strong, ionizing radiations. This is achieved by discretizing time into small
increments, typically of a few attoseconds. Notably, it provides theoretical insight into the real-

time interaction of loR with matter and the superposition of electronic states.

Energy deposition by charged particles depends on both the kinetic energy of the particles and
the characteristics of the target molecules. For particles with an energy above 1 MeV, the
relativistic effect is incorporated into the contribution of energy deposition. This effect is also
responsible for the increase in energy deposition seen in the stopping power curve at high-energy
particles. With respect to target materials, energy deposition relies on the electronic structure or
density, which in turn depends on the types of atoms, as well as the chemical and physical bonds

within the material.

Accurate calculation of energy deposition or stopping power presents a significant challenge for
both experimental and theoretical approaches. Experimental measurements suffer from a high
degree of uncertainty®®. Empirical 2%?! and semi-empirical models??=2> are quite precise for
calculating the stopping power of homogeneous systems. However, for heterogeneous systems
like biomolecules, errors in stopping power can accumulate due to Bragg's additive rule. This rule
considers that the stopping power of a compound can be calculated from the linear combination
of the stopping power of its individual atoms. It neglects the effect of chemical and physical bonds
between atoms in the molecules. The effect of hydrogen bonds on energy deposition is well
known for water, corresponding to about 10% at low-energy particles?®. However, for
biomolecules, this effect is not clear, even though hydrogen bonding in biomolecules is known to

be essential.

RT-TD-DFT is a promising model for calculating stopping power?’ and electronic relaxation'® in
real systems. However, to date, simulations using RT-TD-DFT are restricted to low-energy
particles (below 2 MeV) due to the absence of the relativistic effect of charged particles in the
simulation. It is not clear how the relativity of charged particles affects energy deposition in RT-
TD-DFT simulations. When dealing with large biological systems, simulating the entire system

using RT-TD-DFT becomes impossible. Instead, the technique of combining quantum mechanics



with molecular mechanics (QM/MM) proves useful. In this approach, the atoms of interest are
described at the RT-TD-DFT level, while the effects of the molecular environment are taken into
account using molecular mechanics. However, the impact of the size of the QM region and the
type of force field in MM on energy deposition and electronic relaxation induced by IoR remains

elusive.

The attosecond XUV-pulse plays an impressive role in revealing the ultra-fast mechanisms that
occur in small and relevant biomolecules!’”?® in the gas phase. However, studying large
biomolecules like peptides or proteins presents a significant challenge for both experimental and
theoretical approaches. More recently, our experimental collaborators (team of F. Lepine at ILM,
Lyon) have developed a technique using XUV-IR pump-probe lasers to investigate large
biomolecules up to the size of entire proteins®. For us, the question remains: how does the
secondary structure in a biomolecule affect the interaction with XUV-pulse, ionization of the

molecule, or electron relaxation? This aspect is still unclear.

This thesis consists of five Chapters:

Chapter One lays the necessary background to understand the subsequent Chapters. It begins by
introducing the processes involved in radiation damage, followed by an exploration of the
characteristics of the physical stage, including energy deposition and electronic responses. Finally,
the chapter introduces the theoretical background for RT-TD-ADFT as a workhorse model in our

work.

Chapter Two focuses on the effect of some relativistic effects on energy deposition when the
irradiating ion approaches the speed of light. We consider a Watson-Crick guanine-cytosine
nucleobase pair, with two water molecules hydrogen-bonded to the guanine nitrogen atoms.

These molecules are essential components of the DNA structure.

In Chapter Three, we investigate the effect of hydrogen bonds on the energy deposition for the

same system that is used in Chapter Two.



In Chapter Four, we investigate the physical stage of energy deposition and charge migration in
protein/DNA complexes exposed to a-particles. We utilize RT-TD-DFT within the framework of
Quantum Mechanics/Molecular Mechanics (QM/MM) approaches. In this chapter, we examine
the impact of the QM-region size and the electrostatic induction of the MM-region on energy
deposition and post-irradiation charge migrations. Finally, we introduce a new analytical

technique for studying charge migration in large systems.

Finally, Chapter Five is dedicated to the ultrafast response of the Insulin*® protein and the
Substance PH* peptide to XUV-pulses in the gas phase. We begin by assessing the effect of atomic
center basis sets on the simulation of XUV-pulses for N2 and model peptides. This chapter includes
the study and preparation of the structures of Insulin*® and Substance PH* in the gas phase,
achieved through molecular dynamics simulations. Additionally, we present the results from RT-

TD-DFT concerning the interaction of XUV-pulse with Insulin*® and Substance PH*.
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1 Radiation damage and theoretical background

The responses of biomolecules interacting with ionizing radiations is a complex, multi-stage
process that begins with the ultra-fast response of the electron cloud and may culminate in
biological damage over several days or years. In this thesis, our interest lies in the ultra-fast events
that occur within a range from attoseconds to a few femtoseconds in biomolecules when induced
by fast-charged particles and XUV-pulses. This chapter is dedicated to introducing the

foundational elements required to understand the subsequent chapters.

The first section introduces the processes involved in the radiation damage of biomolecules. In
the second section, we delve into the physical stages of radiation damage, encompassing the
general mechanisms related to energy deposition by ionizing radiation and ultra-fast electron
relaxation. The third section introduces the theoretical background employed throughout this
thesis, specifically highlighting ground state density functional theory and Real-Time Time-
Dependent Auxiliary Density Functional Theory. The chapter concludes with a summarizing

section.

This chapter draws inspiration from two review articles of which | am a co-author. The first article,
conducted during the COVID shutdown, is published in the Annual Review of Physical Chemistry
under the title "First-Principles Simulations of Biological Molecules Subjected to lonizing
Radiation"!. The second article has been published more recently in The European Physical
Journal Special Topics, under the title "Current status of deMon2k for the investigation of the
early stages of matter irradiation by time-dependent DFT approaches"?. In this article, | contribute
by composing two sections on the effects of complex absorbing potential on RT-TD-ADFT
simulations of ionizing radiation and the effect of force field polarizability on energy deposition

and charge migration during the interaction of charged particles with DNA/protein complexes.
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1.1 Radiation damage of biomolecules

When high energetic particles (o, B particles, H*,n ....) and photons (X-rays, y-rays ....) penetrate
biomolecules, they interact strongly with the electron cloud, carrying enough energy to excite
molecules or detach electrons. This primary interaction initiates successive physical-chemistry
processes, leading to complex formation and breaking of chemical bonds along the ionizing
radiation (loR) track. As a result of chemical lesions, biomolecules, such as DNA, proteins,
enzymes, or lipids, malfunction leading to the death of the vital cell?, accelerates age in human or
raises cancerous tumors®. In this section, we attempt to define the key processes involved in

radiation damage to biological systems.

The response of a biomolecule subjected to IoR is exceedingly complicated and of multiscale
processes. It is customary to classify the responses into four major successive stages according to
the kind of processes involved, namely the physical, the physicochemical, the chemical and,
finally, the biological stages>®. Understanding the mechanisms involved in each stage aids in
unraveling the consequences of irradiation. As a complement to experimental approaches, such
as time-resolved pulsed radiolysis or pump-probe spectroscopy, numerical simulations are
employed to reveal the damage mechanism at the atomic level. To select sophisticated models,
we must first understand the characteristics and features of each stage. Figure 1-1 schematically

summarizes the multiscale responses of biomolecules subjected to irradiation?.

loR/matter cellular responses
interaction

um space

electron
dynamics

large conformational changes

ultrafast
chemistry steady-state chemistry
non-adiabatic =)
electron e- local conformational changes
nuclear dynamics dynamics
e ps = i ms  Time
Physical stage Physicochemical stage Chemical stage Biological stage

Figure 1-1: Interaction of loR with biological matter induces multiscale responses in time and space. In the bottom we
indicate, not exhaustively, some of the methodologies found in the literature to address the different scales. The figure
is taken and adopted with permission™.
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The physical stage begins when an IoR penetrates matter, depositing a large amount of its energy
on a time scale of a few attoseconds (102 s), this energy leads to excited and ionizing target
molecules and ejects energetic electrons in the continuum. The excited and ionized molecules
undergo pure electronic dynamics processes like, intra- and inter-molecular charge and energy
migration, Coulomb Decay (ICD’) and Auger electron relaxation® etc. Secondary electrons
generated as a result of the ionization process, can have energies ranging from a few electron
volts (eV) to several kiloelectron volts (keV), depending on the type and energy of the incident
radiation. They thermalize by collisions in the environment and may excite other molecules.
Finally, very dense track of excited, radical cation molecules and secondary electrons are formed
along the IoR trajectories. This stage continues until the nuclear response becomes significant in
general in a few femtoseconds (1071°s). The pure electrons dynamic model is sufficient to simulate
the physical stage. We concentrate on the physical stage in this work, therefore we go over it in

greater detail in following section.

Following the physical stage, the physicochemical stage appears and continues for a few
picoseconds (10 s). The reactive species created during the physical stage are unstable, they
start to expand and initiate complex nuclear and electron coupling dynamics. The excited radical
cation undergoes an ultra-fast process by means of a sequence of electron or proton transfers
from neighboring molecules, or it dissociates by dissipating energy into vibrational modes.
Secondary electrons will be trapped in molecular cavities and solvated®. They can also be caught
in molecules, which would then activate the electron attachment dissociation pathways'°.
Because the electronic system is still in an excited state at the beginning of the physicochemical
stage, we have to provide a non-adiabatic model to simulate this time range. After a few ps, the

system returns to the ground state, an adiabatic model might be enough.
The non-homogeneous chemical stage extends from few ps to the time when the reactants are
distributed homogeneously (us, 10°° s). The radiolytic species are highly reactive and non-

homogeneously distributed at the end of the physical-chemical stage. Depending on the radiation
type and reaction energy barriers, the reactive species diffuse and react with one another or with

the surrounding molecules, until the tracks vanish completely. In this stage, the system is entirely
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in its ground state and expands, so that the system is governed by thermodynamic equilibrium

and diffusion rate. So, kinetic models and diffusion models are recommended.

Finally, at a time scale of ca. 1073 s or longer, the cells respond to the irradiation resulting from
the products formed in the preceding stages. This is called the biological stage. As a consequence
of the alteration of molecules, irregularities in the biochemical process happen at the subcellular
level, for instance modification of the shape of proteins, enzyme inactivation, or DNA disorder,
etc. As a result, the cells lose their specific properties. At the end, the cells may be repaired,

mutated, or diell.

Biological damages are classified as being the consequences of direct or indirect effects!?!3 as
show in Figure 1-2. The direct effect refers to damages triggered by the direct deposition of energy
into the biomolecules!*. The indirect effect® refers to the damage caused to molecules not by
the direct action of the IoR itself, but through the intermediaries produced when radiation
interacts with other molecules, primarily water, in the vicinity of the target molecule. Because a
large quantity of water exists in cells (~70%-85%), the indirect effect plays an important role in
radiotherapy. The energy is largely deposited in water, which leads to the production of reactive
oxygen species (ROS) via water radiolysis for instance, hydroxyl radical, hydrogen peroxide, or
superoxide, etc. These species diffuse and interact with biomolecules within the cells, to produce
chemical alterations and consequently deleterious effects. Furthermore, quasi-direct effects
were proposed by Sevilla and coworkers?® as a frontier between direct and indirect effects. They
observed the yield of OH radicals formed during y-irradiation of DNA for the different shells of
hydration at low temperatures. They found that when the DNA is in contact with water molecules,
the amount of OH radicals is not significant. They suggested that the yield of OH radicals
decreases due to the ultra-fast hole transfer from water radical cations to DNA, which occurs

before the production of OH radicals.
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Figure 1-2: the main mechanisms involve in biological damage subjected to IoR. (a) Indirect effect under water
radiolysis produces ROS and solvated electrons that attack biomolecules after diffusion. (b) Direct effect corresponds
to the direct irradiation of DNA-protein complex that lead to the multiple excitation and ionization of biomolecule. (c)
Quasi-direct effect lies at the frontier between the direct and indirect effects.

The competition of biological damage by direct and indirect effects highly depends on the energy
deposition of the radiation source and the concentration of water!’. The indirect effect is
considered to be the dominant damage mechanism due to the abundance of water in vivo.
However, biological systems are not homogeneous; the concentration of water diminishes
around macromolecules (such as DNA, RNA, proteins, etc.). For instance, DNA in a cell is densely
packaged into nucleosomes, where it is wrapped around a histone protein core!®. When IoR is

applied, biological damage is primarily caused by direct effects.

In this work, we aim to investigate the physical stage of large biomolecules, for instance, the
guanine-cytosine nucleobase pair with two water molecules in Chapters two and three, and the
DNA-protein complex in Chapter four, as well as large peptides and proteins in the gas phase in

Chapter five. Therefore, our focus is on the physical stage and the direct/quasi-direct effects.
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1.2 Physical stage

The physical stage corresponds to the pure electronic response of matter to loR. This includes
energy deposition, primary excitation, ionization, and electronic relaxation. The processes that
occur in the physical stage highly depend on the type of IoR. In this section, we briefly discuss the
main processes of the electronic response, depending on the kind of IoR. We focus on the

evaluation of energy deposition and electronic relaxation.
1.2.1 Physical stage depending on the types of ionizing radiation

a. Energy deposition and ionization process

The energy deposition and ionization process in target electrons by y-rays (which are produced
by the decay of excited nuclei and by nuclear reactions), and X-rays (which are produced when
upper electrons in high orbital levels descend to a core hole or when fast-moving particles are
deflected and decelerated), occur through four mechanisms, depending on the energy of the
photon. These mechanisms are coherent (Rayleigh) scattering, the photoelectric effect, Compton
scattering, and pair production®®. For the purposes of our discussion, we will neglect the nuclear

reactions and nuclear disintegration caused by IoR, as these occur at very high energy.

e Coherent (Rayleigh) Scattering?®: in this process, a photon interacts with an entire atom,
causing it to become momentarily polarized. The photon is then scattered without a
loss of energy or ionization of the target, though there may be a change in direction.
This process becomes less significant as the photon's energy increases.

e Photoelectric effect?': here, a photon interacts with an inner-shell electron in an atom,
completely absorbing the photon's energy and ejecting the electron from the atom. The
kinetic energy of the ejected electron equals the energy of the incoming photon minus
the binding energy of the electron in its shell. This process is particularly significant at
lower photon energies, such as in the range of 0.5-700 keV for carbon graphene %2.

e Compton scattering?3: this occurs when a photon interacts with a loosely bound outer-
shell electron, transferring a part of its energy to the electron and being scattered in a

different direction. The scattered photon has lower energy, and its change in
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wavelength is thus described. Compton scattering is a dominant interaction process for
moderate-energy photons.

e Pair production?*: this takes place when a photon with energy greater than 1.022 MeV
interacts with the nucleus of an atom. The photon's energy is converted into an
electron-positron pair, with the excess energy of the photon above 1.022 MeV being

shared between the kinetic energies of the electron and positron.

Extreme Ultraviolet (XUV) is another type of electromagnetic wave, with an energy range of
approximately 10-130 eV. This kind of IoR deposits its energy specifically by interacting with the
valence electrons of the target, leading to its excitation and ionization. XUV pulses can be created
with durations on the attosecond scale, allowing for the study of ultra-fast electron dynamics.

This is essential for revealing the physical stage.

Charged particles (such as fast protons, a-particles, or heavy ions) deposit their energy via
Coulomb interaction with the electrons or nuclei of the target?, depending on their energy. The
contribution of nuclear energy deposition, resulting from elastic collisions with target nuclei, is
dominant at low energy (< 0.01 MeV), as shown in Figure 1-3. This type of interaction leads to
rotational and vibrational excitations. Above 0.01 MeV, the nuclei do not have enough time to
respond during the collision; the only interaction of the charged particle with electrons
contributes to energy deposition, referred to as inelastic collision. Depending on the kinetic
energy of the particle, the energy deposition sharply increases until it reaches a peak, known as
Bragg's peak, and then decreases. At relativistic velocities of charged particles, the energy
deposition starts to rise again. Unlike photons, charged particles deposit their energy locally along
their trajectory, and the energy deposition decreases with distance from the target according to
Coulomb interaction. The energy transfer from particles leads to the local excitation and
ionization of several electrons in the valence and core levels of the target. The contribution of
core excitation increases with particle energy and decreases with the collision distance from

target electrons.
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Figure 1-3: Contribution to energy deposition per distance for a proton in liquid water. The energy deposition is
calculated using the PSTAR database®®. The x and y axes are scaled logarithmically.

b. Penetration distance

As mentioned before, the interaction of IoR with matter depends on several factors, such as the
type of radiation (e.g. charged particles, or uncharged particles like photons), the energy of the
radiation, and the type of matter it interacts with. As a result, the penetration distance of

radiation through matter differs significantly between photons and charged particles?’.

The intensity of photon beams attenuates exponentially with increasing penetration depth, which
depends on the absorption cross-section. The absorption cross-section is influenced by both the
energy of the photons and the type of material they interact with. In the case of XUV radiation,
the attenuation primarily depends on the strong absorption cross-section of the valence
electrons, resulting in a relatively short penetration depth for XUV beams. On the other hand, for
y-rays and X-rays, photon absorption is dependent on the cross-sections of three processes: the
photoelectric effect, Compton scattering, and pair production??. The likelihood of absorption via
these mechanisms is generally lower because they primarily occur through interactions with core
electrons (in the case of the photoelectric effect) or atomic nuclei (in the case of pair production).
That is why these types of photons typically have a larger penetration depth into matter. One
crucial characteristic of photon penetration is the spreading of energy deposition over target
molecules along their path, decreasing exponentially with penetration distance. As shown in
Figure 1-4, the energy deposition expands over a short distance due to high-energy photons

initiating an electromagnetic cascade through pair production, which generates more photons,
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electrons, and positrons of lower energy. Following this, energy deposition decreases with

distance.
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Figure 1-4: schematic of relative energy deposition of a proton (blue line) and a photon (red line) as a function of
penetration distance in matter.

For charged particles, the energy deposition per unit of penetration distance in matter - known
as stopping power - essentially describes how effectively a specific medium can decelerate or stop
a charged particle. In contrast to the exponential decrease observed with photons, the
penetration depth for charged particles more closely resembles a 'Bragg peak'. The energy
deposition gradually increases with penetration distance as the kinetic energy of the ion beam
decreases due to energy loss from collisions. Consequently, they transfer the majority of their
energy to a very localized position just before the particle comes to a halt, as shown in Figure 1-4.
This characteristic makes charged particles particularly attractive for radiotherapy, as they can be

utilized to effectively target deep-seated tumor cells.

The difference in energy deposition with penetration distance is one reason why different types
of IoR are used for different applications. For example, X-rays are often used for imaging deep
inside the body, while proton therapy can be used to target tumors more locally with less damage
to surrounding tissue. In our work, we particularly focus on the energy deposition of charged

particles.
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c. Electron relaxation

As a result of energy deposition from |oR, target molecules can become excited and ionized. These
molecules may then undergo complex ultra-fast electronic relaxation through several channels
before the atomic nuclei significantly move’. The electronic relaxation is purely electronic and
relies on electron correlation. It depends on the initial ionization, the excited state, molecular
environments, and the electronic structure of the target. Here, we mention some of the common

relaxation processes.

The creation of a hole in the core levels, as a result of the photoelectric effect, for example, may
undergo Auger relaxation. When an electron is removed from a core level, it leaves behind a
vacancy. This vacancy can then be filled by an electron from a higher energy level, transitioning
into the lower energy state. This transition releases energy, which can either be emitted as a
photon (in X-ray fluorescence) or transferred to another electron in the system, often one in a
higher energy state or in the outer shell. When the energy is transferred to an electron, it gives it
enough energy to escape from the atom or molecule. This ejected electron is known as an Auger
electron, and the entire process is termed Auger relaxation or the Auger effect?®?°. The Auger
effect is a non-radiative process, meaning it does not result in the emission of a photon. As a
result of emitting electrons, the molecules can become doubly ionized, producing a cascade of
secondary electrons along the radiation passage, leading to the efficient damage of biomolecules.
On the other hand, the low-energy electrons produced from Auger decay can be used in
radiotherapy3®3? by injecting Auger electron-emitting agents, such as I'23. Low-energy electrons
deposit their energy over nanometer to micrometer distances. Auger electron emitters

accumulate in the target tumor cells and kill them while protecting healthy cells.

The interaction of IoR with molecules may lead to an electron transition to a highly excited state.
This excited electron may then de-excite and return to the ground state, releasing energy. If an
electron in a higher energy level absorbs this released energy, it may lead to the ejection of the
electron and simultaneous ionization of the atom, a process known as auto-ionization3%33, This is
similar to the Auger effect, but the key difference lies in the nature of the interaction: auto-
ionization typically involves electrons in excited states, whereas Auger relaxation involves a core

vacancy. Auto-ionization can lead to specific spectral lines in the emission or absorption
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spectrum. This channel of relaxation becomes crucial when the system's radiation process
includes high excited states and Rydberg excitations3*, such as those resulting from the

interaction of XUV rays and charged particles.

Interatomic and intermolecular Coulomb decay (ICD)* is another channel of relaxation that
occurs when the inner shell of a molecule is ionized. An electron from an upper shell fills the
vacancy and liberates energy. This energy is absorbed by an electron of neighboring atoms or
molecules, which generally have a weak bond with the host atom or molecule, leading to the
ejection of a second low-energy electron. The energy transfer is mediated by the Coulomb
interaction between the two atoms or molecules. The main distinction between ICD and the
Auger effect is that ICD is a non-local ionization process. In other words, ionization on one side of
a molecule can lead to ionization of another molecule on the other side. ICD is a fast process,
typically occurring on the femtosecond time scale, and it plays a significant role in various

contexts, such as in biological systems3637,

Charge migration3 between atoms and molecules is another ultra-fast electronic relaxation
process induced by loR. Upon ionization or excitation of a molecule, certain electronic states may
become temporarily populated. Due to the interaction and correlation between electrons, this
sudden change in electronic configuration can induce a rapid reorganization of the electron
density within the molecule. This reorganization is referred to as "charge migration," where the
charge effectively "moves" from one part of the molecule to another. This phenomenon is
essentially an electronic response and occurs on an extremely short time scale, typically within
attoseconds to a few femtoseconds. The electronic superposition of states and the overlap

between them are required to trigger charge migration.

Charge migration is distinct from charge transfer3?, even though both processes correspond to
the motion of charge from one molecule to another. The main difference lies in the nature of the
processes: charge migration has an oscillatory®° or electron delocalization nature, while in charge
transfer, the coupling between electronic and nuclear dynamics is essential. Nuclear motion leads
to electronic dephasing or decoherence, breaking the periodic nature in time, and localizing the

charge permanently on a side of molecule.
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The delocalization of electrons through charge migration is particularly significant when inner-
valence electrons are ionized. The removal of an electron from a specific inner-valence orbital,
where strong correlation typically exists, leads to coupling with several other states.
Consequently, the charge migrates to various other orbitals, and by the end of the process, it
spreads more or less uniformly across the entire system. Even if the initial charge is localized, it

rapidly becomes delocalized*42,

Charge migration is essential for biological systems irradiation, especially when it involves a
change in the initial location of a charge. The first observation of charge migration in a
biomolecule was indirectly observed by Schlag and colleagues*® with nanosecond pump-probe
experiments. Though nanosecond time intervals are large for observing charge migration, they
discovered that after ionizing chains of peptides at a specific molecular site, subsequent
instantaneous probed fragmentation occurred at the other end of the chain. This led them to
conclude that the initially created hole had migrated through the molecule. These observations
were later theoretically examined by Cederbaum and Zobeley**, who first introduced the concept
of ultrafast charge migration. The first experimental clearly evidence of charge migration was
reported by Calegari and co-workers*, who utilized attosecond pump-probe experiments to
investigate phenylalanine. They employed 300 as XUV pulses to ionize the molecules and used 4
fs near-infrared (NIR) pulses for probing. They observed a typical oscillatory fragmentation yield
with a period of 4.3 fs, which they attributed to periodic charge migration in phenylalanine. This
charge migrated from the amine functional group to the phenyl group and then back to the amino
acid. lkeura-Sekiguchi and Sekiguchi*® employed core hole spectroscopy to explore electron
delocalization in the conduction band through the phosphate backbone of DNA. Their aim was to
discern the periodic and aperiodic charge transfers in DNA. Their findings indicated that electron
delocalization occurs in approximately 740 as. These experimental results highlight the
significance of charge migration in biomolecules, triggered by IoR, manifesting in both oscillatory

and delocalization patterns.

For the interaction of loR with large biomolecules, the probability of various relaxation channels
may be incorporated, with a specific probability assigned to each relaxation process. In our case,
where we are interested in the electron dynamics of low-energy charged particles and XUV-pulse

interactions, charge migration, ICD, and auto-ionization are expected to be dominant when
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ionization and excitation of valence electrons are significant. Consequently, considering the
probability of these electron relaxations, the initial charge in our systems is expected to increase
over time (due to ICD and auto-ionization), spatially delocalize, and rearrange over the molecules

(through the processes of charge migration, ICD, and auto-ionization).

1.2.2 Energy deposition of charged particles

The accuracy in quantifying the energy deposition by charged particles, which is experimentally
measured as stopping power, is of high importance in assessing biological damage and
particularly in radiotherapy. This significance is due to the highly concentrated energy deposition
at the Bragg peak. Any error in determining the Bragg peak position can result in extensive
damage to healthy tissue. Both the measurement and calculation of stopping power represent a
challenge for the realms of experiment and theory alike. Here, we will briefly discuss this

challenge in both contexts.

a. Experimental measurement of stopping power

The stopping power can be directly measured by passing well-defined mono-energetic charged
particles through a known thin target. The stopping power (S) is calculated by comparing the
kinetic energy of charged particles before and after passing through (AEP"%/) the thickness of the

target (AXt479)%7,

AEPTOJ (1.1)
AXtarg

This type of measurement may seem simple, but it represents a significant challenge, especially

S =

for the condensed phase, as it may have large uncertainty. For example, accurate experimental
stopping power data for liquid water, which are highly important in assessing biological damage,
do not exist. In modern experimental setups, the uncertainties for the measurement of the
stopping power of liquid water correspond to 5% below 15 MeV protons*8, when an accuracy of
+ 2% would be desirable for radiotherapy®. The sources of these uncertainties mainly come from
various factors related to the radiation source and target. These include the mono-energetic
nature of the ion beam, inhomogeneity of the ion beam over the target, the thickness of the film

used to reduce and select the desired ion beam energy, and the thickness and precise
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determination of the target density. Additionally, the detectors used to determine the kinetic
energy of the ion beam before and after passing through the target also contribute to the
uncertainty. Therefore, alongside experiments, accurate theoretical calculations and numerical

simulations are valuable.

b. Theoretical approach for calculating stopping power

The Bethe-Bloch semi-empirical model is a crucial model used in many codes?6°9>2 and data>3°*
for calculating electronic stopping power, in particularly for high-energy particles. Hans Bethe>,
in 1932, and later Bloch®®, included the relativity of charged particles, and proposed a model for
calculating the stopping power based on first-order approximation. To simplify his formalism,
Bethe made two main assumptions. The first assumption is the electron rest assumption, in which
the electrons of the target do not have time to move during the collision. The second assumption
is that the interaction of charged particles with the target electrons occurs as binary collisions.
This means that the charged particles interact with individual electrons one by one in a many-
electron target, neglecting the effect of correlation interactions between electrons. As a result,
many corrections and parameters are included in the Bethe-Bloch equation. The modern

equation®’ can be expressed as follows:

o= 5 Zo) + Li(B) + ] (1.2

Where Z is the charge of the particles. § = c/v where c is speed of light and v is the velocity of

the charged particle. p, is the electron density of the target. k = 4mwrém,c?, is a constant equal
to 0.0005099 where m, and ry are mass and bohr radius of an electron, respectively . The term
in the brackets corresponds to the logarithmic part of the equation that includes the parameters

and corrections in the Bethe-Bloch equation. The first-order term can be read as:

2myc?B2AE, 4y
LO = ll’l
1-p2

AE,, . corresponds to the maximum energy transfer from charged particles. (I) is the mean

—32—zn<1>—£-§ (1.3)
Z 2 '

excitation energy of the target, which takes into account the electronic structure of the target.

The mean excitation energy refers to the minimum energy transfer in a collision.
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C. ) . . .
The term Zisa shell correction that arises due to the neglect of many-body electronic effects in

the Bethe assumption. Shell correction is more important for heavy atoms. For biologically
interesting atoms (with atomic numbers less than 20), this correction represents about a 10%
reduction of stopping power at 1 MeV proton energy>’, and it tends to be less than 1% at 100
MeV.

5 . . . ) .
The term > refers to the density effect correction or Fermi density effect. When the velocity of a

charged particle increases, the relativistic effect causes the electric field of the charged particle
to shrink and expand in the perpendicular direction of propagation. As a result, when this particle
passes through the target, it strongly polarizes the target, and some portion of the long-distances
electric field is screened by polarization. Consequently, this correction decreases the stopping
power. This correction is more important for condensed phase and high energy particles (above
rest mass energy of particles). For stopping power of liquid water for proton, this effect starts

raise slow from 1 MeV and reaches about 2% at 1000 MeV>3.

The second term L4, within the logarithmic bracket in Eq. (1.2), refers to Barkas correction, which
corrects some errors from the electron rest approximation. When charged particles, especially
those moving at low velocity, pass through a target, some electrons are faster than the particle.
As a result, the faster electrons move toward the charged particle during the collision. If the
particle carries a positive charge, this causes a decreased distance in the collision between
charged particles and electrons, which in turn leads to an increase in energy deposition.
Conversely, if the charged particles are negative, they push electrons away during their passage,
resulting in a decrease in energy deposition. This phenomenon was discovered by Barkas®?. This
effect is more significant for low-energy particles, as the number of electrons that are faster than
the projectile increases. For the stopping of protons in aluminum, this correction in the Bethe-
Bloch equation corresponds to a 10% effect at 1 MeV, and this effect can continue up to 300 MeV,

as some of the core electrons are still faster even at high energy”’.

Besides the corrections mentioned for the Bethe-Bloch equation, an additional correction is
required for low-energy particles, referred to as the effective charge of the projectile. At low

energies, particularly those less than 1 MeV?®, the electrons of the target may accumulate around
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the projectile during the collision. As a result, the charge of the charged particles is reduced,

leading to a decrease in stopping power.

The Bethe-Bloch model is valid for calculating the electronic stopping power for individual
elements. For a mixture or molecule, the stopping power should be calculated using Bragg's
additive rule, which was proposed by Bragg and Kleeman®°. According to Bragg's additive rule,
the mass stopping powers of a mixture or compound can be determined by a linear combination

of the stopping powers of their individual atoms.

Smotecute(B) = Z n; S;(B) (1.4)

l

Where, n, is the ratio of number density of the atom i to the total density of all atoms in the

target. S; is the stopping power of atom i as function of velocity of projectile.

According to Bragg's rule, the stopping power of molecules depends solely on the density of their
atoms, completely neglecting the effects of chemical and physical bonds within the molecules.
This omission must be corrected using experimental data. Bragg's additive rule will be discussed

in more detail in Chapter Three.

Overall, due to the high level of correction and parameters in the Bethe-Bloch equation, as well
as the model's dependence on Bragg's additive rule, the accurate calculation of stopping power

for biomolecules represents a substantial challenge.

To reduce the corrections and parameters in stopping power calculations, several models have
been proposed. In their seminal works, Lindhard et al. 6252 proposed a model for electronic
stopping power based on the linear perturbation approximation form of the linear dielectric
response of a homogeneous electron gas. The Lindhard equation's dielectric function encodes
information about quantum mechanical, excitation energies, and many-body effects. The
stopping power calculated using Lindhard's formula, without parameters, resembles the Bethe-
Bloch equation at high energies but describes the stopping power at low energies more
accurately. Lindhard's theory is specifically designed for homogeneous systems, limiting its
application to real systems. However, there are extensions for non-homogeneous electron
systems through the use of a local-density approximation®. In this approach, local stopping is

treated as a function of density, with the density values obtained from ground-state calculations.
29



This method accounts, to some degree, for variations in the electron density. It is important to
note that Lindhard's theory, based on first-order perturbation theory, cannot capture features
that depend on higher-order effects, such as the Barkas effect and the effective charge of
particles. Corrections for these aspects will be necessary. Lindhard's model serves as the basis for
several Monte Carlo track structure (MCTS) algorithms used to calculate stopping power at low
energy (less than 1 MeV)®4%, especially when sophisticated experimental data are lacking. MCTS
is a common method found in the literature to simulate the physical and physicochemical
stages®’%8, It relies on sets of parameterized elementary cross-sections (such as
excitation/ionization, electron scattering, electron attachment, and others) to stochastically
simulate the succession of physical and physicochemical events in the medium. MCTS is valuable
for dealing with track structure and energy deposition of charged particles at the microscopic
level in homogeneous media. However, up to the present date, for biomolecules, the simulation
of stopping power has been restricted to water as a way to mimic the biological system>%%°, due

to the lack of accurate data.

On this path, advancements in Density Functional Theory (DFT), specifically Real-Time Time-
Dependent Density Functional Theory (RT-TD-DFT)’%7%, based on non-linear perturbation, allow
for the calculation of energy deposition or stopping power for large and real systems. It is
achieved step by step in real time by interaction of charged particles with target materials,
without the need for specific parameters for stopping power. RT-TD-DFT can accurately describe

the physical processes involved in charged particle interaction.

RT-TD-DFT, which is the principal model in our work, is a promising approach used for calculating
energy deposition or stopping power. For instance, in solid-state crystalline structures, Maliyov
et al. 7>73 investigated stopping power of proton and anti-proton in lithium and aluminum. Correa
et al. 7* also calculated the stopping power of protons in aluminum. In the condensed phase,
Kohanoff et al.”> explored the proton-stopping power of liquid water. Kanai et al. 7° calculated the
stopping power of DNA for proton and a-particle. All authors found a good agreement between
the result of RT-TD-DFT and stopping power data. Up to the present day, the calculation of energy
deposition and stopping power by RT-TD-DFT has been limited to energies below 2 MeV, due to

the relativistic effect of charged particles. In this thesis, we aim to explore the effect of charged

30



particle relativity and hydrogen bonding in biomolecules on energy deposition across a wide

range of energies, particularly in Chapters Two and Three.

1.2.3 Attoseconds electron relaxation

In order to explicitly investigate the dynamics at the physical stage, where the time range spans
between a few attoseconds and femtoseconds, an understanding of the time evolution of
electronic relaxation is necessary. Over the past decade, advancements in quantum mechanics
have enabled access to this time scale. Beyond theory, experimental techniques have
progressively evolved to investigate events occurring at the physical stage. More recently,
attosecond pump-probe spectroscopy has successfully provided explicit real-time insights into
electron dynamics. It is difficult to summarize all experimental and theoretical models here. For
more detailed information, we refer readers to review articles in this domain’%78. Instead, we will
briefly introduce the attosecond XUV pump-IR probe pulse spectroscopy and focus on the RT-TD-
DFT method.

a. Experimental approach

The pump-probe laser approach is an essential technique for revealing ultrafast events at the
molecular level using two short laser pulses. The first pulse, referred to as the 'pump,' clocks
ultrafast events, while the second pulse reveals time-dependent events through a time-delay with
the first pulse. The time window for investigation using the pump-probe laser approach highly
depends on the duration of the laser pulses. To access the physical stage, very short pulses in the

range of attoseconds and femtoseconds are required.

In the case of charged particles, preparing short packets of ion beams is limited to the picosecond
time scale’® due to the high repulsion between charged particles, which prevents a compact ion
beam in a short space. On the other hand, after investigating high harmonic generation (HHG)8%81,
it becomes possible to create coherent photon pulses on a very short-time scale. When a strong
laser field interacts with a gas of atoms or molecules, it can pull electrons away from their parent
ions and then drive them back. Upon re-collision with the parent ion, the electron may recombine,

releasing its kinetic energy as a highly coherent photon in the range of XUV rays.
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The XUV pulse, generated through HHG, offers exceptional approaches for probing matter's
responses with attosecond resolution. For instance, in XUV pump-IR probe spectroscopy, after
placing the molecule in the gas phase, the XUV pump pulse ionizes and excites the valence
electrons of the molecule. Meanwhile, an IR laser pulse induces a second ionization state and
characteristic fragmentation that can be detected by mass spectroscopy. By introducing a delay
of a few attoseconds between the XUV and IR pulses, specific electron dynamics events can be

indirectly investigated by observing positive or negative signals of fragmentation yield.

The investigation of large biomolecules through the XUV-IR approach represents a great
challenge. Our experimental collaborators in the Lépine group in Lyon have developed a new XUV-
IR approach that allows for the investigation of large biomolecular systems, such as peptides and
proteins®2. This is achieved by combining an electrospray ionization source and a mass
spectrometer with XUV-IR pump-probe laser pulses. The results of XUV-pulse interaction
simulations for peptides and proteins, in collaboration with the Lépine group, are presented in

Chapter Five.

Attosecond experiments have been successfully used to investigate the processes that occur in
the physical stage, as mentioned in the previous sub-section. Examples include the investigation
of ultra-fast charge migration in iodoacetylene®®, biomolecules like phenylalanine*>. Beyond
experiments, theoretical simulations are complement to interpret experimental results,

especially when the experimental data come from indirect events through fragmentation.

b. Theoretical approach

Numerical simulation for investigating electron dynamics induced by IoR depends on two stages

(I) preparing the initial ionization state, (Il) tracking the evolution of electron dynamics.
I.  Initial ionization state

IoR strongly interacts with molecules, creating a superposition of states, and as a result, several
electrons at different levels with varying magnitudes can be ionized and excited. The generation
of an ionization state in a molecule is essential for properly studying electron relaxation. There

are two major approaches for preparing the initial ionization state.
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The first approach is called simultaneous ionization or sudden ionization. In this method, the
interaction of IoR is neglected, and the electron dynamics occurs directly by creating Koopman's
hole®3 through removing an electron from the ground state orbital. This model is widely**2* used
because it simplifies the ionization processes, particularly as it does not require the description
of continuum states, which is a challenging task in simulation. However, the sudden ionization

approach omits the electron relaxation that could happen during radiation interaction.

In the second approach, the interaction of loR is directly introduced during the ionization
processes. This can be achieved by interacting the electron cloud with the electric field of an
electromagnetic wave, which can be executed under the assumption of dipole interaction.
Furthermore, interactions with charged particles can be simulated via Coulomb scattering. This
approach will be described in more detail in the next section. This approach is more accurate, and
it is necessary, particularly in the case of charged particles, where the ionization is local along the
trajectory and the dynamics induced by the particle during the collision is essential. On the other
hand, Fernando Martin et al.?> revealed that the two approaches produce the same result after a
sub-femtosecond (sub-fs) time frame in the case of interaction a short XUV-pulse (300 as) with

glycine. However, the clarity of the comparison remains uncertain in the case of longer pulses.
Il.  Electron dynamics

Time-dependent electron dynamics are required to capture electron relaxation. Since electron
relaxation is purely governed by electron correlation, sophisticated quantum mechanics models
that properly include the effects of electron correlation are necessary. Post-Hartree-Fock
models®%8687 can successfully describe electron relaxation. However, these models are limited to
small molecules due to computational cost. For larger molecules, TDDFT is often the method of
choice. In particular, RT-TD-DFT directly obtains information about the electron relaxation step
by step in real-time, whether a molecule is induced by photons or charged particles. RT-TD-DFT
has been successfully used to investigate electron relaxation. For instance, it has been applied to
the study of charge migration in nitrosobenzene induced by X-ray®®, charge migration in
phenylalanine induced by XUV-pulse®, and electron dynamics and charge migration in DNA

induced by charged particles’?.
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In most applications of RT-TD-DFT such as in our case, the nuclei are considered fixed, and the
dynamics are purely electronic. This assumption is often made on the basis that the nuclei are
heavier and require more time to respond. However, the electron dynamics may be affected by

nuclear motions, leading to decoherence of the wave function.

For instance, the role of nuclear motion in charge migration was studied by Fernando Martin et
al.®> They found that nuclear dynamics only has a significant effect after approximately 8
femtoseconds (fs), but it does not destroy the coherent motion of the electronic wave packet for
at least a few additional tens of fs. This suggests that while nuclear dynamics can play a role, it
may not always be critical in the timescale of certain electronic processes. Therefore, the
assumption of fixed nuclei may be valid in many cases, particularly for the short time scales often

investigated in RT-TD-DFT simulations.

1.3 Theoretical background

In this section, we introduce the theoretical models used in this work. In the first part, we discuss
the principles of ground-state Density Functional Theory (DFT), Linear Combination of Atomic
Orbitals (LCAO), and Auxiliary Density Functional Theory (ADFT). In the second part, we delve into
Real-Time Time-Dependent Auxiliary Density Functional Theory (RT-TD-ADFT), encompassing
topics such as numerical propagation of electron densities, the introduction of external
perturbations, the role of the exchange-correlation functional, the effect of Gaussian basis sets,

and the utilization of Complex Absorbing Potential.

1.3.1 Ground-state Density Functional Theory

Density-functional theory (DFT) is a popular quantum mechanical method for applications in
physics, chemistry and materials science to investigate the electronic structure of many-body
systems such as atoms, molecules, or condensed phases based on the spatial functional of the
electron density. DFT has emerged as one of the most powerful theoretical approaches not only

for quantitative prediction of the electronic structure and molecular properties, but also for a
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rigorous foundation for many concepts widely used in chemistry. The main advantage of DFT is
that it incorporates electronic correlation, and the predicted quantitative results are comparable
to those obtained from various post-Hartree-Fock methods (models based on wave function

including electronic correlation) at much less computational cost.

c. History and Kohn-Sham equation

DFT finds it roots in the works of Thomas and Fermi (1927)%. These authors used the electron
density as a basic variable to calculate, quantum mechanically, the total energy of a uniform
electron gas. The model developed by these researchers is straightforward to apply to real-
systems. However, it cannot describe essential properties of atom and molecules, for example

chemical bonds or electronic shells.

In 1964, Hohenberg and Kohn®° laid the foundations of modern DFT. Hohenberg-Kohn theorem
(HK) is a prof of the one-to-one mapping between the electron density and the external potential.
This means that the total energy of a system is a functional of the electron density only.
Furthermore, the unigqueness and electron density of the ground state can be achieved by the
minimizing energy via the variational principle. Finally, this density allows us to find any
observable of ground or excited states when the expectation value of ground state O is a unique
functional of electron density. where ¥ is the wave function and O is operator associated to an

arbitrary observable.

(P[p1|0|¥[p]) = Olp] (1.5)

However, The HK theorem tells us that the universal functional exists, but it does not provide us
with an expression to find it. In 1965, Kohn and Sham (KS)°! proposed to represent the N-electron
system as a non-interacting electron system for which the energy expression is known. Since the
electron density of the ground state is solely determined by the external potential (HK), the
ground-state densities of both interacting and non-interacting systems are the same. This is useful
in solving the problem of the main part of the kinetic energy by introducing non-interacting
orbitals ¢; which are represented as one slater determinant @,,. According to KS, the total energy

EKS

of N-electrons system is given as:
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EKS[p] = Ts[p] + Eext[p] + JeelP] + Exclp] (1.6)

p is the electron density. E,,; is the energy associated to the external potential, mainly that
created by the atom nuclei. The external potential can be supplemented with additional
components, such as interactions with an external electric field or a charged projectile. In hybrid
Quantum Mechanics/Molecular Mechanics (QM/MM) simulations, the external potential also
encompasses the potential generated by charged or polarized MM atoms. /.. is the classical
repulsion between electrons, E,,. is the exchange-correlation energy, and T is the kinetic energy

of the reference non-interacting system :

AP [oi)(-3 %) 00 (1.7
i=1

Where N, is number of electrons in the system, ¢ is one electron wave functions.

We can rewrite the KS total energy as:

1 1A
Bp] = Tl + [ Ve pdar + 5 [E20  arar' + e 19

The electron density p is given by mono electronic Kohn-Sham Slater determinant. For a closed-

shell system, it reads:

Ng/2

p() =2 ) lpi(m)I (1.9)
i=1

Ts, E.xt, and E,, can be solved through the analytical expression by using a non-interacting
electrons system. However, E,. remains unknown and all features of the interacting system are

hidden, especially, in the correlation energy E..

d. Exchange and correlation functionals

The exact expression for E,. is currently unknown and must be approximated. This remains an
interesting topic until now. The accuracy of a DFT calculation significantly depends on the model
chosen for E,.. The latter decomposes into an exchange and a correlation functionals. The
exchange functional E, corresponds to the difference between electron-electron repulsion

energy of non-interacting system and the classical Coulomb electron energy.
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—~ 1 !
Exlpl = (Pn| Wee|®n) -5 f % dr dr’ (1.10)

The correlation functional E, refers to the energy resulting from the influence of all electrons on

each electron in a N-electron system which consists of an electron kinetic and potential

correlation functional.

E.lp] = T:lp]l + Uclp] (1.11)

The kinetic energy contribution represents the difference of the kinetic energy of the complete

interacting system (wave function ;) and that of the non-interacting system.

Telp] = (ilT [i) — (@u|T[@n) (1.12)

By the same way, the potential energy contribution is defined by:

Uclpl = (d’ilm?ee |¢l> - (‘pnlmel(pn) (1.13)

There are numerous functionals available in the literature, each attempting to solve a particular

problem while striking a balance between accuracy and computational cost. Before we introduce

some common classes of approximations, we will summarize the main issues that may appear

due to these approximations.

Asymptotic behavior of DFT. The exact exchange potential of an electron decays is —% in

the asymptotic limit » = oo, but in the most DFT functionals, the exchange potential
decreases exponentially and decays faster at long distance. This has an impact on the
prediction of some molecular properties that are dependent on long-distance
interactions, for instance, electronic excitation energy®?, orbital bandgap®3, ionization
energy, charge transfer, molecular dissociation energy, bond lengths®, binding energies

of weakly interacting systems® etc. However, Hartree-Fock (HF) exchange functional

exactly shows the correct decay( — % ) for large distances (r).

Second, the problem known as the derivative discontinuity®® (DDC). For systems with
fractional electrons, when the number of electrons passes through the integer, the exact
exchange-correlation potential undergoes a jump by a constant and the total energy of

the system varies by a straight-line connecting integer electron number. DFT cannot
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capture this behavior when there is a non-integer number of electrons. This phenomenon
directly relates to the exchange-correlation approximation and will impact the system
that depends on the fraction of electrons®” , for instance, partial ionization, electron

affinity, band gaps, etc®®°°.
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Figure 1-5: The energy of the closed shell of Hs with fractional numbers of electrons per hydrogen atom, calculated
using various methods including Hartree-Fock (HF), direct random phase approximation (dRPA), hybrid functional
(B3LYP), GGA (PBE), and exact (FCl). The figure illustrates the lack of discontinuous behavior in both the total energy
and the exchange-correlation part, as shown in the inset. The figure is taken from Reference®” with permission.

Self-interaction error (SIE). It corresponds to the interaction of residual electron with
itself. For any system with one electron or less, there are no electron-electron
interactions, leading to the condition that the exchange energy exactly cancels the
Coulomb energy, and the energy of correlation disappears.

—%f% drdr' + E[p,0] =0 (1.14)
This condition is not reached by common XC functional. The problem is still a challenge
of approximating the exchange-correlation term in DFT, but it is exactly satisfied in HF
and all wave function theories. Many qualitative and quantitative failures in fractional
charge systems are caused by SIE. It is significantly greater for radical systems'% than for
neutral systems!?!, The SIE mainly leads to increased charge delocalization'%?, decreased

total energy of systems, reduced reaction barriers1®31%* and overestimated electron

attachment 19,
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The three types of errors are correlated'®®, but each of them requires a different strategy to

overcome. As a result, there are numerous approximations and functionals available.

Afirst approximation assumes that the electron density varies slowly, so that, the electron density
at a point in space is constant. Consequently, the exchange-correlation energy for electrons in
the small volume in space can be replaced by a uniform gas for the constant density at this

volume. That is called the local density approximation (LDA).

ELPAlp] = f drp(r) exe? (p(r) (1.15)

According to the LDA, the exchange contribution could be analytically calculated as uniform gas
density. However, the correlation part cannot be achieved analytically, instead of that the
parameterized function exists by fitting it with the value obtained from quantum Monte Carlo
calculation. LDA is highly simple and computationally faster than other DFT approximations, with
reasonable accuracy even for slightly perturbed systems. However, due to the poor performance
of these functionals in predicting molecular properties for real-system, several other XC

functionals have been proposed.

One of them included gradient corrections, this is called the Generalized Gradient Approximation
(GGA). The method has been developed to consider the density variation by expressing the

exchange and correlation energies as a function of the density, and also of its gradient.

ESS4[p] = j dr £, [p(), Vp(r)], (1.16)

GGA is semi-local because the function f,. depends on the gradient of the density as well. It
improves the quality of the XC functional for systems whose electron density is inhomogeneously
distributed. In practice, GGA is more accurate than LDA. The main errors in DFT (noticeably
smaller in GGA compared to LDA) are still inside. In this class of functionals, Perdew, Burke, and
Ernzerhof (PBE)'%7 is one of the most widely-used functionals within the physics and chemistry
communities. It does not contain any empirical parameters. This functional is a simplified version
of the Perdew and Wang functional (PW91)%8, It is often considered the best in the GGA class,

and sometimes even outperforms functionals from superior classes, for instance, in term of self-

109 110

, band gap energy!!?, electronic structure!!!

interaction error , static polarizabilities'?,

molecular electron affinity*!3, cohesive energies in sold!4, ligand dissociation energies!® etc.
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Meta-GGA functionals go beyond GGA by incorporating not just the electron density and its

gradient but also the Laplacian of the density or of the kinetic energy density.

EyEte=¢Gip] = f dr feclp(m), Vp(r), V2 p(r), t(r)], (1.17)

Incorporating the kinetic energy density (t) generally makes meta-GGA functionals more flexible
and accurate for certain systems, especially where the gradient of the electron density is not
sufficient to capture the variations in the exchange-correlation energy. However, the additional
complexity in meta-GGA functionals also means that calculations using these functionals are
computationally more demanding than those using LDA or GGA functionals. Examples of popular

meta-GGA functionals include TPSS (Tao-Perdew-Staroverov-Scuseria)!®.

Global hybrid functionals represent another class of XC-functionals. The idea behind these
functionals is to include a percentage of exact exchange, calculated in the same manner as in the
Hartree-Fock (HF) method, but using Kohn-Sham molecular orbitals. This procedure is motivated
by the fact that the exchange part in DFT is responsible for several issues. This approximation
brings significant improvements to DFT, depending on the exact exchange percentage and type
of exchange-correlation (XC) functional, but it does come with an increased computational cost.

An example of this class is PBEO functional''”:1! that reads:

EFPBEO = 0.25 Eg~act + 0.75 EPBE + EPBE (1.18)

PBE
Ex

where E¥%¢t is the exact exchange energy, is the PBE exchange energy, and EFBE is the

PBE correlation energy.

With hybrid functionals, the incorrect asymptotic behavior of exchange potential persists'®®. In
order to overcome it, other classes of functionals have been developed, so call range-separated
functionals. The idea of this approach is to vary the exact exchange percentage according to the
inter-electronic distance. This approximation is the most accurate but also the most
computationally expensive of the other classes mentioned!??. The CAM-B3LYP functional?! is one
of the range-separated hybrid density functionals. It is an acronym for Coulomb-Attenuating
Method Becke, 3-parameter, Lee-Yang-Parr functional. CAM-B3LYP was specifically designed to
enhance the representation of charge-transfer excitations.
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e. Linear combination of atomic orbitals

The linear combination of atomic orbitals (LCAO) approach is a commonly used method for
constructing molecular orbitals (MO) in DFT and in quantum chemistry more broadly, notably in
deMon2k?1?2 which is the DFT program mainly used in this thesis. Within the LCAO framework,

we expand the non-electronic wavefunction as a linear combination.

Pi(r) = ) () (1.19)

U

Where the c,;, are molecular orbital coefficients. u represents an atomic wavefunction, often

referred to as atomic orbital (AO) or atomic basis functions.

The atomic basis set can be formed with Gaussian type functions. In this approach, the radial
components of atom-centered orbitals are represented as linear combinations of Gaussian Type

orbitals (LCGTO).

R() = Y)Y cpe @R (1.20)
b

The real spherical harmonics functions are represented by ¥, to describe the angular part of the
orbital, while the decomposition coefficients, represented by c;,, are established for a given basis
set and R denotes the position of a nucleus. In this equation, the Gaussian exponents «, give
the spatial range of the basis function. Basis functions with smaller a;, parameters are more
diffuse compared to those with larger «;, parameters. This configuration allows for an adjustable
level of precision in describing both core and valence electrons. In principle, the accuracy of the

method improves as the number of atomic orbitals in the basis set increases.

The electron density (p) is written as a product of the density matrices and basis functions.

Nao
p(r) = z Py 1(r)v(r) (1.21)
uv

1 ,v denote AO. Ny, is the number of AOs. The density matrices elements P,,,, are defined as

pvr

follows:
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occ
By =2 Z CpiCvi (1.22)
i
Where occ is the number of occupied molecular orbitals.

Now, we can rewrite the KS energy expression as follows:

1
EfS[p] = Z By Hiy"™® + Ez z By Por{pv||ot) + Exc[p] (1.23)

wv wv o1

H;p" is the core Hamiltonian which collects one-electron operators, namely the external
potential operator Hﬁfft and kinetic operator H,’fﬁ” = <,u|—%V2|v>. The symbol || stands for the

Coulomb operator (1/|r — r'|). The KS potential is obtained by differentiating the energy with
respect to the electron density. In matrix notation, the elements of the KS potential can be derived

directly by differentiating with respect to the elements of the density matrix.

OEXS OE, [p(r)]
w = 55— = H™e + Z P (uvlloT) + XST (1.24)
g o, ald

The LCGTO method necessitates careful consideration due to its potential limitations in capturing
some phenomena prompted by strong density perturbations, such as ionization. We will delve
into this concern in a subsequent section. Local basis sets are selected owing to their efficient
computational algorithms developed by the quantum chemistry community for electronic

integral calculationst?3124,

f.Auxiliary Density Functional Theory

The computation of classical electron-electron repulsion involves four-center-electron-repulsion-
integrals (ERIs) which imposes a significant computational burden. Once this challenge is
managed, another computational obstacle presents itself in the form of evaluating the exchange-
correlation contribution. To alleviate these issues, the deMon2k software implements the
Auxiliary Density Functional Theory (ADFT) framework!?>. The ADFT approach capitalizes on a
variational fitting method for the Coulomb potential, approximating four-center ERIs with simpler

two- and three-center integrals'?®. This method utilizes an auxiliary density function (p),

expressed as a linear combination of auxiliary basis functions k(r) : p = ZExEE (1), to replicate

the Coulomb repulsion energy as precisely as possible. For the purpose of computational
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efficiency, deMon2k comes with an in-built algorithm that auto-generates auxiliary function sets
from a provided atomic orbital basis set. These auxiliary basis set functions are, in fact, atom-
centered primitive Hermite-Gaussian functions that are assembled into groups with same

exponents {; at atom K%/,

_ a9\ a\Y, 8\
_ k) (1.25)
k() (aKx) (azg) (aKZ) e

The xz terms are density fitting coefficients. The coefficients are derived using a variational fitting

method by minimizing a self-interacting error function.

1 1 1
e =5{p—pllp—p) = {plp) = {pllp) + - {plIA) (1.26)
The error introduced via the fitted density can be progressively minimized by enhancing the

quality of the auxiliary basis set. In matrix notation, the KS energy derived from the ADFT energy

expression is given as:

E4PFT[5 P, HEO™e + (uv||k)xz 1IN (k||D)x7 + Exc[p]
wv Hyy Fiv kT2 L,k l xc (1.27)

k)l

The KS potential, which is derived from the ADFT energy expression, can be reformulated as

follows:
9 EADFT _
HAPFT = ( > HES™e + Z(‘uv”k)(xE + 77) (1.28)
k
—p= =1 - 0E,.[p]
z5= ) (KD Ivee), where v, = =2 (1.29)
= uv

In contrast to KS energy, there are no four-center ERIs, but only two- and three-center ERIs
involved in the energy or potential calculations. This approximation brings down the formal
computational complexity of the Coulomb integral computation from the fourth power of the
number of atomic orbitals (N4,) to a product of the number of atomic orbitals and auxiliary basis
functions (N}O. N,r). Typically, N, is three to five times the number of basis functions, but this
is significantly less than the number of product terms involving atomic orbitals. It is also important
to note that the auxiliary density enters in the exchange-correlation contribution (XC) as well.

When using LDA or GGA exchange-correlation functionals, the auxiliary density (p) can be directly
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used to evaluate E,.. However, when it comes to hybrid functionals, the process is a bit more

complex as it necessitates the variational fitting of the Fock potential®?2.

1.3.2 Real-Time Time-Dependent Auxiliary Density Functional Theory
a. Numerical propagation of electron densities

The Runge-Gross theorem'?® provides the theoretical foundation for the application of density

functional theory to time-dependent systems.

In essence, the Runge-Gross theorem states that for a system of interacting electrons in an
external potential that varies over time, the time-dependent external potential is a unique
functional of the time-dependent density of the system, up to a constant. In other words, the
theorem tells us that if we know how the electron density of a system changes over time, we can
determine the corresponding time-dependent external potential (up to a constant) that must

have been applied to the system.

p(r,t) p2(r,t)
Vext
Vext1 p1(r.t)
t=0 t

Figure 1-6: Conceptual representation of the Runge-Gross theorem: two densities, p1 and p2, under the influence of
two distinct potentials, v,,,, and v,,,,, begin to diverge instantaneously post the time instance t = 0.

This uniqueness of the time-dependent potential-density mapping is the time-dependent
generalization of the Hohenberg-Kohn theorem of ground state density functional theory, which
states that the ground-state density determines the external potential, up to a constant. The
time-dependent DFT equations can be formulated in terms of the Liouville-von Neumann
equationt30131;

_dp(r,t)
l—

5 = H@ 0, 0] (1.30)
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The non-relativistic time-dependent Kohn-Sham (TDKS) operator H is a functional of the density.
Here, the Hamiltonian operator is akin to that in the ground state, but it evolves not just spatially
but also temporally. In addition, the same procedure used for the ground state can also be applied

for density fitting in the context of time-dependent.

The vy is a density functional that, in theory, is non-local in both space and time. However, in
many practical implementations, the time-dependency of vy is often disregarded, leading to
what is referred to as the adiabatic approximation. This approach allows the use of approximate
XC functionals designed for stationary DFT calculations to be reused in RT-TD-DFT without the
need for specific reparametrizing. Although the adiabatic approximation can be adequate for
many applications, it introduces an additional approximation to the propagation, on top of the

inherent uncertainty regarding the exact form of the XC functional.

The issue with numerically propagating Eq. (1.29) is the intrinsic time-dependency of H, which is
a functional of the density. As such, long propagation (for instance, for tens of attoseconds) is
impractical. This difficulty is overcome, in practice by discretizing time into tiny increments, At,
which are typically in the range of 0.1-2 as. There are two key properties that should be satisfied
by this process: the propagator must be unitary and time-reversible!32133_ |t is also important to
remember that there is a physical limit to the maximum allowable At, which is determined by the
specific physical process being examined. If w,,,, denotes the maximum frequency that needs to
be resolved in the simulation, the maximum At should not exceed roughly 1/w;,q,. Currently,

deMon2k employs the second-order Magnus method*32134 to fulfill these requirements.

. At At
p(t, +At) = e—LH(t+7)*Atp(tn)e—H(t+7)*4t (1.31)
Eqg. 1.31 facilitates the propagation of electron density from ¢,, to t,, + 4t, given that we know

the Kohn-Sham potential at time t,, + %. deMon2k proposes two propagation schemes: one is

based on an iterative solver!33, and the other on a predictor-corrector (PC) solver'®>. The iterative
solver, while more robust and likely to ensure stable propagations with sufficiently small time-
steps'3®, is also more computationally demanding. The PC solver, on the other hand, is often
stable in most simulations when used with time steps of around 1 as, and it requires only one
evaluation of the KS potential per propagation step, thus offering substantial computational time

savings. A challenging aspect of these calculations is the need to compute the exponential of the
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KS matrix. In deMon2k, the user can choose from several options to perform this task: a
straightforward diagonalization of the matrix, a Taylor expansion, a Chebyshev expansion, or a

Baker—Campbell-Hausdorff expansiont31:132,

In all our RT-TD-ADFT simulations, we used PC solver and Taylor expansion, ensuring the stability

of the simulation beforehand.

b. External perturbations

In RT-TD-ADFT, various types of perturbations can be used to stimulate dynamics in the electron
cloud. These enable explicit simulation of the interaction with |oR, thereby directly quantifying
energy deposition and ionization, as well as initiating the superposition of states and tracking the
subsequent electron response. Generally, a simulation begins with a stationary Self-Consistent
Field (SCF) calculation to determine the ground state electron density of the system of interest.
Following this, Electron Dynamics (ED) simulations are carried out by introducing a perturbation.
This is achieved by adding terms into the external potential (v,,;). One option is to simulate the
interaction of the electron cloud with the electric field of an electromagnetic wave, which can be
executed under the assumption of dipole interaction. For charged particles, the interactions can
be incorporated via Coulomb interaction between charged particle and electrons. Both of

approximations are implemented in deMon2k*3”.
I. Electromagnetic wave

The homogeneous electric field component (F,) of the electromagnetic wave interacts with the

molecular dipole moment (i) (vectors are written in bold):

EPTt = —p(t) - Fe(t) (1.32)
F, can either be the result of the external electric field of monochromatic light multiplied by a
carrier function (such as a Gaussian pulse, a squared cosine pulse, or a linear ramp), or it could be

an instantaneous electric kick. Where u is the molecular dipole moment.

WO = Y ZaRa = [ pr0.rdr =) iRy~ ) B Dy (1.33)
A A ’

Z4 and R, are the charge and position of atom nuclei A. D,,,, is an element of the dipole operator
matrix : D, = (u|r|v).
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The external potential that should be included in the KS potential during the propagation is
derived by differentiating the interaction energy relative to the electron density. In matrix

notation, it can be written as:

aEpert

By

= Fo(t).D,, (1.34)

In our work, especially in Chapter Five, we employed an instantaneous electric kick to calculate
the absorption spectrum and a squared cosine pulse to simulate XUV interactions using RT-TD-

ADFT.

The instantaneous electric kick represents a wide range of energies that suddenly perturbs the
system from its ground state, resulting in the formation of a superposition of many excited states.
By monitoring the dipole moment, we can calculate a broad range of spectral features. Hence, an
absorption spectrum can be calculated using RT-TD-ADFT by initiating three electron dynamics
simulations from a static electron density, perturbed by a weak electric field with strength k

directed along either the x, y, or z axes (d). The Fourier transformation of the dipole moment (u;)
captured during the simulation provides insights into the polarizability tensor a: a4 ; = %,ud,j(a)).
Then, the absorption cross-section tensor ¢ and dipole strength function S in the frequency

. . 4
domain can be calculated using the formulas: o0 = %Im[a(w)], where ¢ denotes the speed of

light, and S(w) = %Tr[a(w)].

For monochromatic light, F, can also be expressed as: F,(t) = F,.X(t).sinwt.d , Here, F,
represents the maximum field intensity, X indicates the pulse envelope, d is the direction vector
of the pulse, and w signifies the frequency of the light. Here, squared cosine pulse X can be
expressed as:

0 if t >2t,

cos?[n(t—t,)/2t,] ift<2t, (1.35)

x@ ={

The shape of the squared cosine pulse is depicted in Figure 1-7 where F, and w are 0.05

(Ha/e.bohr) and 0.057 Ha respectively. The half-duration of pulse t,, is 26.664 fs.
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Figure 1-7: representation of the squared cosine pulse shape.

Il. Fast ions

In deMon2k, another kind of perturbation that can be used is the interaction with a fast charged
particle. This interaction allows the simulation of inelastic collisions, meaning collisions that do
not alter the trajectory of the projectile. The energy resulting from the interaction between the

molecule and the projectile is expressed as:

Emol/pTOj = — fp('r, t) qbproj (1‘, t) dr + Z ZARA' qbproj (r' t) (1-36)
A

¢proj is the potential generated by the projectile with charge q,,,;. For projectiles significantly
slower than light, this potential is typically computed using the Coulomb's law, a common practice
in numerous codes. However, when dealing with projectiles of which the velocity approaches the
speed of light, such as protons with kinetic energies exceeding 1 MeV, the Liénard-Wiechert
potential (LWP) becomes more appropriate as it incorporates relativistic effects3’. In our
research, we utilized the LWP since we aimed to investigate the interaction of charged particles
across a broad energy spectrum, ranging from 0.1 to 600 MeV. The LWP can be expressed as

follows:

_ CIproj
¢proj(r; t) = ry (1.37)
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In this equation, gy, is the charge of the projectile, while r is the distance vector between an

electron and the particle (r =17 — Rpj). ¥ = (1 — vgrojsinze/cz)_l/z stands for the angle-

dependent Lorentz factor, with v,,,; and c being the velocity of the projectile and the speed of
light, respectively. 8 represents the angle between the electron and the propagation direction of

the projectile. For projectiles moving at velocities substantially lower than the speed of light and

2
proj

2
proj

v —c?, y—>1if 0 -0, the LWP reduces to a standard Coulomb potential. However, if

v — c?and 8 - m/2, ¥ tends towards infinity.

The total energy of a molecule/projectile system now reads:

Etotal(f) = Elzc);?j(t) + EADFT(¢) (1.38)
Ezir,fj is the kinetic energy of the projectile. In our simulations, the projectile's kinetic energy is

constant and the atomic nuclei are frozen. Therefore, the first term in the equation is directly
removed from our calculations. The energy changed by perturbation is solely electronic, referred
to as electronic energy deposition. EAPFT is the sum of contributions from E™°! and E™o!/proj,

E™°! is molecular energy, which reads as:

EmOl(t) = Ecore (t) + Eee (t) + EXC(t) + ENR (1-39)

where Eyp is the atom nuclei repulsion energy.

. . . t 9(gmolygmol/pr])
The electronic energy deposition (4E) can be calculated in two ways: AF = ft Py ot
0

ordE = [° oEm!

- dt. These two methods coincide for finite systems and E™°Y/P7J yanishes when
0

the projectile is far from the molecular system of interest. This means that the two methods yield
the same results for a complete collision. In some calculations, we are interested in the evolution
of energy over time. EMY/PTJ includes the interaction of the charged particle with nuclei and
electrons. As a result, the contribution from the nuclei appears in the calculation. Therefore, in

all calculations concerning the electronic energy deposition of charged particles, we use AE™!.

c. Exchange correlation

In addition to the standard error in the XC functionals mentioned in the previous sub-section, the

adiabatic approximation in TDDFT presents another issue: it assumes that the XC potential
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responds instantaneously to changes in the electron density. The adiabatic approximation has
been included in all practical RT-TD-DFT simulations of real systems to date. The memory of the
XC potential can impact the electron dynamics induced by strong perturbation, particularly for
long-range charge transfer'3®, and also in describing multiple electron/hole transition in
attosecond pulse!*. These examples have been demonstrated for the Hubbard model and small
molecular systems; however, for larger molecular systems, it is not clear. Work continues to

address this issue, but the path seems long and arduous!4°-142

In the case of simulation of IoR using RT-TD-DFT, it is expected that these issues need to be more
effectively incorporated because the molecules will be partially ionized or excited during the
simulation. The presence of radicals and fractional electrons, in particular, is likely to increase SIE
and DDC. Moreover, the asymptotic behavior could influence the processes of ionization and
excitation, particularly when the long-distance correlation between electrons becomes more

important in these processes.

Despite these issues, on the positive side, XC-functionals are known to have a small impact on
energy deposition and stopping power. Kanai and coworkers 43 investigated the stopping power
of protons in silicon using RT-TD-DFT with both PBE and PBEQ. They found that both functionals
reproduced similar stopping curves, with minor differences at low velocities. The same result was
found by Maliyov’? in his thesis on the stopping power of protons in lithium and aluminum, by
comparing the LDA functional with PBEO. This could be related to the nature of energy transfer
from charged particles, which occurs very rapidly, in just a few attoseconds. During this period,
the electrons do not move significantly, especially at high velocities. However, the conditions
change for an electromagnetic pulse, as the interaction occurs over a longer time, depending on

the pulse duration.

When considering charge migration, the influence of the exchange-correlation (XC) functional and
memory could be quite significant. However, there are also encouraging findings. For example,
the recent work by Chakraborty and colleagues'**. They investigated the photoexcitation of Ceo
using non-adiabatic molecular simulation combined with TDDFT and semi-classical surface
hopping approach, employing various XC-functionals such as PBE, PBEO, and B3LYP. In their study,

they analyzed the dynamics of charge transfer and charge recombination in Ceo under different
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excitation conditions. Even though there are fundamental differences among the XC-functionals
in long-term simulations, it seems that all functionals provide quite consistent results in the short

term (approximately 20 fs), which is the timeframe of interest for us.

DFT is the principal method that we used in this work. Ground-state DFT was employed to
optimize the geometry of the structures, and radiation simulations were conducted with real-
time time-dependent auxiliary density functional theory (RT-TD-ADFT). Because the systems we
want to study are relatively large, we had to choose a DFT functional that balances accuracy and
computational cost. Therefore, we used the PBE'®” GGA-functional developed by Perdew, Burke,

and Ernzerhof.

d. Gaussian basis and Complex absorbing potential

Most ab initio methods, which use local basis sets, are primarily designed to deal with bound state
transitions. However, when a molecule is subjected to a strong perturbation, transitions near and
above ionization become accessible, leading to several issues related to the description of
continuum states and the presence of non-bound electrons (NBEs). For instance, high transitions
are characterized by resonance states that decay rapidly and result in the auto-ionization of the
molecule#. The presence of NBEs (in continuum states) can affect this process. Additionally, due
to the use of finite basis sets unlike non-local basis set, continuum states become discrete!?®,
leading to artificially high ionization transitions. These transitions create spurious absorption at
high energy spectrum, possibly resulting in unrealistic auto-ionization. Moreover, in the presence
of a laser field, the NBEs may be reflected back to the ground state during the simulation as seen
in HHG spectrum?®?. This occurs due to the phase shift between the dipole moment of the ionized
molecule and the propagation of laser field, which creates a mix of destructive and constructive
interference. Additionally, the presence of non-bound electrons (NBEs) introduces technical

issues when one attempts to define atomic charges and analyze charge flows in the simulation

outputs.

Consequently, an inadequate description of the continuum and the presence of NBEs in the
simulation can influence the energy deposition, the probability and characteristics of ionization,

as well as charge migration.
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I. Gaussian basis

The wave functions of electrons in the continuum, characterized by their delocalized and
oscillatory nature, are challenging to capture accurately using standard basis sets. Yet, non-local
basis sets, like grid-basis sets and plane waves, manage to describe the continuum and valence of
electrons well. In an effort to replicate non-local basis sets and enhance Gaussian basis sets for
better representation of high-lying excited and continuum states, a number of strategies have

been proposed in the literature. Here, we will mention a few of them.

Schlegel and colleagues®® optimized diffuse functions for standard basis sets to improve the
continuum and spatial contribution of electrons. Their findings demonstrated good agreement

with grid-basis sets for the ionization of H3 under a strong pulse.

Another approach was proposed by Shore!4’, who combined Gaussian basis set functions, which
are efficient at describing bound electrons, with B-splines to describe electrons in the continuum.
B-splines have proven to be highly efficient in describing multiphoton ionization processes in
atoms and molecules. Zapata and colleagues!®® illustrated that B-splines and grid-basis sets

produce similar results for HJ under a strong field.

Another strategy to improve the depiction of Rydberg and continuum states involves augmenting
the standard basis set with Gaussian atomic orbitals fitted for the continuum. Various procedures
have been proposed to accomplish this, including those suggested by Kaufmann and
colleagues'®?, and Nestmann and colleagues'®. Nestmann and Peyerimhoff, with further
extension by Faure and coworkers?>!, proposed a method to derive Gaussians optimized for the
continuum (AOC) within the context of electron-molecule scattering. These Gaussian-type
orbitals have been deployed, for instance, in calculating cross-sections for electron or positron
molecule collisions via the "R-matrix" approach!>?>!>3, The aforementioned procedure is
implemented in the software GTOBAS, which empowers users to generate appropriate AOC for
any atom of their interest. Furthermore, users can optimize the AOC based on their system and
the physical process of interest by defining parameters such as the maximum angular momentum,

the upper bound energy, and the finite range of the wave in space.
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Improving the continuum representation in local basis sets inevitably increases computational
costs, making it impractical for larger systems. we have demonstrated that the addition of AOC

154 can significantly improve the calculation of stopping power

optimized by Nestmann procedure
using RT-TD-ADFT, with less computational cost compared to sophisticated standard basis sets.
We will further explore the addition of AOC to standard basis sets in Chapter five, specifically in
the context of interactions with XUV-pulses. Additionally, we will discuss the enhancement of
standard basis sets and their reliability when the system size is increased for this type of

interaction.
Il. Complex absorbing potential

As previously noted, the release of NBEs is crucial in real-time simulations of IoR. The most
commonly adopted method to accomplish this involves the introduction of a complex absorbing
potential (CAP) (['(r)) into the imaginary part of the Kohn-Sham potential. This transforms the

Hamiltonian into a non-Hermitian Hamiltonian.

H(r,t) = Hy(r,t) —il(r) (1.40)
In deMon2k, two types of CAP are available!>>. The first type defines the potential according to
distance criteria in real space, termed as "spatial CAP"'#>, The second type defines it according to

the energies of the KS molecular orbitals (MOs) that describe NBEs.

The real-space CAP absorbs electrons that reach a threshold distance from the center of an atom

space

p ). The spatial CAP for molecular systems (I'SP4¢€ (1)) is achieved by superimposing atomic

center absorbing potentials, effectively creating a cavity around the molecule.

Natoms
['sPace () = min, z YoPee(r) (1.41)
a=1
0, R <R,
yopace () = ) ymaxgin? [% (R-R|, R <R <R+W, (1.42)
ymax R = R-+W.

The strength of the CAP smoothly increases with the distance (R) of electrons from the atom and

the width (W) of the CAP, reaching a maximum potential (IV™%%). In practice, the outcome is less
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sensitive to V™% and W as compared to the threshold distance from the molecule R- . The value
of R. should be large enough to prevent interaction with ground state electrons or low-lying
excited states, but close enough to effectively remove NBEs, implying it must be situated outside
the Coulomb well. Therefore, the parameters R., W, and V™%* need to be carefully optimized.
For instance, one could run a RT-TD-ADFT simulation from the ground state without perturbation,
and then check for conservation of energy and the number of electrons. If the energy and the
number of electrons are not conserved in the system, it signifies that the CAP is too close,

absorbing not only NBEs, but also bonded electrons.

Utilizing spatial CAPs with localized basis sets can indeed be challenging. First and foremost, the
need for basis functions to represent electrons at large distances requires the use of extremely
diffuse functions®. This in turn increases the computational cost. Secondly, spatial CAPs do not
differentiate between unbound electrons and bound electrons in extremely diffuse states, such

as Rydberg states. Consequently, a spatial CAP may not only absorb NBEs.

An alternative approach is to define the CAP based on another characteristic of NBEs, specifically
their energies. One could choose to absorb electrons populating Molecular Orbitals (MOs) of high
energy as these starts to populate during RT-TD-ADFT simulations. Lopata and colleagues®®
suggested applying the imaginary potential directly to the Fock matrix in the MO. The CAP energy
(C'e™e") is obtained by projecting a diagonal damping matrix (I') on the metric of orthonormal MO

coefficients (C') at the onset of the simulation.

Fener — Cl(t)l-'cl*(t) (143)
vi= {O' - o= (1.44)
yelexp(é€) — 1], & >0.

The diagonal damping matrix is comprised of a damping parameter y; for the i®* MOs, which
increases exponentially with MO energies. §; = &; — &, represents the energies of the i MO
shifted by the value of the vacuum energy cutoff (g,). y- sets the energy scale while £ specifies
the rate at which electrons populating state i will be absorbed. Consequently, the lifetime of

electrons in each MO equals 1/2y;. In practice, due to errors in the exchange-correlation
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function, g, is not exactly zero, so it can be approximated by using electron affinities, as described
by Lopata and coworkers. In the case of weak perturbations, the CAP in energy domain may be
evaluated just once from the SCF solution. However, for stronger perturbations, which are
associated with substantial electron density perturbation, the electronic spectrum (&;) changes
and one should re-evaluate the CAP on-the-fly. However, this is an option made recently available

in deMon2k but that we have not used in this work!>’.

The main advantage of an energy-space CAP is that it does not rely on the spatial distribution of
electrons. Therefore, it can efficiently operate even with non-diffuse basis sets. This feature
allows for an increase in the size of the simulation. Additionally, it effectively distinguishes non-

bound electrons.
Illl. Test of Complex absorbing potential

To evaluate the efficiency of these two types of CAP, we conducted RT-TD-ADFT simulations using
both CAPs for a di-nitrogen molecule (N2). The geometry of the nitrogen molecule was aligned
along the z-axis, with a bond distance of 1.090 A. We irradiated N> molecule with an XUV-pulse
and swift proton. This test was performed for a review article that was published in The European

Physical Journal Special Topics.?

For the XUV irradiation, we used a squared cosine-shaped pulse along the z-axis. The maximum
electric field strength and the energy of the XUV pulse are set at 0.005 (Ha/e.bohr) (equivalent to
3.5 x 10*2 W/cm?) and 30 eV respectively. The total duration of the pulse is 30 fs and it is centered
at 15 fs. The simulation is performed using the PBE XC functional'®, and it ran for 50 fs with a
time step of 1 attosecond. A diffuse basis set, constructed from the aug-cc-pVTZ and

supplemented with 28 diffuse functions'®?, is used.

For CAP in real-space, the threshold distance R., width W and maximum potential V""%* are
optimized at 15 A, 5A and 15 Ha, respectively. For CAP in energy-space, we optimized the energy
scale (y,) and the damping strength (¢) to 0.2 Ha and 0.05 Ha™}, respectively. The vacuum energy
cut-off was approximated at 0.0318 Ha, which ensures the corrected energy of the lowest
unoccupied MO equals the electron affinity, as calculated from two separate SCF calculations for

the neutral and anionic Na.
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Figure 1-8: Nz ionization by 30 eV XUV pulse (b) variation of total energy (c) number of electrons absorbed by the CAP
and (d) the numbers of electrons still in positive energy KS MOs, all as function of the simulation time (fs). (a)
corresponds to the propagation of the dipole moment on the z axis and the pulse field between 16 and 18 fs. In order
to easily compare the amplitude of the pulsed field is scaled. This figure is reproduced with permission of Springer
Nature, License Number 5595280327823.

Figure 1-g illustrates time-dependent profiles of the total energy variation (the total energy of the
molecule and the pulse) relative to the ground state energy (AE), the number of electrons
absorbed by the CAP (N&S), and the number of electrons in KS MOs with positive energy (N}97).
In the simulation without a CAP (represented by the green line), AE peaks around 17 fs during the
pulse application, then decreases and stabilizes after pulse. Panel d illustrates that the N0+
curve mirrors the evolution of AE. This is caused by the varying delay in dipole moment
propagation compared to the pulse field, which leads to both destructive and constructive
superpositions, as demonstrated in (Panel a). This phenomenon is commonly observed in High
Harmonic Generation when intense infrared laser pulses are applied in non-linear optics. The
electrons in the continuum are reflected back to the molecule, releasing XUV-pulses due to the
phase shift between the cycles of the laser pulse and the dipole momentum of the molecule8?.

However, in our case, this phase shift might be artificially produced due to the indefinite retention
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of electrons in the continuum states. As evidence, the phase shift disappears when the CAP is
introduced into the simulation (as seen in the blue and red lines). With the addition of either a
spatial or energy CAP, NBEs are quickly absorbed, causing the number of electrons to no longer
remain conserved (as depicted by the blue and red lines in Panel d). This also leads to a reduction
in AE due to the decrease in the fraction of electron density within the simulation, consequently
resulting in a decrease in the total energy of the system. Despite their different approaches, both
types of CAP yield similar results. After a sharp increase around 15 fs, when the external electric
field is at its peak intensity, a relatively steady situation is achieved. This result shows that the
introduction of CAP is crucial for the accurate description of ionization and dynamics during XUV-

pulse interactions, and either type of CAP effectively removes the NBEs.

A challenge worth noting, as discovered during the testing phase, is the difficulty associated with
ionizing a single electron from small molecules such as N,. As we increase the strength of the
pulse, phase shifting prevents the ionization of a single electron, leading to non-linear pulse
behavior. Conversely, by increasing the strength of the CAP, electron dynamics becomes unstable
during the simulation, even with more sophisticated electron propagation algorithms and smaller
time steps. This phenomenon is observable in both CAP models. We noticed that the instability
during simulation is strongly dependent on the rate of electron absorption relative to the total
number of electrons in the system. As demonstrated in Chapter Five, for instance, one can easily
remove an electron from a large system interacting with an XUV-pulse without any instability in
the simulation. This could be because for large systems, a weak pulse is sufficient for ionizing one
electron and the molecular orbitals or the electronic spectrum (€;) do not change significantly
compared to the ground state. This problem could be critical when investigating multiphotonic
simulations and simulating non-linear optical properties for small molecular systems. However,
for those operating in the linear region (one photon absorption) or interested in the probability
of ionization, this issue is not essential. Indeed, DFT calculations provide the probability of
ionization or absorption of photons. Hence, ionizing one electron is not necessary. In such cases,

a weak field is sufficient.

To evaluate the effects of CAP in the simulation of swift charged particles, we exposed the N3
molecule to a 70 KeV proton. The same methodologies and parameters as the XUV section are

applied, with the exception of the CAP strength, which is reduced to ensure the stability of the
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dynamics. Specifically, the threshold distance R- of the spatial CAP is reduced from 15.0 to 12.5
A, and the energy scale y, of the energy CAP is decreased from 0.25 to 0.05 Ha. Initially, the
proton is positioned 30 A away from the Nz and it impacted the bond between the nitrogen atoms

after 816 as.
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Figure 1-9: illustrates the results of the interaction of a 70 KeV proton with nitrogen. The panels and color codes are
similar to those in Figure 1-8, with the exception of the energy variation, which in this case corresponds to energy
deposition (variation of molecular energy only). This figure is reproduced with permission from Springer Nature,
License Number 5595280327823.

When a proton interacts with the electron cloud of the system over a few attoseconds, it deposits
approximately 60 eV of its energy, as seen in Figure 1-9. This energy deposition triggers multiple
transitions and ionization channels. In the absence of a CAP, the deposited energy is completely
conserved after the collision as expected. However, we observe a gradual increase in the number
of NBEs from 1.25 to 1.5 electrons due to various internal electronic transitions occurring within
the electron cloud, such as auto-ionization processes. Here, auto-ionization arises not just from
highly excited state resonances but also from artificial high ionization transitions. Introducing a
CAP reduces the deposited energy as it absorbs the NBEs, which leads to a decrease in the total
energy. As shown in Figure 1-9 (panel c), when a large number of electrons are excited in a very
short time, the CAP requires more time to absorb these electrons. Unfortunately, the rate of

electron absorption impacts the stability of the simulation, thus limiting the strength of the CAP.
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Nevertheless, NBEs in higher molecular orbitals have shorter lifetimes than those in lower levels,

which helps reduce the risk of high lying resonance states (which decay faster).

In conclusion, while a CAP is not essential for calculating the energy deposited by charged
particles due to their short interaction time compared to a laser pulse, it is crucial for simulating

ultrafast processes' dynamics.

1.4 Conclusion

We have introduced in this Chapter the general background and the theoretical concepts used in
this thesis. We began by outlining the main elements related to radiation damage for both
photons and charged particles. In particular, we focused on the physical stage in terms of energy
deposition, initial ionization, penetration distance, and electronic relaxation induced by both
types of ionizing radiation. Additionally, we discussed the common experimental and theoretical

approaches used to reveal the physical stage.

In the second part, we introduced the main mathematical equations involved in RT-TD-ADFT, a
workhorse in our work. We introduced local basis sets and auxiliary density fitting
approximations. We also described the kinds of perturbations used to explicitly simulate the
interaction with ionizing radiation. We discussed the effects of XC functionals, basis sets, and
complex absorbing potentials for removing non-bonded electrons in simulations. Despite several
issues arising due to XC functional and basis sets, RT-TD-ADFT remains reliable for revealing the
physical stage and is unique in its ability to study large molecular systems. We demonstrated that
removing NBEs in the simulation is essential for the interaction of XUV-pulses and electron
relaxation, but it does not have a significant effect on energy deposition by charged particles.

The following Chapters will focus on results.
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ON SOME RELATIVISTIC EFFECTS IN FAST ION-MOLECULE COLLISIONS
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2 Relativistic effects in fast ion-molecule collisions

One of the primary features of charged particles that makes them suitable for radiotherapy is
their ability to deposit a significant amount of energy at the end of their trajectory, referred to as
the Bragg peak. Beyond the Bragg peak, energy deposition diminishes as the kinetic energy of the
charged particles increases. When energetic particles are used, they lose their kinetic energy,
transferring it to the target as the particles penetrate up to the Bragg peak. At this point, the
charged particles release the majority of their energy. This characteristic of charged particles
enables targeting of deep-seated tumor cells, while protecting healthy cells in the path of the
charged particles. However, the energy deposition curve increases again at high kinetic energy
due to the relativistic effects of charged particles. Relativity of charged particles plays a crucial
role in radiotherapy, specifically in proton therapy. This is one of the reasons that limits the
maximum kinetic energy of a proton to approximately 250 MeV'2, As a result, the healthy tissue

at the beginning of the charged particle penetration is no longer protected.

Relativity effects can manifest in different situations depending on the speed of the particles of
the system of interest. Either the electrons of the target material can approach the speed of light,
or the irradiating particles can. The finite propagation of electric fields mediating electrostatic

interactions may also have to be considered on the attosecond time scale.

The core electrons of a target, particularly for heavy atoms, are potentially subjected to relativity
effects. The latter further impact the binding of electrons in upper electronic shells. For atoms
with an atomic number greater than 54, the reduction of binding energy due to relativity is
significant3. As a result, the calculated stopping power of relativistic heavy atoms is expected to
be less than that of non-relativistic ones>™. Fei Mao and colleagues investigated the contribution
of f-electron excitations to the electronic stopping power of platinum for a proton using the RT-
TD-DFT framework®. In their work, the core electrons were replaced by a relativistic
pseudopotential model. They demonstrated the importance of including electron relativity in the
stopping power calculation for Pt. However, as we are mainly interested in biomolecules, which
typically have an atomic number of less than 20, the effect of target electron relativity is expected

to be negligible.
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Another source of relativistic effect which is the main focus of this Chapter is that arising from the
ionizing particle’s velocity. Both experimental’™ and theoretical'® evidences show that energy
deposition, or alternatively the stopping power, increases with kinetic energy in the relativistic
region. However, in the high relativistic region, the stopping power is lower compared to what is
predicted by the Bethe-Bloch theory. This reduction is proportional to the density of the target!
and is more significant for light atoms?!2. This phenomenon is known as the density effect. Due to
relativity, electric fields become concentrated and expand perpendicular to the direction of
particle’s propagation track. This leads to the polarization of electrons in the medium.
Consequently, a portion of the long-distance electric field is screened. The density effect becomes
significant when the kinetic energy of the particles approaches their rest mass. For instance, in
the case of a proton, this value is 938.27 MeV. The threshold for the increase in the stopping
power curve, known as minimum ionization loss, begins to rise gradually from about 300 MeV
(for protons). The minimum ionization depends solely on the target material and it decreases with

increasing atomic number?!3,

Wu and colleagues proposed to include such relativistic effects of charged particles in RT-TD-
ADFT!4, They proposed to use the Liénard-Wiechert potential (LWP) instead of the classical
Coulomb potential in the Kohn-Sham external potential. They found that the use of the LWP is
necessary for calculating energy deposition, for example, for protons above 1 MeV. This
preliminary work called for deeper analyses of such relativistic effects, which is the motivation of

the present Chapter.

RT-TD-DFT is a promising model for calculating energy deposition or stopping power, as it can
accurately describe the physical processes incorporated in charged particle interactions.
However, in practice, stopping power, a quantity that is comparable to experimental data, is
underestimated by RT-TD-DFT at intermediate energies (corresponding to a maximum proton
energy of around 2 MeV) when compared to a variable data for stopping power!>. Correa and
coworkers reported the stopping power for Ni in the velocity range between 0.5-20 au
(corresponding to proton energies between 0.006-9.92 MeV)®. They found a dramatic
underestimation of the stopping power at high velocity. To date, higher energy particles have not

been explored in the context of RT-TD-DFT.
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The source of stopping power underestimation in RT-TD-DFT calculations is not clear until now.
However, some technical problems may be responsible for example, the quality of the basis set.
Maliyov et al*’*® have shown that the calculation of stopping power is substantially sensitive to
the quality of the basis set. Especially at intermediate velocity, the underestimation of stopping
power highly depends on the quality of the basis set for core and deep valence electrons. Of
course, the size of the simulated system could be another factor. Additionally, the effects of
relativistic phenomena, which have not been explored by RT-TD-DFT, may also play a role in these

discrepancies.

In this chapter, we generally investigate the impact of relativity on the electric field of charged
particles. Moreover, we explore the energy deposition of protons in guanine-cytosine nucleobase
paired with water molecules over a wide energy range, from 0.01 MeV to 635 MeV. This is
accomplished by incorporating relativistic effects for the charged particles in the RT-TD-ADFT
simulation. In Section 2.2, we discuss the mechanisms involved in energy deposition. Section 2.3
is dedicated to exploring the effects of relativity on the electric field of charged particles. Section
2.4 focuses on RT-TD-ADFT simulations for the energy deposition of protons in a biomolecule.
This includes detailing the methodology and system setup, testing the basis set, evaluating the
energy deposition of protons in the range from 0.01 to 635 MeV, and discussing the effects of
relativity on proton interactions. We conclude the chapter with a summary of our findings and

perspectives.

2.1 Interaction of charged particles depending on their energy

The description of the interaction of charged particles with electrons resting on molecules is a
substantial challenge for RT-TD-DFT simulations as the mechanisms at play strongly depend on
the projectile’s kinetic energy. For the sake of simplicity, we may define four regimes depending
on the irradiated material and the irradiating ion. Even though it is delicate to define strict limits
between these regimes, they help to set the ideas. Taking the example of protons'? these regions

would be:
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e Very-low energy region (< 0.01 MeV). Energy deposition via elastic collision in nuclear
vibrational modes is substantial here!®?0. This kind of excitation that does not involve
electronic excitations is not of interest to us in the context of this thesis and will not be
considered any further.

e Low-energy region (from 0.01 to 0.2 MeV). This energy domain is characterized by the
intricate non-adiabatic excitation and ionization electron dynamics. Atom nuclei have no
time to respond due to their large mass during the energy deposition process. In general,
valence electrons have a significant role in energy transition?!. The most notable feature
of this energy region is the electron polarization during impact. Notably, when the proton
has a lower velocity than electrons, the latter move and accumulate around the projectile.

e Intermediate-energy region (from 0.2 to 1 MeV). There, core electrons more substantially
contribute to energy transfer!’. While electron polarization remains, it is significantly
reduced.

e High-energy region (above 1 MeV). There, relativistic effects arising from the high velocity
of the ion play an ever-greater role in the electron-ion interaction. Additionally, electron

density polarization re-appears due to the relativistic effects.

| will now describe in more detail each of these last three regimes for which electronic excitations

are the main energy deposition channel.

2.1.1 Low-energy region (from 0.01 to 0.2 MeV)

Energy deposition is highly dependent on the complex interaction between the charge and the
electron cloud. Theories based on first-order approximations, such as the Bethe-Bloch theory!%?22
and the Lindhard model®>=?°>, cannot adequately describe this regime. Indeed, according to the
first-order approximation, the electrons on the target material do not move significantly during
collision ("electron rest approximation"). However, if the charge is slow enough, electrons have
time to move significantly relative to the ion, creating electrostatic induction (polarization). If the
projectile's charge is positive, the electrons move in its direction. Conversely, if it is negative, the

electrons are repelled.
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e The augmentation of electron density along the ion track and the deficiency of electron
density on the surrounding fragments create typical charge oscillations that are called by
some authors plasma oscillations?®. The projectile has the ability to excite this plasma. This
typical excitation is crucial for conductor and semi-conductor materials?’.

e Polarization-induced electron accumulation around the proton may screen the proton's
electric field. As a consequence, the interaction of electrons with the screened charge
decreases, especially for long-range interactions, hence energy deposition. The effect of
screening increases as more electrons accumulate around the proton. This effect is known
as charge neutralization. In general, this effect is significant below 1 MeV for protons.

e For positive charge particles like protons, electrons that are faster than the projectile
move toward the charged particle during collision. As a result, the distance between these
electrons and the ion decreases compared to other electrons. Consequently, energy
deposition increases because Coulomb interaction decreases with distance between an
electron and a charged particle. This is known as Barkas’s effect?®. This effect becomes
more pronounced as ion energy decreases due to an increase in the number of electrons
that are faster than the ion. However, it can keep on even in the high-energy region (~100
MeV)? due to the fact that the velocities of some core electrons (depending on their
energy) are always larger than the velocity of the projectile. In the low-energy region,

Barkas effect is in competition with the screening effect.

These three kinds of mechanisms efficiently involve the energy deposition of charged particles in
the low-energy region. That is why it is one of the most difficult regions for simulation, even for
experiments. However, compared to other regions, this region of energies is technically easier for

RT-TD-DFT simulations.

Our group reported the irradiation of biomolecules with fast particles using RT-TD-ADFT?°, It was
found that a positive charge pulls in the surrounding electron density and partially reduces the
fragments of molecules that are about to be hit. The slower the projectile, the stronger the
polarization. RT-TD-ADFT simulations are thus able to reproduce the Barkas effect. This

phenomenon has been qualified as a mechanism of “tidal” (“ebb-and-flow”) ionization.
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2.1.2 Intermediate-energy region (from 0.2 to 1 MeV)

The aforementioned three mechanisms are still at play, but as the ion’s kinetic energy is higher,

they are less pronounced. Core electron excitations, on the other hand, become significant?*.

In general, when a projectile goes through a molecule, it is decelerated by the Coulomb
interaction with the electrons, and as a result, the energy will be released with the equivalent of
ionization or excitation of target electrons. The frequency created by charged particles has
broadband energy. In addition, the frequencies increase with the energy of charged particles (we
will come back to this in the next sub-section), so that the probability of these frequencies that
synchronize with the binding energy of core electrons augments. The participation of core
electrons in the contribution of stopping power expects to be increasing with the energy of the
projectile. However, the relativistic effect has not yet been effectively incorporated into the

energy deposition contribution.

2.1.3 High-energy region (above 1 MeV)

Because of the very high velocity of the ion, the electric field it generates is subjected to some
relativistic effects. The distances between the ion and the electrons reduce (the so-called
distance-contraction-effect) and the collision time increases (time-dilatation-effect). As a

consequence, energy deposition increases with the speed of the projectile.

In addition, the electric field generated by the ion is substantially concentrated in the
perpendicular direction of particle propagation. This leads to the polarization of electrons and to
the screening of the projectile’s electric field for long-distance electrons. In the following sub-

section, | go into deeper detail about the mechanisms at play in the relativistic area.

2.2 Relativistic effect

2.2.1 Liénard-Wiechert potential

The interaction of the charged particle with the target electrons is achieved by the introduction
of electrostatic potential in Kohn-Sham external potential. For non-relativistic ions, this potential

is the classical Coulomb potential (¢-p) between the charged particle and the target electrons:
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¢ep(r,t) = @ (2.1)

where qp,,; is the charge of the projectile. r is the distance between the projectile and the

electron. On the other hand, as the speed of the charge increases and approaches the speed of

light, the relativistic effect can be introduced in two ways:

One way is to change the velocity of the projectile to a relativistic velocity. Alternatively, we can
modify the ion’s potential, that is we can replace the non-relativistic Coulomb potential with the

Liénard-Wiechert potential (¢, ,p)*° (eq. 2.2). This is the method we have chosen.

Qproj

Grwp(r,t) = 02 gl ?
1— proj

c?

(2.2)
T

where 6 is the angle between the propagation direction and the distance vector between an

electron and the particle, and r is the distance as illustrated in Figure 2-1. y=(1—

. -1/2
vlz,mjsmze/cz) /% is the angle-dependent Lorentz factor.

Z
; e
’
,I
/',
/', v
q proj

- Proton motion vector.

Figure 2-1: A schematic illustration of the angle between the propagation direction of a projectile and an electron.

The Liénard-Wiechert potential reduces to the classical Coulomb potential for ions traveling at

speeds much lower than the speed of light because y = 1. When vgmj —c?, y—>1if6 =0 (for
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electrons positioned on the particle trajectory) and y — +oo if 8 = /2 (for electrons positioned
perpendicular to the particle trajectory). This means that as the ion’s velocity approaches the
speed of light, the potential generated by the projectile is constant in the direction of propagation
and expands perpendicular to the direction of propagation. As shown in Table 2-1, we calculated
¢Lwp for a proton qpro; =1 (au) with 0.01 and 635 MeV of kinetic energy, depending on the 6

value and assuming a distance proton-electron distance r = 1 bohr.

Table 2-1: Liénard-Wiechert potential for proton depending on the proton energy and Liénard-Wiechert angle with
r =1 bohr.

dLwp (au)
0 0.01 MeV 635 MeV
0° 1.00 1.00
22.5° 1.00 1.05
45 1.00 1.21
77.5 1.00 1.60
90’ 1.00 1.67

y decreases when the kinetic energy increases, which leads to a shorter distance between
charged particle and an electron. Consequently ¢;,p increases, so that the augmentation of the
potential charged particle by the relativistic effect is expected to increase energy deposition

compared to the non-relativistic case.

2.2.2 The mechanisms of interaction

Relativistic effects change the mechanism of irradiation. To better appreciate this, we study the
electric field produced by the charged particle. The electric field can be divided into a transverse
and a longitudinal component, denoted E, and E,, respectively. E, accelerates electrons
perpendicular to the direction of the projectile, and E,, accelerates the target electrons parallel

to the proton propagation motion, as illustrated in Figure 2-2.
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2 —p Proton motion vector.

electron acceleration vector by
the acting proton field.

====Amplitude of electron accelerated by E,

====Amplitude of electron accelerated by Ey

Figure 2-2: Schematic illustration of the action of transverse and longitudinal electric fields on an electron.

The transverse and longitudinal electric field strengths can be expressed as follows:

ro'b
Ez(t) = Goro) 3
(b% + (Y'vt)?) /2 (2.3)
“Uproj t
Ey(t) _ Qproj YV

(b2 + (Y'vt)) 72
b is the impact parameter. v and t are the velocity of charged particle and time. Here, y' is the

relativistic factor, y' = (1 — v?/c?)"V/2.

As an illustration, we represent E,, and E, as a function of time or of the proton’s position in
Figure 2-3 (b and c). We consider kinetic energies of 0.01, 0.06, 2, and 635 MeV. The atomic unit
of electric field is e /a,, with e and a, the charge of the electron and the Bohr radius respectively.

We take the Fourier transform of E,, and E, leading to the Ej’and E7’ functions. We plot on panel

d the relative intensity, which is defined as (| ;j)/z|2/max| J‘j’/z|2 ).
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Figure 2-3: (a) Schematic demonstration of the transverse (left) and longitudinal (right) electric fields. (b) and (c):
electric field strength as a function of time and distance. (d) Spectrum diagrams of the corresponding electric field.
The gray dotted line corresponds to the electric field calculated from a Coulomb electric field (CEF) at 635 MeV.
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As seen on Figure 2-3, b and ¢, E|, is anti-symmetric around the collision event. The force exerted
on the electron before and after collision is the same, but of opposite directions. Therefore, E,, is
not effective in transferring energy to the electron. This statement is valid under the conditions
of electron rest and binary collision, where the electrons do not move during the collision and the
charged particle interacts independently with each electron of the target molecules one by one,
neglecting both screening and the correlation between electrons. However, these conditions tend

to break down, particularly in the low-energy region.

The transverse electric field E, is the main component responsible for energy deposition. It is
symmetric around the collision time and leads to increase energy deposition before and after
collision. The longitudinal force acting on the electron leads to an acceleration of the electron
toward the ion. The electron continually gains energy until the force decreases as the ion goes

away.

As evidenced on panel ¢, E, starts to increase from -3 A for 635 MeV, while it starts to increase
at -1.5 A for 2 MeV. In fact, there is a tiny difference between E, at 2 MeV and 0.06 MeV, but we
cannot see itin the figure. This corresponds to a relativistic effect. Relativity contracts the distance
between the electron and the charged particle, and the interaction between them increases. The
dotted black line corresponds to the calculation of the electric field strength at 635 MeV using a

non-relativistic electric field. We will return to this point later.

Panel d shows the spectrum of energy produced by the charged particle. As seen, higher-energy
projectile contains more high-frequency. As a result, the participation of core and inner valence
electrons in energy deposition is expected to be augmented by charged particle energy. But it is
not all, the frequency of the charged particle also highly depends on the impact parameter, as
illustrated in Figure 2-4. The frequency increases significantly by reducing the impact parameter.
In a close collision, core electron excitation is possible even at 0.01 MeV. This finding emphasizes
the importance of a good description of core electrons in simulating charged particle interactions
at high energies and close collisions, which is a difficult task for RT-TD-DFT simulations with non-

local basis sets.
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Figure 2-4: Spectrum diagrams of the transversal electric field (T) of 0.01 MeV proton according to the impact
parameters (b).

The dotted black line in Figure 2-3 refers to E,,, E,, and the relative intensity of a 635 MeV proton,

calculated using a classical (non-relativistic) electric field (CEF).

As depicted in Figure 2-3(b), When comparing the dotted black line with the solid blue line (results
derived from a relativistic electric field) for a proton at 635 MeV, no significant difference is
observed for E,, and E, within the time domain at the scale used in the figure. However, when
the time range is reduced to -0.05 to +0.05 au, as shown in Figure 2-5, it is apparent that E,, and

E, from the relativistic electric field (REF) extend in time compared to those from the CEF.
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Figure 2-5: The transverse and longitudinal electric field strengths for a proton at 635 MeV, calculated using the
relativistic electric field (solid blue line) and classical electric field (dotted black line).

In Figure 2-3(c), the effects of relativity are clearly visible in the spatial domain. The dotted black
line perfectly coincides with the red line (proton at 0.01 MeV) and the orange line (proton at 0.06

MeV), where the effect of relativity is negligible at these kinetic energies of the proton. However,
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the electric field strength of the blue line starts at a larger distance compared to the others. This
is due to the contraction of distance caused by relativity and the increase in the strength of

charged particles.

Furthermore, as illustrated in Figure 2-3(d), the relativistic effect significantly influences the
frequencies generated by the charged particles. A red-shift is observed for a proton at 635 MeV
resulting from the reference (blue line). This can be attributed to the fact that relativistic effects
extend the interaction time length, leading to the generation of less energetic frequencies
compared to the CEF. In this figure, we display the relative intensity of the Fourier-transformed
E, and E,. For further details, we plotted the intensity as a function of frequency for a proton at
635 MeV with the reference and CEF in Figure 2-6. The results show that the intensity of the
spectrum resulting from the reference significantly increases compared to that of the non-
relativistic one. This can be attributed to the contraction of distance, which leads to an increase
in the interaction with charged particles. Consequently, the relativistic effect reduces the
frequencies of the charged particle due to the dilation of the interaction time. On the other hand,

it increases the intensity of the frequency due to the contraction of the interaction distance.
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Figure 2-6: display the spectra for a 635 MeV proton calculated from the relativistic (solid blue line) and classical

(dotted black line) electric fields. The plots represent the intensity ( | }‘,"/Z|2 ) versus frequencies.

Finally, the analysis we have just reported, demonstrates that the energy transition from a
charged particle essentially depends on the transversal interaction. In addition, by the relativistic
effect, the transversal interaction expands in terms of interaction and spatiality. The interaction
starts at a longer distance than for non-relativistic charged particles. We also demonstrate that
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the relativistic effect leads to a red-shift and increase in the intensity of charged particle spectra.
Moreover, our findings indicate that the frequencies generated by a charged particle heavily

depend on the particle's energy and the distance of collision.

2.3 Assessment of RT-TD-ADFT simulations for charged particle interaction

In this section we assess the capability of first-principle simulations based on RT-TD-ADFT to
capture the various energy deposition mechanisms. We first detail the molecular system we will
be considering and the computational details, including some tests to select an adequate basis
set. Then we will consider irradiation of our molecular system by proton with kinetic energies in
the range of 0.01 to 635 MeV. The effect of relativity on the ion-electron interaction will be

examined in detail.

2.3.1 Methodology and system setup

We consider a guanine-cytosine nucleobase with a pair of water molecules (Figure 2-7). We have
optimized the supramolecular system geometry with deMon2k (version 6.0.2)31. To reduce the
computational cost, we have used variational density fitting3%33. The classical electronic repulsion
and XC contributions to the Kohn-Sham potential are computed with auxiliary densities. We chose
the GGA (generalized-gradient-approximation) exchange correlation functional PBE (Perdew—
Burke—Ernzerhof)3*. We used the DZVP3> basis sets (double zeta valence polarization) and GEN-
A2* auxiliary sets3® to expand the electronic Kohn-Sham molecular orbitals and the fitted density,
respectively. We used the D3 empirical dispersion correction®’. The two-dimensional molecular

system was approximately placed in the Oxz plane, as shown in Figure 2-7.
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Figure 2-7: supramolecular system considered in the Chapter: a guanine (left), cytosine (right) and two water
molecules. The dashed lines make visible the intermolecular hydrogen bonds.

To evaluate the amount of electronic energy deposition upon collision, we have used RT-TD-ADFT
as implemented in a house version of deMon2k (version 4.4.5)38. Unless otherwise stated, for RT-
TD-ADFT simulations, we have chosen the PBE functional for correlation and Correct Asymptotic
Potential functional (CAP)*® for exchange. We make here the adiabatic approximation. The
propagation time step is limited by the physical processes involved in the dynamics of electrons.
In our simulations, the time step is dependent on the kinetic energy of the projectile and ranges
from 1 as at 0.01 MeV to 8.07x10* as at 635 MeV. In a preliminary phase, we have tested various
propagation parameters to propagate the electron density in time. We have concluded that the
efficiency and computational cost of time propagation is adequate with the second order Magnus
propagator®® coupled to a predictor-corrector algorithm?*!. We use a Taylor expansion*’ to

evaluate the exponential of the Kohn-Sham matrix comprising 45 terms (see Chapter 1).

2.3.2 Choice of basis set

The quality of the basis set significantly impacts energy deposition. We have considered three

basis sets in our tests: TZVP, TZVP-FIP2, and TZVP-AQOC.

TZVP (Triple zeta valence polarization) is a basis set optimized for DFT calculations. TZVP-FIP2
stands for TZVP augmented with second-order field-induced polarization functions®. This basis
set was optimized to improve the description of molecules’ polarization responses. It was used
for example to calculate polarizabilities and hyperpolarizabilities. We have selected this basis set

here because we expect that the polarization of the electrons cloud by fast ions might play a
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critical role in energy deposition. Finally, we have considered the TZVP-AOC (standard TZVP with
additional fitting Gaussian-type orbitals for describing the continuum). These AOC basis set
functions are added to help reproducing the continuum wave functions. They have been
generated using the GTOBAS program from Faure et al**. The GTOBAS program accepts in input
three parameters: the maximum angular quantum number (set to 2 here), the spatial extent of
the fitting domain (3 Bohr) and the maximum energy of the continuum wave functions (5 Ry),
respectively. A study from the ICP research group to which | contributed, have shown the

capability of these basis sets to accurately simulate energy deposition by swift ions*°.

To assess the performance of the three basis sets to capture energy deposition, we have
considered 56 single, independent, trajectories of the proton. Each of these trajectories crosses
the average molecular plane perpendicularly, at different points, highlighted by the green beads
on Figure 2-8. The set of trajectories include collisions at the centroid of the covalent bonds, on
hydrogen bonds, on lone pairs or in regions of very low electron densities. The kinetic energy of
the proton was set to 0.07 or 0.30 MeV. The proton was initially placed at y = 30 A. For these

simulations, we have chosen the PBE XC functional.

Figure 2-8: Supramolecular system (guanine, cytosine, and a pair of water molecules) is shown in licorice
representation. Each green ball represents the passage of a single proton trajectory in the y-axis view.

The energy deposition for each trajectory is calculated from the difference between the ADFT
energy at the end of the simulation and the ground state energy. The deposited energies summed
over the 56 trajectories (AEsg), the averages (AE) and the standard deviations

o are collected in Table 2-2.
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Table 2-2: Energy variation of the supramolecular system upon 56 collisions by a proton of kinetic energy of 0.07
and 0.30 MeV. N, is the number of atomic orbitals.

0.07 MeV 0.30 MeV
Basis set Nao AEsc (eV) AE (eV) o (eV) AEsq(eV) AE (eV) o (eV)
TZVP 581 1801 32.1 +17.7 955 17.1 +8.9
TZVP-FIP2 1080 1955 34.9 +17.2 1014 18.1 8.7
TZVP-AOC 1618 2327 41.6 +19.7 1217 21.7 +125

AE<¢ and AE decrease for a proton kinetic energy from 0.07 MeV to 0.30 MeV. This is in line with
the expected position of the Bragg peak. Each of the three basis sets correctly describes this trend.
However, the AE5¢ value significantly depends on the basis set. The larger the basis set the larger
the AE5¢. Taking by convention TZVP-AOC as the reference, the energy deposition calculated with
TZVP is underestimated by 24% and 21.5% at 0.07 MeV and 0.30 MeV, respectively. With TZVP-
FIP2, the underestimation is of 16% and 16.7%. As observed in the table, the standard deviations
are notably large compared to the mean values. This outcome is expected due to significant
variations in the spatial distribution of electron density within isolated systems. The energy

deposition strongly depends on the local electron density surrounding the projectile's trajectory.

As a compromise between accuracy and computational cost, we have chosen the TZVP-FIP2 for
our simulations. Actually, we are more interested in this work to investigate trends in deposited
energy than the absolute value of deposited energy. We thus hope the TZVP-FIP2 is accurate

enough to draw meaningful conclusions.

2.3.3 Energy deposition on the 0.01 — 635 MeV kinetic energy range

In this section we scan the proton kinetic energy in the 0.01 - 635 MeV range and examine the
capability of RT-TD-ADFT to capture the physics at play that leads to energy deposition. For the
sake of simplicity, we consider a single trajectory, still perpendicular to the bead as shown in
Figure 2-9. The projectile is initially positioned 30 A from the system and the simulation is run
until the proton has travelled 60 A. We have considered either a Coulomb potential or a Liénard-

Wiechert potential to describe the electron-fast ion interaction.
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Figure 2-9: The supramolecular system (guanine, cytosine, and pair water molecules) is shown in licorice
representation. The green line represents the position and direction of the proton's trajectory. The orange bead
defines a reference position (y-axis=0) used in later analyses.

The energy deposition curve as function of the proton’s kinetic energy is shown in Figure 2-10.
The red line (Coulomb potential) and the blue line (Liénard-Wiechert potential) are
superimposable from 0.01 MeV to around 2 MeV, where they start to diverge. We will

successively examine three energy regions in more detail in the next three sub-sections.

—e— Relativistic potential
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Figure 2-10: energy deposition curve as function of the proton’s kinetic energy. The x-axis uses a logarithmic scale.

2.3.3.1 Low-energy region (0.01 - 0.2 MeV)
This region is one of the important parts of the energy deposition curve where charged particles

lose the majority of their energy. As seen on Figure 2-10, the proton deposits 20 eV into the
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supramolecular system at 0.01 MeV. Then, the deposited energy increases until it reaches a
maximum of 34 eV at 0.055 MeV. After that, energy deposition declines. In this region, relativity

has a negligible effect.

The non-monotonic shape of the energy deposition curve over this range of kinetic energy results
from complex interactions with the electron cloud. In this region the electrons are much faster
than the ions. Three mechanisms are usually invoked, namely plasma oscillations, fast-ion

induced polarization and Barkas effect.

To evidence the electron dynamics during collision, we have calculated the electron density at
the center of the molecular system for this trajectory. This point is evidenced by the orange bead
on Figure 2-9. We report in Figure 2-11, the variation of electron density with the ground state at
this fixed point is space during the simulation. Thus, a positive value means an accumulation of

electron density with respect to the ground state.
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Figure 2-11: electron density variation in one fixed point on the trajectory position at a center of plane geometry (as
shown as a red ball in (Figure 2-9 as a function of the proton's distance from this point. Proton kinetic energy range
between 0.01 and 635 MeV. The simulations are conducted with LWP.

The electron density already increases before the arrival of the proton, electrons are thus not at
rest during collision. Electron accumulation around the proton is mainly responsible for electric
field screening. The variation of electron density at the proton superimposed on the point (the

distance of proton =0 in the figure) decreases as the proton’s energies increase. Therefore, it can
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be expected that the effect of screening charged particles becomes more significant as the energy
of the proton decreases. Generally, this effect is important for protons with energy below 1 MeV.
However, in our system, the threshold extends to 4 MeV. Of course, this effect competes with

Barkas's effect.

After a collision, the variation in electron density decreases and exhibits oscillations, which are
attributed to charge migration between fragments. Charge migration, characterized by its

oscillatory nature, is responsible for charge delocalization.

These three types of mechanisms efficiently involve energy deposition of charged particles in the
low-energy region, which is why it is one of the most difficult regions for simulation by the models

dependent on first-order perturbation theory.

2.3.3.2 Intermediate-energy region (0.2-1 MeV)

We name this region of energy as intermediate because the participation of core electrons starts
to be significant in the contribution of stopping power. As shown in Figure 2-10, energy deposition
of the proton decreases from 20 to 8.6 eV with proton energies from 0.2 to 1 MeV. This
diminution of energy deposition relates to the interaction time between the charged particle and
the target electrons, which reduces as a function of the charged particle energies. The three
mechanisms detected above remain significant. However, the relativistic effect has not yet been

effectively incorporated into energy deposition contribution.

2.3.3.3 High-energy region (> 1 MeV)

The Liénard-Wiechert potential allows in principle to account for relativistic effects in the ion-
electron interaction. As shown in Figure 2-10, the energy loss calculated using the non-relativistic
potential (red line) decreases smoothly as a function of proton energy, approaching zero at 635
MeV. It is a fact that the interaction time of the proton with the target electrons decreases with
increasing proton energy. With a relativistic potential, the energy deposition decreases from 1 to
55 MeV, but more slowly than with a non-relativistic potential. Above 55 MeV the energy

deposition increases further. The competition between the interaction time and the expansion of
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the particle potential determines when the energy deposition curve starts to rise in the high

energy region. In Figure 2-12, we quantify the relativistic potential effect as follow:

AE, — AE,, (2.4)
WAE, =——x 1
WAER AE, 00

where AE, and AE,, is the energy deposition with relativistic and non-relativistic potential

respectively.
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Figure 2-12: relativity effect on energy deposition. The x-axis (kinetic energy of a proton) has a logarithmic scale. The
vertical lines correspond to remarkable values at 1, 2, 10.2, 55 and 635 MeV.

As already said, the effect of relativity is negligible below 1 MeV. It increases between 2 and 55
MeV and largely dominates above at 635 MeV. This is related to the characterization of the
relativistic effect as shown in Section 2.2. An important feature of the energy transfer process at
high relativistic velocities is the polarization of the target material. When a charged particle goes
to high energy, the electric field becomes strongly concentrated in the transverse direction. Thus,
when it passes into a dense material, the atom in the target material becomes strongly polarized.
As a result, the ion’s transverse electric field is shielded for electrons over a long distance by
polarization. This effect becomes more and more important as the target density and proton
energy increase. In our result, the relativistic effect between 2 and 55 MeV is more significant
than that between 55 and 635 MeV. This may be related to the polarization effect at high

relativistic energies.
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To summarize we have pointed out different mechanisms that contribute to energy deposition as
a function of the proton kinetic energy We have shown the necessity of including relativistic

external potential above 1 MeV in RT-TD-ADFT simulations.

2.3.4 Relativistic effect on proton interaction cut-off

The size of the simulation is a technical issue in RT-TD-DFT. Due to simulation cost constraints,
the finite microscopic simulation in space and time is used to simulate the interaction of charged
particles with molecular systems. The electric field of the charged particle is able to propagate
infinitely in universe; however, its strength depends on the distance. The strength of the electric
field decreases with increasing distance. The constraint of simulation in space is limited by the
interaction cut-off of charged particle with the target. That means the distance at which a charged
particle can deposit energy into a target. As shown in Section 2.2, the interaction distance

between a charged particle and an electron has been affected by relativity.

In this sub-section, we investigate how relativity affects energy deposition in our supramolecular
system through proton interactions cut-off in the parallel and perpendicular directions of its
propagation. It'simportant to note that in our simulations, the transverse and longitudinal electric
fields are incorporated into both parallel and perpendicular interactions. These fields are not

separable within the RT-TD-DFT simulations.

2.3.4.1 Parallel interaction cut-off

The parallel interaction cut-off refers to the distance at which a projectile begins to deposit energy
into the target along the direction of its propagation. This type of interaction is important for
optimizing the length of simulation sizes. The passage of a proton in our system is on the y-axis,
and it arrives at the center of a supramolecular system at y = 0. In Figure 2-13, we analyse the
energy variation in the supramolecular system, that is the variation of electronic energy with
respect to the ground state as a function of the proton distance in the y-axis for the same

trajectroy as above. Proton energies of 0.01 MeV (red line), 0.06 MeV ( yellow line), 2 MeV
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(orange line), 10.2 MeV (green line), 55 MeV (blue line) , and 635 MeV (purple line) are

considered.
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Figure 2-13: Variation of energy with respect to the ground state according to the distance of the proton from the
supramolecular (y-axis = 0). T is the kinetic energy of proton.

For a proton a 0.01 MeV kinetic energy, energy deposition starts 3 A before reaching the center
of the supramolecular system, and it reaches a maximum at y = 0. Energy deposition decreases
from 25 eV to 20 eV when the proton just leaves the center of the molecule. For the proton of
0.06 MeV (around the Bragg peak), energy deposition starts at the same distance, but the position
of maximum energy deposition shifts. Energy deposition reduces by about 1 eV after collision.
The behavior of energy deposition changes in the case of the proton at 2 MeV. Energy deposition
begins at -6 A and equilibrates at 6 A without decrease after collision. The distance for energy
deposition cut-off increases to about +11 A in the case of a 10.2 MeV proton. The essential

difference in energy deposition is observed for the proton at 55 and 635 MeV. The proton
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interacts with the supramolecular system at a very long distance. Energy deposition begins before
-12 A and continues anti-symmetrically after collision. The significant difference observed here is
the fluctuation of energy deposition when the proton reaches a y = 0. This phenomenon is noted

for the proton above 20 MeV and it increases with the proton’s kinetic energy.

Furthermore, instead of the energy variation, the energy deposition per each time step (AE/At)
(energy variation between simulation time steps) with respect to the distance of the proton is

shown in Figure 2-14.
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Figure 2-14: Energy deposition per simulation time step over the distance of the proton from the supramolecular
system (y-axis = 0). T and dt are the kinetic energy of proton and simulation time steps, respectively.

In Figure 2-14, the time step (At) at 635 MeV is very small because the velocity of the proton is
very high (2.4 A/as). Several processes may be engaged in the proton's interaction with the
electrons even at this distance. As a result, if the time steps in this system are greater than the
physical process time, the electron dynamics becomes unstable. Therefore, we used 8.07x10* as

time steps to ensure the simulation stability.
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AE/Atincreases for 0.01 MeV before the proton strikes the supramolecular center and then
sharply declines. When the proton just departs from the center, it becomes negative. It means
that during the collision, some electrons undergo de-excitation. Because the supramolecular
system is two-dimensional, such a de-excitation and shift of the AE/At maximum position are
unexpected. The maximum of AE/At should be located at a center of the molecule and symmetric
around this position. At 0.06 MeV, the maximum of AE/At is located at the center, although it is
not symmetric. The curve drops faster after collision. In the case of 2 MeV and 10.2 MeV protons,
a small AE/At shift towards after y=0 is noted. However, a significant qualitative difference is
noticeable for 55 MeV and 635 MeV protons. As the kinetic energy of the proton increases, AE/At
approaches zero at the molecule's center. Around y=0, AE/At sharply and symmetrically

augments to maximum and trends to long-distance (more than 12 A).

We return to Figure 2-3 in Section 2.2 to explain the difference in behavior of proton interaction
by changing its energy. The contribution of the longitudinal electric field E,, is anti-symmetric
around the collision point. Therefore, it is expected that the energy does not transfer by E,,. On
the other hand, E,, has a prominent role to polarize electrons for low ion kinetic-energy as the
electron’s velocities are faster than that of the ion. In addition, we can see the contribution of E,,
in energy deposition of low-energy particle because electrons have time to move before collision,
so that the system’s energy increases. In contrast, the same amount of energy that was increased
by E,, is reduced after collision. This is called adiabatic energy transfer. The contribution of E,, to
energy deposition increases with decreasing ion velocity as the velocity of number of electrons

are faster than the charged particle.

Returning to our result displayed on Figure 2-14, the E,, contribution is clearly visible for the
proton at 0.01 MeV and decreases at 0.06 MeV. It is not visible for the proton from 2 MeV to 635
MeV. When calculating the energy deposition and the stopping power for a complete collision
(taking into account the energy deposition in the range before and after the collision), this energy
deposition value is automatically discarded. Sometimes this value is extracted or given as a
statistical error bar in the stopping power calculation by finding the adiabatic energy surface from
a projectile particle simulation at zero energy?®. This method is very time consuming and may be

inaccurate because, as shown in Figure 2-3 (d) the frequency produced by a charged particle is
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highly dependent on the energy of the particle. As the energy of the particle decreases, the

frequency decreases, resulting in different excitations of the electrons.

The transverse electric field E, is the main component responsible for energy deposition by
charged particles. It is perfectly symmetric and leads to increasing energy deposition before and
after collision. If an electron is faster than the particle, it will move toward the projectile, reducing
the distance (impact parameter) between the electron and the projectile and increasing energy
deposition (Barkas effect). Of course, this process is in competition with the decrease of energy
deposition by screening the electric field via electron polarization. As a consequence, it is
expected that energy deposition is more important after collision compared to before collision.
Returning to our result in Figure 2-14, energy deposition after collision declines more slowly than
before collision at 2 MeV and 10.2 MeV. It is a fact that the effect of polarization is not essential
at this energy, but the Barkas effect remains important because a number of electrons are even
faster in the deep valence and the core shells. This behavior disappears at 55 MeV and 635 MeV
because the movement of electrons is negligible compared to the velocity of projectile (Barkas

effect = 0).

The interesting question in Figure 2-14, is the significant reduction of energy deposition at 55
MeV and 635 MeV in the molecule's center (y=0). As shown in Figure 2-3 (b), E, is maximum in
this position and energy deposition is expected to be maximum. As explained before, the electric
field of charged particles concentrates in the perpendicular direction, which strongly polarizes the
electrons of the target; consequently, the portion of the electric field is shielded (density effect).
This effect increases with the particle’s energy at the relativistic region. So, we see this sharp
decreasing energy deposition at y=0. Thanks to the RT-TD-ADFT simulation, this effect can be

seen at the microscopic level.

In addition, Figure 2-14 indicates that increasing the proton’s energies, particularly at relativistic
velocity, causes energy deposition to begin at a greater distance from the center of the molecule.
The cut-off interaction distance between the charged particle and the electrons of the target is
more than 12 A before and after collision at 635 MeV. This is due to the relativistic effect. Because
the relativity contracts the distance between an electron and a charged particle, the interaction

between them increases, as seen in Figure 2-3 (c).
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2.3.4.2 Perpendicular interaction cut-off

The perpendicular interaction cut-off refers to the distance at which a projectile continues to
deposit energy into the target perpendicular to the direction of its propagation. This interaction
is crucial for optimizing the width of simulation sizes. To deal with the influence of perpendicular
interaction on energy deposition depending on the proton’s energies, we performed a new
trajectory that was located on the center of supramolecular system, as shown by the green ball
in Figure 2-15. By assuming the full supramolecule as a large system, we calculated the energy
deposition (AE;) for proton energies ranging from 0.01-635 MeV. In order to evaluate the effect
of perpendicular interaction, we assume that the contribution of energy deposition of molecules
around the guanine comes from the perpendicular interaction. Then, another simulation has been
done with only guanine for the same trajectory (small system). The minimum distance between
the proton and the near fragment around guanine is 3.9 A. Their energy deposition is referenced

as (AEs).

Figure 2-15: The supramolecular system (guanine, cytosine, and pairs of water molecules) is shown in licorice
representation. The green ball represents the proton's position at the molecule's center (y=0). The blue circle
corresponds to the radius of 3.9 A around the proton.

The effect of perpendicular interaction on energy deposition (AE,,) is expressed as a percentage

in Figure 2-16, and it is calculated as follows:

AE;, — AE (2.5)
UYAE, = ———— 51
YoAEy, 35, 00
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Figure 2-16: percentage of energy deposition difference between supramolecular system (large system) and guanine
system (small system) as a function of the proton energies. The x-axis (kinetic energy of a proton) has a logarithmic

scale. The vertical lines correspond to the results obtained for proton kinetic energies of 20.8, 55, 304, and 635 MeV.
The inset represents the zoom of the figure from 0.01 to 1 MeV.

The minimum effect of perpendicular interaction is 1.3% at Bragg’s peak (0.055 MeV), and it
augments to 2.5% at 0.01 MeV. Moreover, %AE,, significantly raises from 1.3% to 49% at 0.06
MeV and 20.8 MeV, successively. However, this augmentation slows down between 55 and 304
MeV, where it is 57% and 61%, respectively, and drops to 59% at 635 MeV. In general, %AE,,
increases according the proton energy. The different responses of %AE,, to proton energies are

related to the mechanisms involved in the processes of energy deposition in each energy region.

The main difference between large and small systems is that the small system omits energy
deposition produced by long-distance collision with cytosine and the two water molecules. The
augmentations of %AE,, below Bragg’s peak may be related to the contribution of energy
deposition for long-distance and short distance collision. Energy deposition at the Bragg’s peak is
huge, that is why the long-distance contribution is expected to be small compared to the total
energy deposition. By consequence, the %AE,, at the Bragg peak may be minimal with respect

to lower energy, despite the polarization effect, which is greater at lower energy.

In the other side, the augmentation of %AE,, after Bragg’s peak is related to the polarization of

the target electrons and relativistic effect. The accumulation of electrons around the proton leads
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to the screening of the proton’s electric field for long-distance electrons; as a result, the
contribution of the long-distance energy deposition decreases. This effect declines in accordance

with the proton energies; that is why, %AE,, augments with proton energies.

The accumulation of electrons around the proton becomes insignificant after about 4 MeV, as
shown previously in Figure 2-11. The relativistic effect, on the other hand, plays a role in the
increase of %AE,, from 4 MeV to 20 MeV. As explained in Section 2.2 (Table 2-1), the Liénard-
Wiechert potential is expended perpendicular to the axis of the proton propagation with
increasing relativistic velocities. In particular, this effect leads to increase the long-distance energy
deposition contribution because the interaction of a long-distance electron with a proton crucially
depends on the perpendicular interaction. That is why, %AE,, significantly augments. Whereas
at high-relativistic, the augmentation of %AE,, goes slowly. It is related to the local-electron
polarization by relativistic effect (density effect), which particularly screens the long-distance

interaction. It is obvious that %AE,, marginally reduces at 635 MeV compared to 304 MeV.

Finally, the result demonstrates that the relativistic effect increases not only the energy
deposition but also its spatial contribution. The contraction of distance by relativity increases the

interaction of charged particle with electrons in molecular systems at longer distances.

This result is crucial to indicate the initial position of the charged particle in the RT-TD-ADFT
simulation which must be far enough from the target to avoid the perturbation of the electron
density at the beginning of the simulation. In addition, this result could be helpful for optimizing
simulation size in the calculation of energy deposition or stopping power for condensed phase. In
general, a cluster or a simulation box of target molecules is used for calculating stopping power.
The result of stopping power highly depends on the size of the system (simulation size). If it is
small, a part of energy deposition discards in the calculation that comes from long-distance
contribution. According to our result, by increasing the projectile’s energies a larger size of
simulation is required, otherwise, the result of stopping power at high energies may be

underestimated. Therefore, it is advisable to optimize the simulation's size at higher energies.

104



2.4 Conclusion

In this chapter, we have studied charged particle interactions, with a particular focus on the
impact of relativity in the charged particle-electron interaction in RT-TD-ADFT calculations for
energy deposition. From the analysis of the electric field generated by the charged particle, we
have established that the energy transfer from a charged particle essentially depends on the
transverse interaction. In addition, by the relativistic effect, the transversal interaction expands
in terms of time interaction and spatial contribution. Dilatation of time and contraction of
distance lead to a red-shift and an increase in the intensity of the charged particle spectra. In
addition, we have shown that the interaction of charged particles starts at a longer distance than
non-relativistic charged particles. Moreover, our findings also indicate that the frequencies
generated by a charged particle are substantially dependent on the particle's energy and the

collision distance (impact parameters).

From our RT-TD-ADFT simulations, we have discussed distinct mechanisms that contribute to
energy deposition at different proton kinetic energies. Furthermore, we have underlined the
necessity of including a relativistic external potential above 1 MeV in RT-TD-ADFT simulations for
accurate energy deposition calculations. Neglecting relativity in these simulations can significantly
impact the results, especially as proton energies increase. In addition, the relativity affects the

spatial distribution of energy deposition.

Our study has thus provided valuable insights into the interactions and energy transitions of
charged particles, with a specific focus on their kinetic energy. Importantly, it emphasizes the

inclusion of relativistic effects of charged particles in RT-TD-ADFT calculations.

2.5 Perspective

The main challenges in calculating stopping power with RT-TD-DFT, which make it non-useful for
applications such as track structure simulation or range penetration of charged particles, are
related to trajectory sampling, energy range, and transportability of trajectories. The calculation

of stopping power requires a high number of trajectories to ensure all possible impact
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parameters, particularly for biomolecules, and this requires substantial computational resources.
As mentioned in introduction, the range of the stopping power curve calculated by RT-TD-DFT is
limited to energies below 2 MeV, whereas, for applications like radiotherapy, energies below 350
MeV are required. Additionally, the trajectory results of RT-TD-DFT are not transportable,
meaning that any small change in system geometry requires the simulation to be repeated, thus

limiting the applicability of RT-TD-DFT data for track structure simulations.

The range of energy in the stopping power curve can be extended by incorporating the relativistic
effects of charged particles. To overcome the issue of transportability of trajectories, machine
learning could be a useful tool. By training a model using RT-TD-DFT trajectory data, the
trajectories can be recalculated in different situations without the need for new RT-TD-DFT

calculations. Our preliminary results are encouraging in this direction.
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3 Effect of hydrogen bonds on energy deposition

Hydrogen bonding is an essential non-covalent interaction for molecular biology. It is responsible
for the structural organization of macrobiomolecules such as proteins, DNA, or carbohydrates,
and is essential for the functional properties of biomolecules!. Hydrogen bonding is weak
compared to covalent chemical bonding, but it can piled-up the biomolecules and alter slightly
their electronic structure. These modifications may be impacting the electronic stopping power (
S,) or energy deposition in biological systems?. This effect is crucial for the semi-empirical models
based on Bragg’s additive rule. According to this rule3, the stopping power of an atom does not

depend on the chemical nature and physical state of the system.

In this work, we investigate the effect of hydrogen bonding on energy deposition over a wide
range of proton energies from 0.01 to 630 MeV in biological molecules. We consider a Watson-
Crick guanine-cytosine nucleobase-pair with two water molecules hydrogen-bonded to the

guanine nitrogen atoms, which are essential molecules of DNA structure.

This chapter starts with an introduction to Bragg's additive rule, and we discuss the effect of
chemical and physical bonds on this rule. Section 3.2 details the methodology and strategies used
to estimate the effect of hydrogen bonds on energy deposition in our system. In Section 3.3, we
demonstrate the results of the effects of hydrogen bonds, obtained from 667 RT-TD-ADFT
trajectories for protons with energy ranging from 0.03 to 0.3 MeV. Section 3.4 refers to the results
obtained in a wide range of proton energy (0.01-635 MeV) based on four trajectories. The chapter
concludes with two sections; Section 3.5 is a conclusion, and Section 3.6 corresponds to the
discussion and perspectives about the fluctuations in the effects of hydrogen bonds on energy

deposition at high proton energies.
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3.1 Bragg’s additive rule

The Bragg's additive rule (BAR) for calculating stopping power is essential for semi-empirical
models such as SRIM* and PSTAR>. In 1905, Bragg and Kleeman® proposed that the stopping
power of a compound (S;ompound)(€.8. Molecules, aggregates) can be estimated by a linear
combination of the stopping power of its individual atoms. Meanwhile, it does not depend on
the chemical nature and physical state of the compound. Here the term of the stopping power,

means that the stopping power is normalized by the density of the target material.

Scompound (Tp) = Z 1y Sx(Typ) (3.1)

X

Where, 7 is the ratio of the number density of the atom x to the total density of all atoms in the
target. S, corresponds to the stopping power of atom x as a function of kinetic energy of projectile

T,

In reality, the electronic structure is altered by any change in atomic bonds. Consequently, atomic
excitation and ionization processes will be changed. So that, the brut BAR needs to add two types

of corrections, chemical bond and phase state.

Chemical bond correction (CBC): this kind of correction has been extensively investigated by
experimentalists?. They showed that the accuracy of BAR is reasonable for well high energetic
projectile. Whereas, in the lower energy region near and below the maximum S, the
overestimation of BAR may be up to 50%. It is expected because chemical and ionic bonds modify
only the energy of valence electrons without significant alteration of core electrons. Moreover,
at the lower energies the stopping is dominated by the valence electrons, but at high energies, it
is controlled by the core electrons. Since the valence electron ratio is higher in light atoms than
in heavy atoms, the light atoms have a larger bonding effect on stopping power. In general, CBC
can be incorporated into BAR by scaling the stopping curve with available experimental data for

this compound, or by employing Bethe-Bloch formula at high energies®, for instance in SRIM.

Kohanoff et al. investigated Bragg’s additivity rule for vapor water from hydrogen and oxygen

molecules using RT-TD-DFT simulation’. They found a good agreement between RT-TD-DFT
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simulation with available experimental data and SRIM simulation. However at very low energies,
the position of Bragg peak in RT-TDDFT is red-shift by 15 keV, and the peak value of S, is
underestimated by 4%. The authors assumed that this divergence between RT-TD-DFT and

experimental data comes from the quality of the atomic basis sets.

Phase state correction (PSC): when the physical state changes, not only the intermolecular force
changes, but the intermolecular distances between molecules are also significantly modified. Two
factors influence S,. First, moving from gas phase to condensed phase, intermolecular forces are
established, for instance crystalline bonds in solid, hydrogen bonds, and dispersion forces. These
forces are weaker compared to chemical bonds, but they can modify the energy of valence
electrons. The same effect of chemical bond will be expected but, weaker. Second factor, the
intermolecular distances significantly reduce and aggregate the molecules. So that, the

environment of molecules hardly alters.

The effect of physical state on S, has been marginally investigated due to the high uncertainty
within the experimental stopping power for liquid and solid phase. For instance, due to the high
incertitude in experimental S, for liquid water (which is an essential molecule in radiation
chemistry), the majority of Monte Carlo codes use the stopping cross section of liquid water
calculated from Lindhard’s and Bethe-Bloch theory®. Despite this, we discuss here some
experimental data for water to clarify this effect. For 0.3-2 MeV He?* ions in vapor and ice water
Matteson et al. found that the S, of vapor water is greater than ice water by 12-4% respect to
energy of He?* ions®. Thwaites reported the S, for He2* ions in vapor and liquid water for energy
range between 1.75-4.75 MeV?°. He found also that the S, in vapor is greater by 4.3-1.03% as a
function of kinetic energy of He?* ions. In other side, Palmer and Akhavan-Rezayat investigated
also the S, for 0.5-8 MeV of He?* ions (equivalent 0.125-2 MeV proton energies) in vapor and
liquid water!!. They found large fluctuation of phase effect on S,. The stopping power of vapor
water is significantly greater below 1.5 MeV and above 2.5 MeV. It is about 14% at 0.5 and 8
MeV. In the case of proton, the S, of protons are reported in vapor water by (Phillips!?) and ice
D,0 by (Wenzel and Whaling®3) for energies 0.18-541 keV. The phase effect for vapor is 10% at

541 keV and tends to 14% at 18 keV. In general, experimental data show that the phase effect is
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more important at low energy compared to high energy such as observed in the case of chemical

bonds.

In summary, both covalent and non-covalent interactions affect the validity of BAR. One of them
may be more significant than the other, depending on the projectile and the target. However,
since the chemical bond is stronger than the physical bond, we cannot say that it is more crucial.
For example, the difference between stopping He?™ ions in vapor water and those calculated by
pure BAR from oxygen and hydrogen molecules is only 1%. But, this difference between vapor

and ice water raises to 9% at Bragg peak”.

All of this encourages us to investigate how hydrogen bonds influence the interaction of a charged

particle with biological molecules.

3.2 Methodology and strategies

This section includes the methodology and the strategies used to determine the effect of

hydrogen bonds on energy deposition in our system.

3.2.1 Methodology

We consider the same simple system as in Chapter Two, namely a guanine-cytosine nucleobase
with a pair of water molecules which is a two-dimensional molecular system in the Oxz plane (as

shown in Figure 3-1).

Figure 3-1: the supramolecular system considered in the Chapter: guanine (left), cytosine (right), and two water

molecules. The dashed lines make visible the intermolecular hydrogen bonds.
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We employed RT-TD-ADFT, as available in our customized version of deMon2k (version 4.4.5)4
to assess the quantity of electronic energy deposition during a collision. The PBE functional was
our choice for correlation, while we selected the Correct Asymptotic Potential functional (CAP)*®
for exchange. The simulations were performed with TZVP-FIP2 (stands for TZVP augmented with
second-order field-induced polarization functions)!® basis set and GEN-A2* auxiliary basis set’.
We propagated the simulations with the combination of the second-order Magnus propagator®
and a predictor-corrector algorithm®°. The Kohn-Sham matrix's exponential was evaluated using
a Taylor expansion?®, comprising 45 terms. In our simulations, the interaction of charged particles
was described using the Liénard-Wiechert potential. Additionally, we abstained from employing
a complex absorbing potential to remove electrons in the continuum state. Our focus in this
chapter was primarily on calculating energy deposition rather than ionization states. As depicted

in Figure 3-2, the energy deposition remains entirely conserved after the collision.
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Figure 3-2: Energy variation relative to the ground state energy over time for a 0.2 MeV proton.

3.2.2 Strategies for determining the energy deposition of hydrogen bonds

We attempt to illustrate an ideal experimental concept to estimate stopping power in both
condensed and gaseous phases, before outlining our approach to assessing the effect of the
hydrogen bonds in our system. Experimentally, when an ion beam interacts with a target, the ions
are able to sample the target atoms or molecules in all directions. It means that all impact
parameters between ions and target atoms take place. Thus, at the microscopic level the number

of trajectories that impact an atom in the gas and condensed phases are not the same. The
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number of impacting trajectories increases and is limited by the interatomic distance. In Figure
3-3, we show the simplified form of the interaction of ions beam with atoms in gaseous and
condensed phases. Considering that the density is 1 atom/cm? in condensed phase and 0.5
atom/cm? in gas phase, the number of trajectories for each atom doubles in the gaseous phase
when these two systems are irradiated by the same ions and intensity beam. For instance,
suppose each atom in the condensed phase collides with one trajectory; in the gaseous phase,
this atom collides with two. We cannot directly compare the stopping power of these systems to
investigate the effect of phase on stopping power. They have to be normalized by density number.
According to the normalization, the two systems have the same atomic geometry; however, the
trajectories superimpose in the gas phase. In the gas phase, the stopping power is equal to the
sum of two trajectories for the first atom without the second atom and two trajectories for the
second atom without the first atom. This superposition of trajectories in the gaseous phase is not

an artifact because they are a part of measurement before being normalized.

condenced phase gas phase
. Target atoms v =1 PNz = 05
— lons trajectoires
PN Number density ‘.
S Stopping power
S/pn1 S/pn2
00 ¢

Figure 3-3: the general scheme of an ion beam's interaction with a condensed and gaseous target, and
normalization of their trajectories by the density at the microscopic level.

Thereby, we prepared our supramolecular system and its isolated fragments. Our supramolecular
system consists of a guanine, a cytosine, and two water molecules as mentioned before. They are
connected by five hydrogen bonds. In order to prevent the geometric difference between the
supramolecular system and its fragments, the geometry of each isolated molecule is defined from
the supramolecular system with the non-targeted molecules “removed”. They are described as

"ghost atoms” (an atom having a basis set but no electrons). The supramolecular system basis set
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was employed even for the irradiation simulations on the individual molecules. This technique
increases the computational time (about the same cost in the supramolecular system and isolated
molecule), but it could avoid basis-set-superposition errors. In our results, we calculated energy
deposition rather than stopping power to avoid the complexity and artifacts that come from the
number of trajectories, and the choice of the length of the simulation. As shown in Chapter Two,
the length of the simulation depends on the energies of the proton. However, the ratio of energy
deposition in two systems reflects the ratio of stopping power because the two systems have

exactly the same geometry and distance interaction with the projectile.

3.3 Effect of hydrogen bonding at the low-energy region

In this section, we calculate the effect of hydrogen bonds on energy deposition by sampling our
systems with a swift proton for the energy range between 0.03 and 0.3 MeV. We begin by showing
the result of the average hydrogen bond energy deposition over 667 trajectories for each proton

kinetic energy, and then we analyze the effect of hydrogen bonds depending on the trajectories.

3.3.1 Effect of hydrogen bonding on energy deposition at the low-energy region

In order to calculate hydrogen bond energy deposition for low-energy proton, we consider a
planar grid of 29x23 equidistant points generating a set of 667 inelastic single-trajectories of the
proton (Figure 3-4). Each proton trajectory is perpendicular to the generating plane, and runs
through the plane at the level of the bead. The same grid of trajectories was exactly performed
for each isolated molecule. Finally, we run 5x667 RT-TD-DFT simulations for each kinetic energy
of the proton. In this way, supramolecular and isolated systems are comparable to evaluate the

contribution of hydrogen-bond energy deposition.
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Figure 3-4: the supramolecular system (guanine, cytosine, and a pair of water molecules) is shown in licorice
representation. Each green ball represents the passage of a single proton trajectory in the y-axis view.

Upon collision with an atom following a propagation line i, the electron cloud is excited and gains
energy (AE;). Within the proton kinetic energy range considered in this work (30 keV-300 keV),
excitation of nuclear degrees of freedom can be safely neglected over electronic excitations. In
each kinetic energy, the proton moves form y=30 A to y=-30 A. AE; is thus the electronic energy
variation of the supramolecular system before and after collision by the projectile. AE; consists
of the summation of energy deposition of all isolated fragments AE; and hydrogen bond

contribution AEf.

AE; = z AEY + AEF (3.2)
X

Before showing the contribution of hydrogen bonds, the result of average energy deposition over
667 trajectories AE for supramolecular (blue line) and isolated fragments (red line) is presented

in Figure 3-5 as a function of the kinetic energy of the proton.
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Figure 3-5: Average energy deposition curve for isolated (red) and supramolecular (blue) systems over all trajectories
(667).

The average energy deposition for the two systems increases with increasing kinetic energy until
Bragg’s peak (50 keV) is reached. After that, they start to decrease. The important point here is
that, as experimentally expected for other systems, the deposited energy within supramolecular

system is lower than that of the isolated system in this range of energies.

Furthermore, the effect of hydrogen bonds AE" can be calculated as follows:

AEH = ZAE{’ = ZAEi —ZZAEix (3.3)
i i X

i
And the percentage of hydrogen-bond contribution:
Y AE; — ¥ Xy AE]

%AEH = 100 3.4
& i AE; (34

collects values of hydrogen bonds effect for various kinetic energies of the projectile as shown in

Table 3-1.
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Table 3-1: deposited energy of the supramolecular system AE(eV), isolated molecular fragments AE*(eV) and hydrogen
bonds AE" (eV) as a function of the kinetic energy of the proton Exin (keV).

Exin(keV)  AE(ev) AEX(ev) AEH(ev) ©9%AEH

30 13412 14209 -796 -5.9%
50 14153 14775 -622 ~4.4%
70 13581 14090 -509  -3.7%
200 8982 9256 =274 -31%
300 7190 7412 -222 -31%

The quantities of AE and AE”* are similarly corresponding to the kinetic energy of the projectile.
The Bragg’s peak appears at 50 keV. However, the value of AE*is always greater than AE, so that
the values of AEfare negative. The effect of hydrogen bonds decreases with the kinetic energy
of the proton. It is about (-6%) at 30 keV and (-3%) at 300 keV. In addition, the Bragg’s peak
disappears in the case of AE¥. This means that the contribution of AE" does not follow the
energy deposition curve. Overall, this hydrogen bond effect is not negligible, and could
significantly impact the accuracy of charge particle penetration in radiotherapy (when the

stopping power accuracy of less than + 2% is desired)?..

3.3.2 Effect of hydrogen bonding on energy deposition depending on the trajectories position

In microscopic Monte Carlo track structure simulations, energy deposition of a single charged
particle can be calculated according to the stopping cross-section of the medium. Then, the
passage and track shape of charged particles are investigated. So, the passage of charged particles
depends on the local energy deposition for each collision. Despite this, the stopping cross-section
of water has been used until now to determine the track and damage of biomolecules, on the
assumption that water is the most abundant in cells, and that the stopping cross-section of water
is close to one of biological molecules??. However, some data have shown that the stopping cross-
section of certain biomolecules is significantly different from water which may impact the track
structure?3?4, Anyway, our question is: does the effect of hydrogen bonds rely on the position of

trajectories? If it is the case, it could be an additional factor affecting the track structure.
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In RT-TD-DFT simulations (microscopic system), we can explicitly determine the energy deposition
for each trajectory. It is an opportunity to investigate the response of the deposited energy to the
position of the trajectory. For this purpose, we have divided our system into three categories of
trajectories: intra, inter and far which correspond to all trajectories that are located on the
molecular fragments, between molecular fragments, and far away from molecular fragments,

successively (see Figure 3-6 for the color code).

00000
00000 ® 267 trajectories

® 98 trajectories

R000000/H000)0000 ® 302 trajectories

000060060000

0000000
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Figure 3-6: the supramolecular system is shown in licorice representation. Each ball represents the passage of a single
proton trajectory in the y-axis view. The green, red, and blue balls correspond to the groups of trajectories which are
located on the fragments (Intra), between fragments (Inter), and around fragments (far), successively.

The separation of trajectories has been based on electron density criteria of molecular fragments
within the supramolecular system at point (7;). ; refers to the position of each trajectory at a
bead of molecules. We separated intra from inter and far trajectories from the Hirshfeld partition
weight is <= 0.995. Intra and far trajectories have been separated where the electron density is
>=0.023 for intra, and <=0.0027 for far trajectories. AE" of each group of trajectories has been
calculated by Eq. 3.4, but instead of the total trajectories, intra, inter, and far groups of
trajectories have been used. The result of total energy deposition in the supramolecular system,

hydrogen-bond energy deposition, and its percentage for each group is provided in Table 3-2.
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Table 3-2: Energy deposition within the supramolecular system AE (eV), and hydrogen bonds AE™ (eV') for different
groups of trajectories (intra, inter and far) as a function of the kinetic energy of the proton.

intra inter far
Ekin(keV) AE AEH o AEH AE AEH o AEH AE AEH  opAEH
30 9425 -177 -1.9 2163 -532  -24.6 1824 -88 -4.8
50 10297  -152 -1.5 2157 -383 -17.8 1699 -87 -5.1
70 9983 -135 -1.4 2027 -292 -14.4 1572 -82 -5.2
200 6474 -87 -1.3 1369 -109 -7.9 1138 -79 -6.9
300 5066 -74 -1.5 1121 -75 -6.7 994 -72 -7.3

As expected, the response of energy deposition to hydrogen bonds is highly dependent on
trajectory position. First, we start with the energy deposition in the supramolecular system. AE
of intra group is dominant. For example: at 50 keV, it corresponds to 73% intra, 15% inter, and
12% far groups where the percentage of trajectories are 40%, 15%, and 45%, respectively. That is
expected because the electron density in the far group is considerably low. Furthermore, the red
shift of Bragg's peak is observed for both the inter and far groups, with the far group showing a
significant red shift. As shown in the Chapter Two, the screening of the electric field of charged
particles by the local accumulation of electron density is one important factor responsible for the
reduction of energy deposition at low velocity. This effect is negligible for the far trajectories

because of the low electron density in this region.

Second, we analyze hydrogen-bonds energy deposition. Overall, AE* is decreasing when
increasing the energies of the proton, whereas their quantities rely heavily on the kind of
trajectories. %AEY shows the most pronounced differences. In the intra group, %AE! is
relatively small and less sensitive to the energies of protons. It slowly tends from -1.5% to -1.9%
with decreasing kinetic energy. However, hydrogen bonds have a significant effect on the inter
group, ranging from -6.7% to -24.6%. Surprisingly, the effect in the far group is completely
reversed when compared to the other groups. The effect of hydrogen bonds augments with the

kinetic energy of the proton, from -4.8% to -7.3%.
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To summarize, the effect of hydrogen bonds strongly depends on the impact position. The most
significant effect occurs when particles directly pass through the target's hydrogen bonds. That
means, even if the hydrogen bonds or in general phase effects are not significant for stopping

power, they could be crucial at the trajectories level.

To understand the reasons for the change in energy deposition in our system due to the formation
of hydrogen bonds, we should first explain two mechanisms. As pointed out previously, changing
the physical state or forming hydrogen bonds can affect two properties: first, the energy of

valence electrons, and second, intermolecular distances (aggregation).

The first mechanism stated that when molecules change phases from gas to liquid or solid states,
their valence electrons are stabilized by the formation of physical bonds. Consequently, excitation
and ionization of these electrons become more difficult. As a result, the energy transition from
the projectile to the target is less efficient in the condensed phase than in the gaseous phase.
Because this modification only affects the valence electrons, it is more significant at low energies
and negligible at high energies. This mechanism could be incorporated into the semi-empirical

models, for example, by changing the mean ionization energy term in the Bathe-Bloch equation.

The second mechanism holds that as the phase changes, the molecules come closer together and
the intermolecular distances decrease. As a result, the local polarization of electron density in the
condensed phase screens more of the charged particle's electric field. For instance, in the
condensed phase when a charged particle collides with an atom, the electric field of the charge
particle passes through the electron density of the impacted atom to the neighbor atom, as
shown in Figure 3-3. Nonetheless, the effect of an electric field on a neighboring atom is not
shielded by the electron density of the impacted atom in the gas phase. Polarization and electron
density accumulation are more important at low energy; thus, energy deposition within the
condensed phase is lower, and the difference decreases as particle energies increase. This
mechanism may be implicitly included in semi-empirical models for low-energy particles by
introducing an empirical effective charge for ion particles (neutralize ion charge by electron
attachment). However, the effect of target or physical phases are not incorporated in the

empirical effective charge, which only depends on the projectile's charge.
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By forming hydrogens bonds our supramolecular system is stabilized by 0.124 eV. This energy is
not significant compared to the energy deposition. However, we cannot say that it does not
modify significantly the ionization and excitation energies. It is hard to separate the ionization
and excitation energy without screening effect in the RT-TD-DFT simulation because these two

effects are automatically included.

In the intra group, hydrogen bonds have little effect. This is probable due to the fact that these
trajectories are relatively far from the zones modified by the hydrogen bonds. Moreover, the
neighboring molecules are far away from the impacting molecule (low energy deposition), and
the interaction of charged particles decreases with distance, according to the Coulomb law. As a
result, the screening effect is not essential because the energy deposition of the environment is

originally small.

In the case of the inter group, the two mechanisms could be entirely involved in the hydrogen
bond energy deposition. First, the proton directly impacts the valence electrons that are implied
in hydrogen bonds. Second, the surrounding molecules are near the impact zone. Consequently,
the energy deposition within fragments is important. In addition, the screening effect in the
supramolecular system becomes important due to local polarization. As a result, trajectories at

such positions are extremely sensitive to hydrogen bonding as they approach low kinetic energies.

In the case of the far group, both mechanisms fail to explain this behavior of the group of
trajectories. It is a fact that the electron density is low around this kind of trajectory, electron
accumulation and screening of the proton electric field are insignificant. On the other side, the
Barkas' effect can efficiently contribute to energy deposition because the electrons of the target
drag towards the proton in this energy region. Supramolecular and isolated systems may respond
differently to Barkas' effect. Consequently, different behaviors of the hydrogen-bond effect are

possible.
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3.4 Effect of hydrogen bonding on energy deposition for protons within the energy range

of 0.01-630 MeV

The effect of the physical phase is generally thought to be that it disappears at high proton
energies. In SRIM, for instance, the stopping cross section of liquid water exactly coincides with
that of gaseous water at 1 MeV. Unfortunately, due to computational costs, it is difficult to study
the effect of higher proton energies on all trajectories in our system. Instead of that, we chose
four trajectories; 2-1-1 from intra, inter, and far groups, respectively, as illustrated in Figure 3-7,
hoping that these four trajectories could be representative of the whole system (667 trajectories).
In the selection, approaching the value of each trajectory to the average value of its group
trajectories over 0.03-0.3 MeV (the range in the whole system) and the ratio of trajectories in
each group are considered. Except for the far group, only one trajectory was chosen because

energy deposition is significantly lower in comparison to the other groups.

Figure 3-7: The green balls represent the passage of a single proton trajectory in the y-axis view.

The RT-TD-DFT simulations for these four trajectories were run from 0.01 to 630 MeV. In general,
proton radiotherapy is performed with proton energies ranging from 50 to 350 MeV. It is

therefore important to reveal these extremely high energies.

The result of average energy deposition AE, for the supramolecular and isolated systems over
the 4 trajectories are presented in Figure 3-8 as a function of the kinetic energy of the proton.
Both systems exhibit a relatively similar response of AE, to proton kinetic energy. From low

energies, AE, increases with kinetic energy until it reaches the Bragg's peak at 0.05 MeV, after
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which it decreases, and from 20.8 MeV, it gradually increases due to the relativistic effect. In
comparison with the whole system, the location of Bragg’s peak exactly coincides. The value of
energy deposition, on the other hand, is slightly lower in the four-trajectory system. For instance,
AE,= 18 eV, and for whole system (667 trajectories) AE= 21.2 eV. This indicates that our
assumption for a four-trajectory system is reasonably successful. Comparing the difference
between the isolated and supramolecular systems, a significant difference is observed in low

energies and extremely high energies.
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Figure 3-8: Average energy deposition curve for isolated (red line) and supramolecular (blue line) systems over four
trajectories. The x-axis (kinetic energy of a proton) has a logarithmic scale.
Furthermore, for the four-trajectory system, we calculated the percentage of energy deposition

of hydrogen-bond %AEX . The result is shown in Figure 3-9.
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Figure 3-9: The percentage of hydrogen-bond energy deposition over the average of four trajectories. The proton's
kinetic energy axis scales logarithmically. The vertical line highlights the consistent kinetic energy of the proton in

the whole system at 0.03, 0.05, 0.07, 0.2, 0.3 MeV.
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First, we attempt to compare the four-trajectory system to the whole system, in order to ensure
the validity of the four-trajectory system result. In the whole system energy range, the effect of
hydrogen bonds likewise decreases with proton energies in both systems. The %AEZ is -6.6%, -
4.3%, and -2% at 0.03, 0.05, and 0.2 MeV, respectively, whereas, for the whole system, it is -5.9%,
-4.4%, and -3.1% for the same proton energies. Even though the values are not exactly the same,
they are close enough to trust the conclusion of the four-trajectory system. In the low energies,
the effect of hydrogen bonds raises from -6.6% to -10% at 0.03-0.01 MeV, respectively. Besides
that, the %AEH decreases as a function of proton energies up to 2 MeV where the effect of
hydrogen bonds completely vanishes. That is expected at high energies, as the participation of
the valence electrons diminishes in the contribution of energy deposition. That is why the effects
of phase state or of chemical bond are considered nil above about 1-2 MeV for proton in the
majority of semi-empirical models. Our result is also in agreement in this region. However,
surprisingly, the effect gradually increases after 2 MeV. It reaches -2.5% at 303 MeV and -3% at
635 MeV. This percentage is not negligible because energy deposition is small in comparison with
the low-velocity region. In fact, in terms of penetration in proton radiotherapy, it exhibits the
same error as maximum energy deposition. Stopping power normalizes the energy deposition by
particle penetration. Any percentage of error in stopping power, whether at high or low velocity,

has the same effect on Bragg's peak position.

This finding is completely unexpected in the literature. This fluctuation in the hydrogen bond
effect could be due to a relativistic effect. Because the contribution of valence electrons to energy
deposition is negligible in the high-energy region, valence electron modification has no effect. The
effect of screening the electric field, however, is crucial. As demonstrated in Chapter Two, the
relativistic effect can cause the electric field of a charged particle to shrink and concentrate
perpendicular to the axis of propagation. This concentration increases energy deposition in the
local position while decreasing the long-distance contribution of energy deposition. The local
electron density surrounding the charged particle provides long-distance electric field shielding.
This effect becomes more significant as the electric field shrinks (kinetic energy increases). When
comparing the condensed phase to the gaseous phase, the local electron density is more
important, that is why energy deposition in the condensed phase is lower than that in the gaseous
phase at high energies, and this difference increases with charged particle energies.
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3.5 Discussion and perspectives on fluctuations in hydrogen bond energy deposition at

high energy

It is possible to accurately calculate our systems using semi-empirical models in order to compare
this result with a theoretical calculation. We attempt to investigate water instead of it because
we are especially interested in how the phase effect behaves in a relativistic region. We calculated
the stopping power of proton in the vapor and liquid water from the PSTAR database> which is
included in the ICRU Reports 49 data. ICRU data® is considered as a standard date for calculating
the stopping power of proton, a-particle, and Lithium in several semi-empirical models, for
instance, SRIM. At low energies, fitting formulas are used based on experimental stopping power
data. At high energies, stopping powers are evaluated using the correct Bethe-Bloch formula that
includes all corrections: mean ionization, shell, Barkas, Bloch, and density correction. The result
of the percentage of hydrogen-bonds effect (phase effect) over 0.01-635MeV is represented in
Figure 3-10. In the calculation the mean ionization energies for vapor and liquid water are 71.6

and 75 eV, respectively.
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Figure 3-10: Percentage of hydrogen-bond effect on the stopping power of vapor and liquid water as a function of
proton energy calculated using the PSTAR database. The x-axis (kinetic energy of a proton) has a logarithmic scale.

The result shows that the effect of hydrogen bond decreases as a function of proton energies.

The maximum effect is about 14% for 0.01 MeV. Then, it slowly diminishes to 13% around 0.08
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MeV and drops to 2% at 0.5 MeV. It may be because in the ICRU data, the Bethe-Bloch formula is
used above 0.5 MeV for proton. Our region of interest is above 1 MeV. According to the PSTAR
calculation, the effect of hydrogen-bond gradually decreases toward 635 MeV. No fluctuation is
observed in this region. In fact, the density correction in Bethe-Bloch formula is calculated
according to Sternheimer’s method?® which is responsible for the correction of the screening of
the electric field by polarization electron density in the relativistic region. According to
Sternheimer, this effect is significant when the energy of the proton is the same as or larger than
the energy of the rest mass of the proton, for instance this correction includes 1% at 1000 MeV.
So, in our region (1-635 MeV), any influence of the screening of the electric field by relativistic
effect is not incorporated in the Bethe-Bloch formula. The small difference observed in this region

between liquid and vapor water is due to the difference in the mean ionization energies.

The conclusion is also difficult to verify according to experiment due to high uncertainty and a
lack of experimental data for biomolecules and water in this region. The unique experimental
data reported by Palmer and Akhavan-Rezay!! represents this fluctuation of stopping power for
a-particles in vapor and liquid water. They discovered that from 2 MeV to 8 MeV (corresponding
to 0.5-2 MeV for proton), the effect of phase once again increases with the kinetic energy of the
projectile from 0.0:3 % to 1343 %. This behavior is easily dismissed because it is not supported by
any experimental data or a theoretical explanation. The authors were unable to find a satisfactory
explanation. Of course, this fluctuation does not correspond to the fluctuation in the energy range
of proton in our system. Thwaites'® performed new measurements after Palmer and Akhavan-
Rezay to confirm this fluctuation of the phase effect. He assessed the stopping of a-particles in
the vapor and liquid water at 1.75-4.75 MeV (0.437-1.063 MeV for proton). He found that the
phase effect decreases with energy of a-particle from 3.3:3% to 0:10%. The major fluctuations in
the stopping power ratio were not observed in this energy region by Thwaites. If we compare

Thwaites' result to our system with protons, we see that they agree well in this energy region.

In addition, in the case of proton in water, Shimizu and coworker?’ have recently measured the
stopping power of proton in liquid water at 0.3-2 MeV. They found that the stopping power of
liquid water is lower about 15:5 to 10:5% in comparison with the vapor phase. This proves that
the effect of phase is essential after 2 MeV. Siiskonen and coworker?®, extended the stopping

power of proton for liquid water in the energy range 4.7-15.2 MeV. They found a good agreement
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between their result (uncertainty of 4.6% in experiment) and, ICRU Report 49 and Janni’s
tabulation?® which are based on Bethe’s formula. Finally, we cannot conclude about our result for

high-energies because the uncertainty in the experimental data is larger than our result.

Overall, this behavior of the phase effect has not been observed before. To make the conclusion
more robust, we must increase the number of trajectories or, in the best case, change the system
to a simpler one, such as water, which can be more easily sampled. This is one of the directions

we plan to explore in future work.

3.6 Conclusion

In this chapter, we have investigated the effect of hydrogen bonds in the guanine-cytosine
nucleobase paired with water molecules on the energy deposition of protons with energies
ranging from 0.01 to 635 MeV. We have demonstrated that our strategy for evaluating this effect

is robust compared to existing data for water.

During the sampling of our system with 667 trajectories, we have shown that the effect of the
hydrogen bond is more pronounced at low energy, being about -6% at 0.03 MeV and tending to -
3% at 0.3 MeV. Additionally, our results indicate that the effect of the hydrogen bond strongly
depends on the trajectories and is more significant where the proton impacts the hydrogen
bonds. Divergent behavior is observed for trajectories, for instance where the trajectories are far
from the molecules, the effect of hydrogen bonds on energy deposition increases with the kinetic

energy of the proton.

From 4 trajectories, we have demonstrated that the effect of hydrogen bonds on energy
deposition fluctuates at 2 MeV, rapidly increases below 2 MeV, and gradually increases above 2

MeV.

Overall, our results reveal that the effect of hydrogen bonds on energy deposition is non-
negligible in biomolecules and should be taken into account for both low- and high-energy

protons.

133



REFERENCES

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological Structures; Springer Berlin
Heidelberg, 2012.

Thwaites, D. I. Bragg’s Rule of Stopping Power Additivity: A Compilation and Summary of
Results. Radiation Research 1983, 95 (3), 495. https://doi.org/10.2307/3576096.

M.A, W. H. B.; B.Sc, R. K. XXXIX. On the a Particles of Radium, and Their Loss of Range in
Passing through Various Atoms and Molecules. The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science 1905, 10 (57), 318-340.
https://doi.org/10.1080/14786440509463378.

Ziegler, ). F.; Ziegler, M. D.; Biersack, J. P. SRIM — The Stopping and Range of lons in Matter
(2010). Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 2010, 268 (112), 1818-1823.
https://doi.org/10.1016/j.nimb.2010.02.091.

Seltzer, S. Stopping-Powers and Range Tables for Electrons, Protons, and Helium lons,
NIST Standard Reference Database 124, 1993. https://doi.org/10.18434/T4NC7P.

Sigmund, P.; Schinner, A. Electronic Stopping in Oxides beyond Bragg Additivity. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms 2018, 415, 110-116. https://doi.org/10.1016/j.nimb.2017.11.023.

Gu, B.; Mufoz-Santiburcio, D.; Pieve, F. D.; Cleri, F.; Artacho, E.; Kohanoff, J. Bragg’s
Additivity Rule and Core and Bond Model Studied by Real-Time TDDFT Electronic Stopping
Simulations: The Case of Water Vapor. Radiation Physics and Chemistry 2022, 193, 109961.
https://doi.org/10.1016/j.radphyschem.2022.109961.

Uehara, S.; Toburen, L. H.; Nikjoo, H. Development of a Monte Carlo Track Structure Code
for Low-Energy Protons in Water. International Journal of Radiation Biology 2001, 77 (2),
139-154. https://doi.org/10.1080/09553000010012536.

Matteson, S.; Powers, D.; Chau, E. K. L. Physical-State Effect in the Stopping Cross Section of
S\mathrmH_2S0 Ice and Vapor for 0.3-2.0-MeV S\ensuremath\alpha$ Particles. Phys. Rev.
A 1977, 15 (3), 856—864. https://doi.org/10.1103/PhysRevA.15.856.

Thwaites, D. I. Stopping Cross-Sections of Liquid Water and Water Vapour for Alpha Particles
within the Energy Region 0.3 to 5.5 MeV. Physics in Medicine & Biology 1981, 26 (1), 71.
https://doi.org/10.1088/0031-9155/26/1/008.

Palmer, R. B. J.; Akhavan-Rezayat, A. . Range-Energy Relations and Stopping Power of Water,
Water Vapour and Tissue Equivalent Liquid for a Particles over the Energy Range 05 to 8
MeV; Commission of the European Communities (CEC), 1978; pp 739-748.

134



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Phillips, J. A. The Energy Loss of Low Energy Protons in Some Gases. Phys. Rev. 1953, 90 (4),
532-537. https://doi.org/10.1103/PhysRev.90.532.

Wenzel, W. A.; Whaling, W. The Stopping Cross Section of S\mathrmD_2S0 Ice. Phys. Rev.
1952, 87 (3), 499-503. https://doi.org/10.1103/PhysRev.87.499.

Wu, X.; Teuler, J.-M.; Cailliez, F.; Clavaguéra, C.; Salahub, D. R.; de la Lande, A. Simulating
Electron Dynamics in Polarizable Environments. Journal of Chemical Theory and
Computation 2017, 13 (9), 3985-4002. https://doi.org/10.1021/acs.jctc.7b00251.

Carmona-Espindola, J.; Gazquez, J. L.; Vela, A.; Trickey, S. B. Generalized Gradient
Approximation Exchange Energy Functional with Correct Asymptotic Behavior of the
Corresponding Potential.  J. Chem. Phys. 2015, 142 (5), 054105.
https://doi.org/10.1063/1.4906606.

Calaminici, P.; Jug, K.; Koster, A. M. Density Functional Calculations of Molecular
Polarizabilities and Hyperpolarizabilities. The Journal of Chemical Physics 1998, 109 (18),
7756-7763. https://doi.org/10.1063/1.477421.

Calaminici, P.; Flores—Moreno, R.; Koster, A. M. A Density Functional Study of Structures and
Vibrations of Ta30 and Ta30-. Computing Letters 2005, 1 (4), 164-171.
https://doi.org/10.1163/157404005776611420.

Goémez Pueyo, A.; Marques, M. A. L.; Rubio, A.; Castro, A. Propagators for the Time-
Dependent Kohn—Sham Equations: Multistep, Runge—Kutta, Exponential Runge—Kutta, and
Commutator Free Magnus Methods. J. Chem. Theory Comput. 2018, 14 (6), 3040-3052.
https://doi.org/10.1021/acs.jctc.8000197.

Cheng, C.-L.; Evans, J. S.; Van Voorhis, T. Simulating Molecular Conductance Using Real-Time
Density  Functional  Theory. Phys. Rev. B 2006, 74 (15), 155112.
https://doi.org/10.1103/PhysRevB.74.155112.

Castro, A.; Marques, M. A. L.; Rubio, A. Propagators for the Time-Dependent Kohn—Sham
Equations. The Journal of Chemical Physics 2004, 121 (8), 3425-3433.
https://doi.org/10.1063/1.1774980.

Carrier, J.-F.; Archambault, L.; Beaulieu, L.; Roy, R. Validation of GEANT4, an Object-Oriented
Monte Carlo Toolkit, for Simulations in Medical Physics. Med. Phys. 2004, 31 (3), 484-492.
https://doi.org/10.1118/1.1644532.

Friedland, W.; Dingfelder, M.; Kundrat, P.; Jacob, P. Track Structures, DNA Targets and
Radiation Effects in the Biophysical Monte Carlo Simulation Code PARTRAC. Mutation
Research/Fundamental and Molecular Mechanisms of Mutagenesis 2011, 711 (1-2), 28—40.
https://doi.org/10.1016/j.mrfmmm.2011.01.003.

135



(23)

(24)

(25)

(26)

(27)

(28)

(29)

Francis, Z.; El Bitar, Z.; Incerti, S.; Bernal, M. A.; Karamitros, M.; Tran, H. N. Calculation of
Lineal Energies for Water and DNA Bases Using the Rudd Model Cross Sections Integrated
within the Geant4-DNA Processes. Journal of Applied Physics 2017, 122 (1), 014701.
https://doi.org/10.1063/1.4990293.

Zein, S. A.; Bordage, M.-C.; Francis, Z.; Macetti, G.; Genoni, A.; Dal Cappello, C.; Shin, W.-G.;
Incerti, S. Electron Transport in DNA Bases: An Extension of the Geant4-DNA Monte Carlo
Toolkit. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 2021, 488, 70—82. https://doi.org/10.1016/j.nimb.2020.11.021.

Berger, M. J.; Inokuti, M.; Andersen, H. H.; Bichsel, H.; Powers, D.; Seltzer, S. M.; Thwaites,
D.; Watt, D. E. 8. Stopping-Power and Range Tables. Reports of the International Commission
on Radiation Units and  Measurements 1993, 0s-25 (2), 76-81.
https://doi.org/10.1093/jicru_o0s25.2.76.

Sternheimer, R. M.; Berger, M. J.; Seltzer, S. M. Density Effect for the lonization Loss of
Charged Particles in Various Substances. Atomic Data and Nuclear Data Tables 1984, 30 (2),
261-271. https://doi.org/10.1016/0092-640X(84)90002-0.

Shimizu, M.; Hayakawa, T.; Kaneda, M.; Tsuchida, H.; Itoh, A. Stopping Cross-Sections of
Liguid Water for 0.3-2.0 MeV Protons. Vacuum 2010, 84 (8), 1002-1004.
https://doi.org/10.1016/j.vacuum.2009.11.019.

Siiskonen, T.; Kettunen, H.; Perajarvi, K.; Javanainen, A.; Rossi, M.; Trzaska, W. H.; Turunen,
J.; Virtanen, A. Energy Loss Measurement of Protons in Liquid Water. Physics in Medicine &
Biology 2011, 56 (8), 2367. https://doi.org/10.1088/0031-9155/56/8/003.

Janni, J. F. Energy Loss, Range, Path Length, Time-of-Flight, Straggling, Multiple Scattering,
and Nuclear Interaction Probability: In Two Parts. Part 1. For 63 Compounds Part 2. For
Elements 1 < Z < 92. Atomic Data and Nuclear Data Tables 1982, 27 (2), 147-339.
https://doi.org/10.1016/0092-640X(82)90004-3.

136



CHAPTER FOUR

PHYSICAL STAGE OF A NUCLEOPROTEIN COMPLEX SUBJECTED TO FAST TIONS

Contents
4  Physical stage of a nucleoprotein complex subjected to fast ions ........cccceeecvveeeevciieeecnneee. 138
R VL (=T g I o] (=] o =T - L [0 o PP PPPPPPPPPRS 141
4.1.1 Molecular dynamic SiMUlatioNs .......coccviiiiiiiiiie e e 141
4.1.2  Preparing QM/MM SYSTEIM .......oiiiiieeciieeecie ettt e etee e e aeeeebee e e reeesaeeesreeens 142
4.1.3  Electron dynamic sSimulation.......c.ceeiiiiie i 145
4.2  Effect of electrostatic embedding on physical stage.......ccccvveeeeeiiieicciiieeee e, 145
4.2.1  Effect of electrostatic embedding in large system......ccccoeveiiiiicciiiieee e, 145
4.2.2  Effect of electrostatic embedding in small system .......ccccceeveciiieiiiiiiee e, 151
4.3  Comparison of two projectile’s trajectories ......coovieeiiiicciiiiieeee e, 156
4.3.1  Charge migration in first trajeCctory......coocciiiieeiee i 156
L T A <Yolo Yo o I 4 7= ] [<o1 o] o VRO PP RSP 158
4.4  Analysis of the correlation of charge migration among fragments ........cccccceeveennnnnnen. 162
4.4.1  Correlation MatriX ....eeceeeieerieeeeee e 162
4.4.2  Cross-correlation analysis ......cccuviieeieei e 170
4,5 Addendum: perspectives for the modeling of decarboxylation ........ccccceeveeeeeiiiinnnneeen. 173
N ST 0] o Tol (V1Y [ [PPSO PR PRR 175

137



4 Physical stage of a nucleoprotein complex subjected to fast ions

Nucleoproteins are involved in many biological processes such as replication, transcription,
protection and repairing of genome!3. One example of a nucleoprotein complex is the
nucleosome which is the basic structural unit of eukaryotic chromatin. A nucleosome consists in
a core of histone proteins around which DNA is wrapped. The histones serve as a scaffold for the
DNA and help regulate gene expression by controlling access to the genetic material*. Another
example of a nucleoprotein complex is the ribosome. Ribosomes are the cellular machines that
synthesize proteins, and they consist of both protein and RNA molecules. The protein component
of the ribosome helps to stabilize the structure and catalyze chemical reactions, while the RNA

component (ribosomal RNA) provides the functional machinery for protein synthesis>.

Understanding radiation-induced damage to nucleoprotein complexes is essential because DNA
is rarely naked in a cell, but rather functions in a crowed environment interacting with proteins,
water and other metabolites. The interrogation that motivates this work is the interplay between
DNA binding and radiation damages. According to some authors, DNA association to proteins has
a significant protective effect in complexes when compared to free DNA targets®. In this chapter,
we investigate the energy deposition and charge migration in a protein/DNA complexes exposed

to a-particle (He?*) by electron dynamics simulations.

Our stating point is provided by the work of John E. McGeehan and coworkers®®. They investigated
the irradiation of the bacterial protein C.Esp1396I/DNA complex. They used modern X-ray
macromolecular crystallography at 100K to map radio-induced damages at different doses. They
measured the spatial deflection and accumulation of electron density during data collection of X-
ray diffraction and indicated the location of damages in the protein/DNA complex. They found
that some residues are more sensitive to damages than others. For instance, the majority of
damages take place on residues with carboxylic acid and sulfonated groups in the protein such as
glutamic or aspartic acid or methionine residues (Figure 4-1). In the nucleic chain, thymine and
adenine are more sensitive to damage than cytosine and guanine. In addition, they found that

damages are more likely to be located on protein groups rather than on DNA.
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Figure 4-1: Representation of specific damage distribution throughout the C.Esp1396/ complex for structures derived
from 44 MI/kg or (MGy) dose dataset. Specific damage sites are represented as spheres, with radii proportional to
electron density loss (electrons per A3). Spheres closer (resp. further) than 2 A to (resp. from) DNA strands are coloured
in blue (resp. red). (Inserts) Damage sites in C.Esp1396I protein and DNA: (a)-(b) Protein chain with GLU-54, MET-57,
and ASP-64 residues and (c)-(d) DNA chain with T24 and A25, shown at (a), (c) low-dose (6.2 MJ/kg) and (b), (d) high-

dose (44.6 MJ/kg) exposures. The green and red contour colors signify electron density gain and loss, respectively.

The figure is reproduced from references %12,

In Figure 4-1(a-b), a distinct loss of electron density is noticeable around acidic residue side-chain
carboxyl groups and methylthio side-chain groups in the protein chain at both low (panel a) and
high doses (panel b). This suggests radiation-induced decarboxylation and Met CHs-S bond
cleavage. For DNA chains (Figure 4-1(c-d)), electron density changes are negligible at low doses
(panel c). However, at high doses (panel d), there is a reduction in electron density for T24 and
A25 moieties, possibly indicating sugar-phosphate C-O bond cleavage between T24 and A25
nucleotides. An increase in electron density is observed with dose near T24 and A25 bases, which
is consistent with low energy electron (LEE) attachment to nucleobases!?. Figure 4-1 (center)

depicts the site of electron density change in the C.Esp1396l/DNA complex at 44 MJ/kg. The
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magnitude and color of the spheres correspond to the variation in electron density and their
proximity to the DNA chain. As observed, the alterations in electron density, which are associated

with radiation damage, predominantly occur on the protein chains.

In another work of John E. McGeehan and coworkers, investigating irradiation of protein/RNA
complexes, similar conclusions were drawn. On the other hand, it was found that when protein
residues are bound directly to RNA, less radiation damages are induced!3. Various damage
mechanisms are at play and require clarification!!. One example is the proposed mechanism for
radiation-induced decarboxylation of acidic amino acids, which involves the migration of holes to
the sidechain carboxyl group'*®>. The decarboxylation process is influenced by the interplay
among hole migration, hole recombination, and engagement with solvent species generated
through radiolysis. It has been suggested that when an acidic residue is bound to RNA or DNA,
the average solvent-accessible area is reduced, leading to an increase in hole-recombination and
a decrease in decarboxylation'3. However, According to a study conducted by Allan et al, which
focused on the diffusion of radiolytic species at low temperatures, it was found that the highly
oxidizing hydroxyl radical is immobile at an experimental temperature of 100 K. As a result, it is
not clear whether decarboxylation mechanism is dependent on the solvent-accessible area of the
carboxyl group at this temperature!’8, Instead, it is more likely that it is related to the creation

of holes and their migration.

In this chapter, our objective is to investigate the physical stage that involves energy deposition
and charge migration in protein/DNA complexes irradiated by a-particles, with a particular focus
on the acidic amino acid’s residues within these complexes. Our protein/DNA complex system is
a large molecular system, which could complicate the simulation if fully treated at the DFT
(Density Functional Theory) level and the subsequent analysis of results. To address this, we
employ a combination of Quantum Mechanics/Molecular Mechanics (QM/MM) approaches in

our simulation, and we search for analytical tools to facilitate the analysis of such large systems.

This chapter encompasses four sections. Section 4.1 covers the preparation of the QM/MM
systems and provides the methodological details of the simulations. Section 4.2 investigates the
impact of electrostatic induction of MM-region on energy deposition and post-irradiation charge

migrations. A part of this work has been published in the book "Multiscale Dynamics Simulations:
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Nano- and Nano-bio Systems in Complex Environments" in the Chapter "Electron and Molecular
Dynamics Simulations with Polarizable Embedding"*°. In Section 4.3, we study charge migration
in a protein/DNA complex. In Section 4.4, we introduce a new analytical technique for studying
charge migration in large systems and propose protocols to identify correlations among inter-
fragments charge variations. Finally, it concludes with two sections: a general conclusion and a

discussion on charge migration in the carboxylate group.
4.1 System preparation

4.1.1 Molecular dynamic simulations

The system was prepared by classical molecular dynamic (MD) simulations with NAMD 2.11%° .
The crystal structure of bacterial protein C.Esp1396l/DNA complex (PDB code : 3clc)?? was
solvated with the TIP3P water?2 model in a 130x130x130 A2 periodic box as illustrated in (Figure
4-2(a)). The system was neutralized by adding 382 sodium ions. The Amber FF14SB (Force Field
2014 with Side-Chain Backbone)?® and DNA.OL15 (DNA Optimized Linear 2015)%* force fields were
used for the protein and DNA parts, respectively. We selected the Amber default protonation
state, which corresponds to physiological conditions. This signifies that for protein part: the
protein terminals are in the form of zwitterions, the amino acid side chains with acidic groups,
such as aspartic acid (ASP) and glutamic acid (GLU), are typically deprotonated, while those with
basic groups, such as lysine (LYS), arginine (ARG), and histidine (HIS), are generally protonated.

For DNA, the phosphate groups in the DNA backbone are mono-deprotonated.

After geometry optimization, the system was equilibrated within the NPT ensemble (constant
number of particles, pressure and temperature) at a temperature of 100 K for a duration of 15
ns. Equilibration was carried out without imposing any restraints on atomic positions and utilized
a time step of 1 fs. This low temperature was chosen to maintain the crystal structure used in the
experimental study, while allowing for relaxation of bond lengths and angles. The final structure

was used as the starting point for QM/MM simulations.
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4.1.2 Preparing QM/MM system

The protein/DNA complex we aim to investigate is a large molecular system that cannot be fully
treated at the DFT level. To address this issue, we used a combination of quantum and molecular
mechanism approaches (QM/MM for Quantum Mechanics/Molecular Mechanics)?. The atoms
pertaining to the so-called QM region are described using RT-TD-DFT, while the surrounding
atoms are represented using classical molecular mechanics force fields (MM region). The choice
of the force field may have a significant impact on the physical processes of radiation, such as
energy deposition and charge migrations. deMon2k affords two categories of force fields:
polarizable and non-polarizable!’8, Polarizable force fields accounts for the polarization of atoms
caused by the electron cloud distortion in response to an external electric field (electrostatic
induction). Polarizable FF allows for a more accurate description of molecular interactions and
properties, particularly for systems involving charged or polar species?®=?8, Unlike non-polarizable
force fields, that assume constant atomic charges, polarizable force fields allow the charges to
vary depending on the molecular environment. This provides a more realistic representation of
the electrostatic interactions between molecules, and can lead to more accurate predictions of

molecular properties.

Preparing QM/MM systems directly from MM simulations is challenging due to the absence of
periodic boundary conditions and the different format of force field parameters used in deMon2k.
To overcome this, we utilized the QIB package?® to extract QM/MM and QM regions and convert

AMBER parameters to deMon2k format, as depicted in (Figure 4-2(b)). QM/MM systems were
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then prepared using the Amber polarizable force field ff02 parameter3® and the Amber non-

polarizable force field ff14SB parameter3?.

101 atoms
422 electron

1408 electrons

(€) QM-largesystem  (d) QM-small system

Figure 4-2: (a) represents the solvated protein/DNA complex in a cubic box, (b) shows the spherical pruning for
QM/MM simulation in deMon2k with a radius of 40 A, (c) and (d) show the QM region for large and small systems
respectively.

We have created two QM/MM systems with varying QM sizes. The large one has QM region
containing 342 atoms and 1 408 electrons. This system includes seven amino acids (residue
number): LEU32-ASP33-ARG34-THR35-TYR36-ILE37-SER38, four nucleotides (residue number):
A369-G370-T371-C372, and 30 water molecules (Figure 4-2(c)). The second one is smaller, with a
QM region comprising only 102 atoms and 422 electrons. This system contains three amino acids
(ASP33-ARG34-THR35), one nucleotide (T371), and four water molecules. (Figure 4-2(d)). In both

systems, the QM region is centered on the ASP33 residue.

A key challenge with the QM/MM method pertains to the treatment of the boundary between
the QM and MM regions. A technique known as the link atom approach is commonly employed
to address this issue. In this approach, the bond that connects the QM and MM regions is

described at the MM level, and a hydrogen atom (in our case) is introduced to cap the open
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valences on the QM side. This link atom is subjected to quantum mechanical treatment, while the

remaining part of the molecule on the MM side is treated classically.

It is important to note that the choice and position of the link atoms can influence the results. In
our large system, we have four bonds at the QM/MM frontier: between the a-carbon and
carbonyl group of ASN31 and GLY39 in the protein part, and between C5’ of the phosphate group
and C4’ sugar moiety of A373, as well as between O3’ of the phosphate and C3’ sugar moiety of
A369. We use the names of the atoms, similar to a PDB file, as illustrated in Figure 4-3 for
nucleotides and amino acids. In our small system, we also have four link atoms. Two of them are
located in the protein part between the a-carbon and carbonyl group of LEU32, and between the
a-carbon and amine group of ILE37. The others are found in the DNA part between C5’ of the
phosphate group and C4’ sugar moiety of T371, and also between 03’ of the phosphate and C3’
sugar moiety of C372. One important parameter is the distance ratio, which is the ratio of the
bond length between the broken bonded atom and the replacing atom (in this case, H) to the
bond length between the broken bonded atom and its original atom. This ratio can be optimized
to minimize the effects of the XC functional and the types of atoms. Therefore, each link atom

was optimized using the PBE exchange and correlation functional®?.

H H
SN
O,
(o)uz CG g\ CA_~C
Oow:r HN.
Adenine nucleotide Aspartate

Figure 4-3: Structure of a nucleotide and an amino acid, with the names of their atoms labeled according to PDB file.
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4.1.3 Electron dynamic simulation

We carried out electron dynamic simulations (ED) using pure RT-TD-ADFT under the nuclear fixed
approximation to study the effect of polarizable and non-polarizable environments on a-particle
irradiation of different QM regions. Time propagation was operated by the second order Magnus
propagator33 coupled to a predictor/corrector algorithm3# with a time step of 1 as, for a total of
10 fs. On this time scale, it is assumed that nuclear motion exerts negligible effects on electron
dynamics, particularly at a temperature of 100 K. We use a Taylor expansion® to evaluate the
exponential of the Kohn-Sham matrix with 55 terms. We used the PBE*® exchange correlation
functional with DZVP-GGA basis set3” adapted for generalized gradient approximation exchange-
correlation functional and the GEN-A2* auxiliary basis set34. The kinetic energy of the a-particle
in all simulations was set to 250 keV (a kinetic energy close to the Bragg's peak). We conducted
population analyses on-the-fly using the Hirshfeld partition3® at intervals of 10 as. Auxiliary
density was employed for this analysis, which is a reliable method for population analysis and
reduces computational costs significantly?’. We would like to mention that we did not employ
Complex Absorbing Potentials to remove non-bonded electrons, which might influence the

electron dynamics and population analysis

4.2 Effect of electrostatic embedding on physical stage

The focus of this section is to investigate the impact of the electrostatic induction of MM on the
energy deposition and the consequent charge migrations within the large and small systems. It's
important to note that the term 'charge migration' in this chapter does not solely correspond to
the pure charge migration process explained in Chapter One. Here, 'charge migration'
encompasses all ultra-fast processes responsible for charge transfer within the molecule. This
includes phenomena such as charge migration, auto-ionization, and Interatomic Coulomb decay

(ICD), as all these processes are inseparably included in the RT-TD-DFT simulations.

4.2.1 Effect of electrostatic embedding in large system

We start by considering the large system, i.e. with the largest QM region. The a-particle was
initially positioned 40 A away from the center of the QM region. As illustrated in Figure 4-4, we

arbitrarily defined as propagation line, one that crossed the bond center between the a-carbon
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and the carbonyl group of aspartate (ASP33), the bond center between the side chain carboxylate
group and the B-carbon of aspartate (ASP33), as well as the bond center between the nucleobase
and the sugar moiety of thymine (T371). Defining an instant of collision is difficult due to the
charged particle's interaction with the entire electronic system. We define collision positions
being referred to (red beads) corresponds to the nearest fragments along the trajectory of the a-

particle.

Figure 4-4: QM region defined in the large system. The MM atoms and QM water molecules are not shown for clarity.
The peptide chain is represented in violet, the nucleic chain in blue. The green line refers to the travelling path of the
a-particle throughout the QM region. The locations of main collision of a-particle with the system are symbolized by
the red beads.

a. Effect on energy deposition

Figure 4-5 shows the variation of the Kohn-Sham energy (which represents only the DFT energy
during collision in the context of ADFT, excluding projectile energy interaction and MM energy)
with respect to the Self-Consistent Field (SCF) energy (ground state) in both polarizable and non-
polarizable MM regions. The curves show a sudden increase of 431 eV in the range of 1 to 1.5
femtosecond after the start of the ED simulation, followed by a plateau until the end of the
simulation. This rapid increase corresponds to the excitation of the electron cloud during collision.
After the a-particle has traversed the QM region, no more energy is transferred and the energy

remains constant.
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As illustrated in the figure, the impact of electrostatic induction from the MM region on energy
deposition is negligible. This can be attributed to several factors. Firstly, energy deposition is a
local property; the interaction between a charged particle and electrons diminishes with
increasing distance between them. In our simulation, the a-particle passes through the center of
the QM region, and the size of the QM region is sufficiently large to limit the efficient
incorporation of bordering QM atoms in energy deposition. This is because the atoms at the
border of the QM region are distant from the site of collision*'. Second, the process of energy
transfer is extremely rapid, taking only a few attoseconds. As a result, the electron cloud of the
QM-region does not undergo significant changes during the collision, especially for the electron
cloud of border atoms located further away from the collision site. Third, the influence of the
simulation cluster size on energy deposition is anticipated to be minimal at the Bragg peak,
particularly as a result of the perpendicular interaction of charged particles, as shown in Chapter
Two. This may also be the reason why introducing electrostatic induction within the MM region

does not affect energy deposition.
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Figure 4-5: Energy variation in the larger QM/MM system during 10 fs upon collision with a 0.25 MeV He?** in
polarizable force field (red sold line) and non-polarizable force field (dashed blue line) environments.

b. Charge migration

To streamline the analysis of the impact of MM's electrostatic induction on charge migration, we
separate the QM region into protein and DNA sub-ensembles. It is important to note that the

simulation was carried out for the entire system. In this sub-section we only primary focus on
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general trends. Deeper analyses of charge migrations will be conducted in Section 4.3 and Section

4.4 using dedicated analytical tools.

Figure 4-6 depicts the atomic charge variations within the protein relative to the ground state and
following the polarizable QM/MM simulation (top-right panel). At the beginning of the
simulation, charges are equal to zero because the projectile is positioned 40 A away from the QM
region and it does not cause any perturbation in the electron cloud. At the impact time about 1.5
fs, the variation in charge increases on the impacted fragments of ASP-frag (Aspartate without
carboxylate group in tan color) and COO (carboxylate group of ASP in red color), which exhibit
variations of +0.8 and +1, respectively. To better highlight the effect of electrostatic induction on
charge migrations, we have plotted the difference between a polarizable and a non-polarizable

simulation (right-bottom panel).
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Figure 4-6: charge variation on amino acid residues within the large system under polarizable environments, while
the right-bottom plot displays the differences in charge variation between polarizable and non-polarizable
environments over a 10 fs. For ease of visualization, the figure presents the analyses of the protein part. The color
code of fragments in protein part represents in the left.

As seen in the figure, the difference in charge variation between polarizable and non-polarizable

FF simulations (AQ;) is negligible (£0.05 au) at the beginning of the simulation, up to 4.5 fs. After
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that point, some differences become more apparent. The majority of the differences are observed
for COO (red line), Wcoo (a water molecule, blue line), and THR (purple line), both of them form
hydrogen bonds with COO. The maximum differences in these fragments amount to + 0.15 (au),
whereas the maximum differences in other fragments are less than + 0.1 au. This could be
attributed to the electron cloud or charge on COO, which is substantially perturbed (+1 au). As a
result, the electron cloud on COO is more influenced by the induced dipole moments on the
atoms. Since Wcoo and COO are connected through hydrogen bonds, the induction of the electron
cloud on COO affects them as well. This explanation is difficult to confirm because the ASP-frag is

also significantly ionized (+0.8 au), yet the AQ remains relatively small.

Charge variations for the DNA part are shown in Figure 4-7. Like for the protein part, the strongest
variations are seen on the impacted fragments. In DNA part, the a-particle traverses the bond
between the thymine (T) base and thymine moiety (dT). Consequently, the charge at the onset of
the collision is primarily situated on the T (cyan line) and dT (dark-red line), with values of +1

atomic unit (au) and +0.2 au, respectively (Figure 4-7 (right-top)).
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Figure 4-7: displays the charge variation analysis of the DNA component within the large system. The right-top plot
represents the charge variation of fragments within the DNA part of the system under polarizable environment, while
the right-bottom plot illustrates the differences in charge variation between polarizable and non-polarizable
environments. The color code of fragments in DNA part is represented on the left. All water molecules, except for
those that form a hydrogen bond with COOQ, are referred to as WAT.

In the DNA part, the impact of the environment's electrostatic induction on charge migration
(Figure 4-7 (right-bottom)) is initially negligible, just like in the protein part. However, differences
appear after 4.5 fs. Most of the differences are observed for the impacted fragments (T and dT)
as well as the micro-solvated water shell where the maximum variations are + 0.07, £0.12, and +
0.14 (au), respectively. For the remaining fragments, the differences are below + 0.05 au. As
explained in the protein part, the perturbation of electron density on the impacted fragments and
the potential hydrogen bonding may both be significant factors. In our system, the phosphate
groups of DNA moieties form six hydrogen bonds with QM water molecules, except for the
cytosine moiety (dC) which forms hydrogen bonds with MM water molecules. The DNA bases also
form hydrogen bonds with the MM second DNA strand. However, a significant difference is

observed for dT and T, which confirms that not only are the hydrogen bonds relevant, but also
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the initial charge on the fragments. Furthermore, the magnitude of deviation in the DNA part is

generally smaller in comparison to the protein part.

c. Partial conclusion

To summarize, we found that electrostatic induction in the MM environment has a negligible
effect on energy deposition upon irradiation by a 250 keV He?* ion. As a corollary, the effect of
induction on charge migrations is negligible at the beginning of collision, but becomes noticeable
3 fs after collision. In general, the difference in charge migration between polarizable and non-
polarizable models is mainly observed for the impacted fragments and those fragments that form

hydrogen bonds with them.

The fact that electrostatic induction of MM has a small effect, may be related to the size of the
QM-region, which is relatively large. It would be interesting to see how this effect changes with
the size of the QM-region. Therefore, in the next sub-section, we investigate the smaller QM

region.

4.2.2 Effect of electrostatic embedding in small system

We have replicated the simulations for a smaller QM region, as depicted in left of Figure 4-11. The
irradiation conditions (nature of the ions, their initial positions, and their propagation vectors) are
the same as before. The a-particle reaches the QM region at 1.035 fs and exits at 1.376 fs

respectively for the large and small QM region.

Figure 4-8 depicts the ground state electron density encountered at the passage of an a-particle
from static calculations. We identify three peaks that correspond to electron density when the
position of a-particle locates: the bond between the a-carbon and the carbonyl group of
aspartate, the bond between the side chain carboxylate group and the B-carbon of aspartate,
and, finally, the bond between the nucleobase and the sugar moiety of thymine, respectively
(Figure 4-4). The remarkable superposition of the two curves indicate that the reduction of the
QM region’s size should not impact significantly the amount of deposited energy. The smaller

system should enable us to investigate the effect of electrostatic induction.
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Figure 4-8: Electron density of the ground state for the large system (represented by the solid blue line) and the small
system (represented by the red dashed line) at the passage of an a-particle.

. Effect on energy deposition

We show energy deposition for the small QM region system during 10 fs in (Figure 4-9). 427 eV
are deposited by the a-particle. Despite the substantial reduction in QM region’s size, the
difference in energy deposition between the large and small systems is only 4 eV. This proves the
local properties of energy deposition. As seen in Figure 4-8, the electron density along the path of
the a-particle is the same in both the large and small systems. The energy deposition depends

particularly on the electron density near the path.

This very small difference could be attributed to long-distance interactions between the a-particle
and the fragments not included anymore in the QM region, which substantially decreases with

distance.
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Figure 4-9: Energy variation in small system over 10 fs upon collision with a 0.25 MeV He2+ in polarizable force field
(red sold line) and non-polarizable force field (dashed blue line) environments.

As already discussed, electrostatic induction has almost no effect on energy deposition (Figure
4-9). These results confirm the local nature of energy deposition of charged particles. Although
the size of the QM region substantially decreases, its effect on the energy deposition is small.

Therefore, the effect of electrostatic induction of environment is expected to be insignificant.

. Difference of charge variation between large and small system

We have plotted the difference in charge variation for residues that are common between the
small and large systems in a polarizable environment, as shown in Figure 4-10. Despite the small
difference in energy deposition compared to the large system, a significant difference in charge
variation is observed between the large and small systems after the collision and over time. This
is particularly evident in the case of T (cyan) and ARG (yellow), where the difference exceeds 0.8
au. This difference can be attributed to the substantial reduction in initial ionization in the small
system. For instance, the charge of COO decreased from +1 to +0.9 au, while ASP-frag dropped
from +0.8 to +0.45 au. Furthermore, T decreased from +1 to -0.2 and dT dropped from +0.2 to -
0.5. In addition, the change in initial ionization could affect the electron dynamics within the
system. The smallest difference is noted for COO, which is around * 0.2 au. This could be due to
the location of COO in the center of the QM region, making it less affected by the reduction in

size. These results underscore the importance of the QM size, which can significantly influence
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both the initial ionization and electron dynamic response to ionizing radiation in biological

systems, even when the same amount of energy is deposited in the molecules.
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Figure 4-10: difference of charge variation between large and small systems. The color code is the same as Figure
4-11.

a. Effect on charge migration

Figure 4-11 displays the charge variation profile and its dependence on the electrostatic induction
of the environment in small system. We compare the charge fluctuations between the MM and
MMpol approaches of the environment in bottom-right panel of the figure. The difference in
charge variation between the polarizable and non-polarizable embedding is noticeable at 2 fs
after collision in our small system, whereas in the large system, it is observable at 3 fs.
Additionally, the deviation magnitude in the small system is significantly larger than the large
system, reaching up to #2.5 au, while in the large system, it was a maximum of +0.15 au. The
maximum values of AQgy a1 for ASP-frag, COO, ARG, THR, Wcoo, dT, and T are £0.34, +0.29, +0.35,
10.31, +0.35, £0.19, and +0.13 au, respectively.
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Figure 4-11: Charge variation with respect to the ground state for the small QM region system (right-top) using
polarizable force field for environment. The lower-right panel illustrates the difference in charge variation calculated
in polarizable and non-polarizable MM environments. left: QM region irradiated by the a-particle travelling along the
green line; the green bead symbolizes the collision site.

It is challenging to establish which of the MM and MM polarizable (MMpol) approaches are more
suitable for describing charge migration. By reducing the size of the QM-region, these processes
undergo substantial changes, that are nor compensated by the inclusion of induction in the MM
region. The best strategy seems to enlarge as much as possible the size of the QM region if one is

interested in charge migrations following irradiation by ions.
b. Partial conclusion

To conclude, incorporating electrostatic induction into the computational protocol has no
significant effect on energy deposition by a-particles. The MMpol approach, which induces
dipoles in the MM region, does not affect the initial ionization, but it can affect charge migrations.
A reduction in the size of the QM-region leads to a marginal decrease in energy deposition,
subject to the condition that there is no significant modification in the electron density and

fragments surrounding the projectile passage. Furthermore, the impact of electrostatic induction
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in the environment remains insignificant with regard to energy deposition. The size of QM region
can significantly affect the initial ionization and charge variation dynamics of fragments. While
the effect of dipole induction from the environment on initial ionization is negligible, it plays an
essential role in the process of charge migration. Moreover, as the size of the QM region
decreases, the amplitude of deviation in charge variation of fragments, calculated within MMpol

and MM environments, increases.

4.3 Comparison of two projectile’s trajectories

In this section, we compare the irradiation of the QM region for two perpendicular trajectories.
The first one is the one already discussed in Section 4.2. The second trajectory is depicted in
Figure 4-13. In the “second trajectory”, the a-particle traverses between the protein and DNA
parts, predominantly impacting the bond between the carboxylate group and the B-carbon of the

Aspartate. We only consider the large QM region within a polarizable QM/MM scheme.
4.3.1 Charge migration in first trajectory

. Charge migration

To facilitate the comparison between the two trajectories, we reproduce in Figure 4-12, the
upper-right panels of Figure 4-6 and Figure 4-7 showing charge variations in protein and DNA

moieties.
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Figure 4-12: displays the charge variation of fragments in the large system for the first trajectory under a polarizable
environment over a duration of 10 fs. To aid interpretation, the charge variation results are presented separately for
the protein part (left) and the nucleotide part (right). The bottom of the figures provides the color code and acronyms
corresponding to the fragments.

In general, the charge on the impacted fragments {ASP-frag (Aspartate without carboxylate
group) , COO (carboxylate group of ASP), T (Thymine base), and dT (Thymine moiety)} initially
decreases sharply and then increases, indicating an ebb-and-flow ionization mechanism*?. Before
collision, the incoming positively charged a-particle polarizes the electron cloud, attracting
electrons to it. This causes a decrease in the charge on the ASP-frag, COO, T, and dT. After
collision, electrons flow back to the surrounding molecular moieties. Due to the strong excitation
of the electron cloud, electrons are emitted, leaving positive charges on the impacting fragments.
The initial sharp decrease in charge at the beginning of the collision assists us in identifying the
impacted fragments, such as ASP-frag, COO, T, and dT. However, it is important to note that the
amplitude of the sharp declining charge on these impacted fragments is not directly related to
the amplitude of their initial ionization, for instance, at the beginning of the collision, the charges
on COO and ASP-frag are -0.7 au and -1.05 au respectively, while their initial ionizations are +1 au

and +0.8 au, respectively.

As we begin analyzing the charge variation on protein residues, we observe an initial

concentration of positive charge at the site of impact on the COO and ASP-frag, which is evident
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as the red and tan lines peak at nearly +1 au and +0.8 au, respectively. However, after 1fs, the
hole begins to migrate and is no longer localized at the collision site. Instead, the charge becomes
delocalized across surrounding fragments. In particular, on longer timescales, the charge variation
on the COO fragments tend to decrease in absolute value (the charge in the ground state). This is
likely indicative of electron-hole recombinations. As explaining in beginning the mechanism of
decarboxylation depend on the hole migration and recombination. Based on this result, it appears

that the hole recombination occurs very rapidly.

Concerning charge migrations within DNA, we similarly observe that the positive charge initially
localizes at the collision site on T and dT during the onset of the impact. As time progresses, the

charge on T becomes more dispersed, but interestingly, the charge on dT increases.

Furthermore, the electron density accumulates on the SER, TYR, and ILE residues in protein,
micro-solvated water molecules, and dAA (Adenine nucleotide) in the DNA. The accumulation of
electron density on fragments could be a result of electron migration and the presence of

secondary electrons.

Establishing a correlation between charge migration across fragments presents a significant
challenge. Simple plots of charge variation struggle to elucidate this due to the complexity
introduced by the ionization of multiple fragments and the intricate relations of charge migration.
Therefore, in the next section, we aim to develop a methodology that simplifies the analysis of

charge migration and facilitates correlation establishment.

a. Partial conclusion

In conclusion, our investigation revealed that the charge initially localized on the impacted
fragment in our system upon collision with an a-particle. However, over time, the charge
undergoes complex migration processes and becomes delocalized across surrounding fragments.
Notably, the hole migration in the carboxylate group of aspartate is rapid, which is crucial for

radiation-induced decarboxylation processes.

4.3.2 Second trajectory

It is known that the process of energy deposition is significantly influenced by the trajectory of
the projectile, and any variation in this energy deposition could subsequently alter the pattern of

158



charge migration. We highlighted the importance of charge migration in the carboxylate group of
aspartate. In this sub-section, we further explore the charge migrations within our large system,
specifically focusing on the response of the carboxylate group of aspartate to changes in the
trajectory of the a-particle. To this end, we carried out an additional trajectory simulation of a-

particles within the large system, a situation we have termed the ‘second trajectory’.

Starting from a distance of 40 A away from the center of the QM region (COO" group), the a-
particle traversed between the protein and DNA parts, predominantly impacting the bond

between the carboxylate group and the B-carbon of the Aspartate, as shown in Figure 4-13.

Figure 4-13: quantum mechanical (QM) region of the large system, wherein the amino acid chain is represented by
the violet color, the nucleotide chain by the blue color, and the water molecules by the red and white colors. The green
line in the figure indicates the path of the a-particle throughout the QM region during the second trajectory.
Moreover, the locations of the main collisions between the a-particle and the target are denoted by the red bead
representation

. Energy deposition

In the second trajectory, the energy deposition of the a-particle amounts 172 eV. That is lower
than first trajectory. This reduction relates to the decreasing electron density along the track
compared to the first trajectory. As illustrated in Figure 4-14, there is a significant reduction of the

ground state electron density along the track of second trajectory. In the case of the second
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trajectory, we observe a single prominent electron density peak, indicating the position of the a-
particle between the carboxylate group and the B-carbon of aspartate. Additionally, a smaller
peak at 1.27 fs corresponds to the electron density in proximity to TYR. The energy deposition of
charged particles is closely tied to the electron density surrounding the projectile, which explains

why the energy deposition is lower in the second trajectory.
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Figure 4-14: Electron density of the ground state at the passage of an a-particle through the large system, with the
first trajectory represented by the blue line and the second trajectory by the red line.

a. Charge migration

The figure depicts the charge variations for second trajectory. Similar to the first trajectory, the
ionization appears on the impacted fragments (ASP-frag and COO) and delocalizes over time.
however, the initial charge on ASP-frag and COO in the second trajectory decreases to +0.55 au

and +0.7 au, respectively, compared to +0.8 au and +1 au in the first trajectory.

Focusing on the COO, the charge increases upon impact and rapidly spreads across surrounding
fragments. In comparison to the first trajectory, the charge achieves its absolute value (charge of
ground state) faster. In the second trajectory, hole recombination on the COO fragment starts to
be noticeable approximately 4 fs after collision, whereas it takes about 8 fs in the first trajectory.
The observed differences could be attributed to various factors. Altering the trajectory could
potentially modify the nature of ionization and excitation, thereby influencing the charge

migration process. The amount of initial ionization, which has reduced to 0.7 au, might also be
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another factor. Additionally, the charge on fragments surrounding the COO fragment might be
affected, with a higher probability in the first trajectory. For example, the initial charge on ASP-
frag, T, and dT in the second trajectory is +0.55, +0.1, and -0.1 au, respectively, compared to +0.8,
+1, and +0.2 au in the first trajectory. Consequently, a reduction in electrons around the COO
fragment leads to a decline in charge recombination, which is more likely in the first trajectory. In
any case, these findings corroborate the ultra-fast charge recombination of the side chain

carboxylate group upon exposure to charged particles.
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Figure 4-15: illustrates the charge variation of fragments in the large system during the second trajectory under a
polarizable environment for a duration of 10 fs. The charge variation results are divided into two parts for easier
interpretation: the protein part (left) and the nucleotide part (right). The color code and acronym of fragments are
provided at the bottom of the figures.

Generally, the initial ionization process and charge migration deviate from those observed in the
first trajectory, particularly in the DNA component. This is due to the altered location of energy

deposition and the changes in the nature of ionization and excitation.

b. Partial conclusion

Overall, the results indicate that upon irradiation of our protein/DNA complex with a-particle, the

initial positive charge localizes at the site of impact but rapidly becomes delocalized across

161



neighboring fragments. Over extended periods, especially concerning the carboxylate group of
Aspartate, the charge variation tends to diminish in absolute value. This likely signifies electron-
hole recombination, a crucial process in radiation-induced decarboxylation mechanisms.
Additionally, the direction of the a-particle does not alter the hole-recombination mechanism of
the carboxylate group. Instead, it only influences the speed of hole-recombination, as

demonstrated by the two different trajectories.

4.4 Analysis of the correlation of charge migration among fragments

The augmentation of system sizes afforded by RT-TD-ADFT simulations leads to a huge complexity
of the data to be analyzed. For instance, when charged particles impact multiple molecules,
several residues may become ionized. It is challenging to identify the correlation of charge
migration between residues, as shown in Figure 4-12 and Figure 4-15. Therefore, we have been
motivated to search for a methodology to better analyze charge migration within large systems.
In this section, we propose two methodologies to evidence such correlations. The first one is the
correlation matrix that provides instantaneous correlation between two fragments over a time
series. The second one is the cross-correlation analysis, that reveals correlations between two

fragments by introducing a time delay in the series.

4.4.1 Correlation matrix

In this sub-section, we mathematically define the correlation matrix** and analyze the charge
migration correlations during the first trajectory. Additionally, we calculate the correlations

during the second trajectory.

. Mathematical definition

The correlation matrix is a time-series analysis tool initially employed to measure the degree of
similarity between two time-domain signals**. The correlation coefficient R,, between two
variables X and Y is:

cov(X(t),Y(t))

(UX(t) * UY(t))

ny(t) =
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where cov(X(t),Y(t)) is the covariance between the two variables and gy and o, are the
standard deviations respectively. The resulting correlation coefficient R, is a value between -1
and 1. A value of 1 indicates perfect positive correlation, a value of -1 indicates perfect negative
correlation (anti-correlation). A null value indicates an absence of correlation between the two

variables. In our case, X and Y are charge variations on two given residues overtime.

The computation of the correlation coefficient was carried out for the charge variation of all
residues involved in large QM region system, using the R package for statistical computing and

the RStudio graphical interface (version 3.4.4)%.

a. Correlations in the time range of 1.75-6 fs

We have calculated the correlation matrix for all fragments within the 1.75-6 fs time range (Figure
4-16). This specific time window is chosen because it avoids the pre-collision time and the actual
moment of irradiation that is characterized by the ebb-and-flow mechanism. Here we wish to
focus on post-irradiation charge migration. After 6 fs, there appears to be no significant change

in the charge variation on fragments, as seen in Figure 4-12.
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Figure 4-16: correlation matrix for charge variation between residues in the large system during the first trajectory,
which was calculated over the time range of 1.75-6 fs. The size and color of the circles scale in accordance with the

correlation coefficient between two fragments.

The correlation matrix offers a simplified visualization of the data, enabling new insights into the
relationships between fragments. However, it's important to note that the correlation coefficient
solely indicates similarity in charge variation between fragments. For a more detailed examination
of charge recombination and electron emission, it's necessary to complement the analysis with
the individual fragment charge information and how these charges change over the given time
interval. These additional details are provided in Table 4-1 . Additionally, since the value of the

correlation coefficient is dependent on the data range, it generally detects some minor
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correlations. However, a significant correlation is typically considered to be larger than 0.8 upon

our experiences.

Table 4-1: charge variation in fragments at 1.75 fs and its evolution over the time range of 1.75-6 fs. Red arrows
represent an increase in charge over time, while blue arrows signify a decrease in charge during time.
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Residue £ w0 & S O o ; b
Name 2& 8 E 2 =Tz v 2
Aq (au)
at 1.75 fs 0.20 0.79 0.79 0.11 -0.01 -0.29 -0.17 -0.05 0.05 -0.18 -0.20 -0.40 0.11 0.78 -0.24 -0.42 -0.92
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By examining the correlation coefficient and charge information in Table 4-1, we can observe that
the decrease in charge on the COO carboxylate group, indicated by the red box in Figure 4-16, is
not only correlated with molecules moieties that are in contact such as THR and Wcoo, but it also
exhibits a inverse correlation (< -0.8) with distant fragments dT, C. which may indicate electron-
hole recombination: decreasing the charge on the COO fragment while increasing the charge on
the THR, dT or C fragments. On the other hand, a strong positive correlation is observed between
COO and SER, as well as dAA, as the charge on these fragments decreased over time. This implies
that an increase in electron density on COO coincides with a correlated electron density on SER
and dAA, an unexpected phenomenon. This could be associated with the intricate processes of
ionization and excitation during the interaction of charged particles. In these interactions,
multiple electrons at different orbital levels within a fragment could be ionized, leading to various
paths of charge migration. For instance, one atom or orbital might accept electrons while another
atom or orbital within the same fragment emits electrons. Another hypothesis, originates from
other fragments correlating with COO, such as THR, Wcoo, dT, and C. The correlation function
seeks linear relationships within the scattered data across two fragments, which is dependent on
the oscillation (frequency) of charge variation between them. For instance, the electron emitted
from THR to dAA establishes a characteristic oscillation of charge variation between them. If THR
has a correlation with COO, then COO may appear to correlate with dAA, even though in reality,
the electron is migrating from THR to dAA. As depicted in Figure 4-16, SER and dAA demonstrate
a strong anti-correlation with THR, Wcoo, dT, and C, which, in turn, show a strong correlation with

COO.
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For the sake of illustration we have represented in Figure 4-17 the QM region, coloring each
residue according to the correlation with the COO terminal group with the help of the Visual

Molecular Dynamics (VMD) software package®®.
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Figure 4-17: Licorice representation of the QM-region for the large system. The colors of the residues and fragments
are scaled according to the values of the correlation coefficients with the COO fragments (represents in purple color).
The residue labels correspond to the names and colors us used in this chapter. The green dash-lines represent
hydrogen bonds with COO.

Considering now correlations involving the ASP-frag (highlighted in the tan box in Figure 4-16), a
decrease in charge is observed to correlate with TYR, G, dT, C, and WAT, as per the correlation
coefficient. Notably, these fragments are spatially distant from the ASP-frag and do not share a
direct connection with it through either a hydrogen or chemical bond. In the case of thymine
(cyan box in Figure 4-16), the decreasing charge is found to be correlated with neighboring
fragments, dG and G, as well as with the distant fragment, TYR. In the instance of thymine moiety
dT alteration, despite it being an impacted fragment, the initial charge fluctuation on it is
relatively minimal (0.11). However, this variation increases progressively over time. The
increasing charge on dT shows a strong inverse correlation with both ASP-frag and COO, which
are associated with the hole-recombination mechanism, and SER and dAA, which are related to

the process of electron emission.

Note that the correlation coefficient depends not only on the amplitude and vector of charge

variation between fragments but also on the oscillation of charge over time. If there is a
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correlation of charge migration between two fragments, the charge decrease on one fragment
corresponds with an increase on the other, creating a typical oscillation. This oscillation serves as
evidence of charge migration from one fragment to another. For example, in Figure 4-12 displaying
the charge variation over time, a strong correlation could be anticipated between T and dT.
However, the correlation coefficient between them is insignificant, as the oscillations of their
charges do not coincide. Similarly, this holds true for ASP-frag and Wcoo as well. This
demonstrates the power of the correlation function in recognizing the correlation of charge

migration between two fragments.

Bearing in mind that the process of charge migration between fragments could change very
quickly, especially for complex systems, the correlation matrix however provides a global picture
of the correlation between them over a given time range. This means that if the correlation
coefficient between two fragments is weak, the charge migration between them is not entirely
absent. It may occur in a very short time, but it is negligible within the chosen time range. Also,

the correlation between fragments could change by altering the time range.

b. Correlations in the time range of 6-10 fs

The selection of the time range is crucial for the correlation function since the amplitude of charge
migration vary over time. In Figure 4-18, we calculated the correlation coefficient between

fragments for the same system as mentioned above, within a time range of 6-10 fs.
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Figure 4-18: Correlation matrix of charge variation between residues in the large system during the first trajectory.
The correlation coefficients were calculated over a time range of 6-10 fs. The size and color of the circles represent
the magnitude of the correlation coefficient between two fragments.

During the time interval of 6-10 fs, significant modifications in the correlation between fragments
are seen. The correlation coefficient between ASP-frag and other fragments is found to be less
than 0.6, indicating the absence of correlation according to our criteria. This observation is
supported by Figure 4-12, which demonstrates that the charge variation on ASP-frag remains
stationary after 6 fs. For COO, the correlation pattern has changed compared to the time range
of 1.75-10 fs. A relatively strong anti-correlation (-0.72) was observed between COO and both ILE
and dC. However, the correlation coefficient with other fragments is less than 0.7, notably with
THR and Wcoo, which exhibited a strong correlation in earlier time range. In the case of dT, the
strongest correlation observed is -0.66 with both dG and C. Despite the small correlation, as
evident in Figure 4-12, this correlation of dT is as expected. They appear to exhibit the same

oscillation in charge variation with dT. In the case of T, correlation coefficients greater than 0.8
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are observed with TYR, ILE, and dC. These results show that the correlation of charge migration

between fragments changes over time.

c. Correlation in the second trajectory

To investigate the relationship of charge migration between fragments in the second trajectory,

we calculated a correlation matrix for the time range of 1.75-6 fs, as illustrated in Figure 4-19.
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Figure 4-19: Correlation matrix of charge variation between residues in the large system during the second
trajectory. The correlation coefficients were calculated over a time range of 1.5-6 fs. The size and color of
the circles represent the magnitude of the correlation coefficient between two fragments.

In the second trajectory, the patterns between fragments change significantly compared to the
first trajectory, especially for the principal impacted fragments. This may be due to alterations in
the initial ionization and changes in the nature of ionization and excitation, as discussed in the

previous section.

Within this time range, the reduction of charge variation on COO exhibits a strong anti-correlation
(> 0.8) with ARG and TYR. This is different from the first trajectory, where THR, Wcoo, dT, and C
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were the correlating fragments. However, the week correlation of THR and negligible correlation
of Wcoo are observed with COO which have hydrogen bond with it. As illustrated in Figure 4-15,
showing charge variation over time, there appears to be a correlation in charge migration
between COO, Wcoo, and THR, especially at the onset of the collision. Therefore, we calculated
the correlation between these fragments in the time range of 1.5-2.5 fs. We observed a strong
correlation of -0.94 with THR and -0.81 with Wcoo. This suggests that the correlation of charge

migration between these fragments is fleeting; after 2.5 fs, it changes entirely.

The same correlation is observed in the case of ASP-frag, which correlates with ARG and TYR.
However, in the first trajectory, the correlating fragments were TYR, G, dT, C, and WAT. We also
observe a strong positive correlation for dAA and dC with both ASP-frag and COO, which
corresponds to a decrease in charge on these fragments—an unlikely event. As explained in the
context of the first trajectory system, this may relate to the pattern of charge oscillation on those
fragments which have a strong correlation with dAA and dC, and in turn, with ASP-frag and COO.
As evidenced in the first trajectory, and similarly in the second trajectory, dAA and dC show a
strong anti-correlation with those fragments which also strongly correlate with ASP-frag and COO,
such as ARG and TYR. These results reveal the complexity of the charge migration process, which

depends substantially on the nature of ionization and the time duration.

d. Partial conclusion

We have considered correlation matrix to analyze and identify the correlation of charge migration
between fragments in RT-TD-ADFT, particularly in the context of large molecular systems. In
addition to simplifying the analysis, the correlation matrix effectively succeeds in revealing the
correlation between two fragments charge fluctuations, a task that is challenging when using a
simple plot of charge variation over time. Another significant feature of the correlation function
is its dependency on the data range, which proves useful in constructing a correlation map

between two fragments over different time periods.

4.4.2 Cross-correlation analysis

The delay in charge migration between two fragments may occur in a large system. When the

hole migrates from distant to target fragments through intermediate fragments, it may require
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time, resulting in a delayed charge migration between them. Therefore, in this subsection, we

examine the delay of charge migration between fragments in our first trajectory system.

. Mathematical definition

One useful analytical method for determining the delays between two signals is the cross-
correlation function. This measure is used to evaluate the similarity or correlation between two
signals or time series based on the time-lag applied to one of them. In other words, it helps
determine how much one signal or series resembles another when shifted in time. This technique

is widely employed in signal processing, image processing*”*¢, and time series analysis**.

For continuous-time signals, X(t)and Y (t), the cross-correlation function is defined as:

cov(X(t+1),Y(t))

(Ux(t+r) * UY(t))

ny(t +1) =

Here, T, representing time lags, that can take the values of 0, +1, +2, +3, and so forth. A negative
T value indicates a correlation between the x-variable at a time before t and the y-variable at time
t. Conversely, a positive T value suggests a correlation between the x-variable at a time after t

and the y-variable at time t. Where Ry, (t + 7) is a correlation coefficient at time-lag 7.

a. Cross-correlation with COO

In Figure 4-20, we report the cross-correlation function of charge migration between the COO
fragment and all other fragments (considering the first trajectory). The data chosen for this
calculation ranged from 1.75 to 6 fs. The time delay calculated was + 1 fs. Given that the data of
charge variation for COO shifts and decreases over time, the negative delay corresponds to the
time needed for the hole to migrate from COO to the target fragments. A positive delay suggests

the inverse, which is not meaningful in this context.
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Figure 4-20: Cross-correlation of charge variation for the COO fragment with other fragments in the first trajectory
system, over a time range of 1.75-6 fs. The x-axis represents the correlation coefficient for each time delay between
the COO data and that of other fragments. Color coding corresponds to various residues and fragments.

According to the figures, the correlation between COO and other fragments diminishes with
increasing delay from zero, except for T and WAT. This suggests the absence of delay in the charge
migration process. For T and WAT, the correlation increases in the negative delay, reaching a
maximum correlation coefficient of 0.56 and -0.79 respectively. However, the coefficient for T is
not significant. As for WAT, it rises from -0.75 to -0.79 at -0.14 fs, which is not a significant jump.
This suggests that the status of charge migration correlation for WAT does not change significantly
over time delay. This calculation has been examined for other fragments and the results are
consistent. The fact is, the process of charge migration is ultra-fast. This generally refers to the
movement of an electron from one energy state (or molecular orbital) to another, often resulting
from electron correlation and intra- and intermolecular energy transfer®. Essentially, when an
electron decreases in one molecular orbital of a fragment, it simultaneously increases in the
molecular orbitals of another fragment without passing through the intermediate fragments.

Therefore, the delay in charge migration within our system is not significant.

b. Partial conclusion

In summary, the cross-correlation function is indeed a powerful tool for identifying correlations

between two data sets over a delayed period of time. However, in our specific instance, the delay
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of charge migration between fragments is not significant due to the extremely rapid nature of
this charge migration. Nevertheless, this tool could hold potential interest for investigations
concerning the electron transfer process. These processes generally occur over a longer time

scale, and intermediate fragments play a key role in the transition process.

4.5 Addendum: perspectives for the modeling of decarboxylation

In this chapter, we placed specific emphasis on the irradiation of the carboxylic group of aspartic
acid. This is due to the fact that the decarboxylation of acidic amino acids plays a significant role
in the process of radiation-induced damage to proteins. However, the mechanisms underlying
this process, particularly at low temperatures (100 K), remain unclear. Decarboxylation is
prompted when a hole directly locates on the side chain carboxylic group, or when it reacts with

highly oxidative radiolytic species such as hydroxyl radicals (OH-) through an indirect mechanism.

At low temperatures, the diffusion of radiolytic species is negligible, as confirmed by Allan and
colleagues?®. This suggests that decarboxylation is unlikely to occur through indirect damage
under these conditions. Furthermore, both theoretical®® and experimental®! evidence indicate
that the local temperature of macromolecular system does not increase by more than 10 K due
to X-ray absorption, even at high doses. This assertion supports the conclusion that radiolytic

species are not activated by X-ray absorption.

The mechanism of hole generation on the carboxylic group can predominantly occur in two ways.
Firstly, the carboxylic group can be ionized directly by absorbing X-rays or secondary electrons.
Secondly, the creation of a hole on the carboxylic group could result from hole migration or

transition from other residues.

According to the cross-section, radiation damage to acidic amino acids is expected to be less
severe than for several other residues, such as Arginine. However, this does not seem to be the
case. Furthermore, even though the decarboxylation process is chemically more favorable than
other fragmentations, all acidic residues should exhibit similar radiation responses within the

protein, according to their respective cross sections. This implies that decarboxylation of acidic
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amino acids should not depend on their position within the protein or their respective
environments. However, as demonstrated in the introduction, radiation-induced decarboxylation
in acidic residues substantially depends on the amino acid's environment within the protein/DNA
complex. Therefore, in consideration of initial ionization, hole transition is expected to play a

significant role in the radiation damage of acidic amino acids.

In terminology, the processes of hole migration and transfer are essentially different. The main
distinction lies in that hole migration refers to the rapid redistribution of charge within the system
due to electron dynamics, assuming that the coupling dynamics and movement of atomic nuclei
in the system are insignificant. On the other hand, in the hole transfer process, the coupling
dynamics and movement of atomic nuclei within the system play a crucial role in charge
redistribution. At 100 K, macromolecular X-ray diffraction experiments®> demonstrate that the
atomic movement and alterations in protein globule size during the experiment are related to the
fragment product induced by the X-ray. This implies that fundamental movement of atomic nuclei
occurs after decarboxylation, although the subsequent change in atomic position is not drastic at
atomic level. It is crucial to note, however, that while we cannot definitively claim that charge
migration is the dominant process, it could indeed be significant. Minor nuclear movements might
exert a substantial influence on the system's electron density redistribution, and the absorption

of X-rays may activate vibrational modes.

These observations indeed underscore the importance of the charge migration process involved
in the decarboxylation of acidic residues. However, we must bear in mind that our results cannot
be directly compared with the consequences of X-ray interactions, as the nature of ionization and
the dynamics of electron relaxation by X-rays significantly differ, as outlined in Chapter One. For
example, X-rays essentially ionize the core electrons via the Photoelectric Effect at low energies
or outer shell electrons via Compton Scattering at moderate energies. Conversely, charged
particles primarily target valence electrons, especially at the Bragg’s peak. A distinct characteristic
of charged particles is their high linear energy transfer (LET), which allows them to deposit
substantial energy in a localized position along their path far more efficiently than X-rays, which
possess low LET. Consequently, hot spots of radicals and excited molecules are produced along

the path of the charged particle, leading to an increase in localized temperature at the atomic
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level. Therefore, the movement of atomic nuclei and the occurrence of indirect effects are

expected to rise during charged particle interactions.

To the best of our knowledge, existing literature does not provide clear studies on the
decarboxylation of acidic amino acids in proteins induced by charged particles, particularly at low
temperatures, and differentiated from X-ray interactions. However, according to two trajectories
specifically targeting the side chain carboxylic group of Aspartic acid, the hole-recombination on
the carboxylic group is remarkably fast, taking less than 10 fs due to charge migration. Restrained
within fixed nuclei and extremely short timeframes, our results suggest that the decarboxylation
process facilitated by the charge migration mechanism is less probable during charged particle
interactions. However, this conclusion requires further substantiation, for instance, by increasing
the number of trajectories and including nuclear dynamics in our simulations. These

considerations may form the basis of our future work.

4.6 Conclusion

In this Chapter we have explored the physical stage of the alpha irradiation of a protein/DNA
complex by means of RT-TD-ADFT simulations within a QM/MM framework. Both a polarizable
and a non-polarizable force fields have been considered to deal with the environment. We have
varied the size of the QM region and we have focused our attention on two specific irradiation

conditions (propagation vectors of the a-particle).

We have evaluated the influence of electrostatic induction in the MM environment. Our results
indicate that electrostatic induction has a negligible effect on energy deposition. On the other
hand, for the system investigated here, The MMpol approach dose not is not affect initial
ionization, although it can influence charge migrations. Further, as the size of the QM region
diminishes, the differences in charge variation of fragments, as calculated within MMpol and MM
environments, tend to increase. The best strategy to follow seems to increase as much as

computationally feasible the size of the QM region.
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We have examined ultra-fast charge migrations within the protein/DNA system, occurring on the
scale of a few femtoseconds. Notably, when a hole is located on the carboxylate group of the
aspartate residue, it migrates entirely to the surrounding fragment in less than 10 fs. This likely
indicates electron-hole recombinations, a key process in radiation-induced decarboxylation
mechanisms. Moreover, the direction of the a-particle does not seem to affect the hole-
recombination mechanism of the carboxylate group. Rather, it only influences the speed of hole-

recombination, as evidenced by the two different trajectories.

In the last section we have explored the use of correlation matrices to analyze charge migration
correlations among fragments. The correlation matrix is a powerful analytical tool that simplifies
data representation and provides valuable insights into relationships among different fragments
in large molecular systems. We tested the cross-correlation function to identify any delay in
charge migration between fragments. However, in our particular situation, the delay in charge

migration proved to be insignificant, owing to the swift nature of this process.
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5 Ultrafast responses of Insulin*® and Substance PH* to XUV-pulses in gas phase

This PhD thesis started with studies on nucleobase models (Chapters, 2 and 3), we then moved
on to DNA/protein complexes (Chapter 4), and we now focus in Chapter 5 on protein irradiation.
Proteins are fundamental in biology due to their diverse and multifaceted functions®. While it is
impossible to list all their functions here, a few notable examples include their roles as enzymes,
structural supports, transport mechanisms, storage vessels, signal transmitters, regulators,
facilitators of cell movement, antibodies, receptors and hormones. The function of a protein
hinges on several factors: the type and sequence of amino acids, the secondary structure formed
by hydrogen bonds between amino acid backbones, the tertiary structure arising from
interactions among amino acid side chains, and for some proteins, the quaternary structure
resulting from the assembly of multiple protein units. Any minor alterations in protein structure

can profoundly impact their essential biological functions.

lonizing radiation (loR) can significantly affect protein function through energy deposition and the
formation of radical ions?. IoR can alter the chemical structure of proteins by inducing changes
such as the breaking of chemical and hydrogen bonds. Examples include the decarboxylation of
amino acids and the disruption of disulfide bridges>*. These changes can lead to modifications in
both secondary and tertiary structures, as seen in instances like chromatin radiation-induced

modifications®®.

Most studies on radiation damage to biomolecules have focused on damage caused by charged
particles or X- or y-rays. This may be due to their use in radiotherapy and medical imaging.
Nowadays, attosecond spectroscopies relying for instance on Extreme Ultraviolet (XUV) rays are
prone to play central role in revealing the earliest stages of the mechanisms leading to radiation
damages. One characteristic of XUV rays is their strong interaction with valence electrons, leading

to depopulation.

In this chapter, we investigate the ultra-fast electronic responses of a protein, specifically insulin
in its six-time protonated form, and a peptide, substance P in its singly protonated form, to an

XUV-pulse using real-time time-dependent auxiliary density functional theory (RT-TD-ADFT).
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Attosecond pump-probe experiments with XUV pulses have played a pivotal role in uncovering
the ultra-fast mechanisms taking place in small and relevant biomolecules in the gas phase’.
However, investigations of larger biomolecules have typically been restricted to amino acids*® or
small peptides!?. At this point, it remains unclear whether the size of the biomolecule or the
secondary structure of proteins influences ionization, electronic relaxation, energy redistribution,

and the ultra-fast events triggered by XUV.

Insulin and substance P are found in Human. Insulin is a hormone that plays a critical role in the
regulation of glucose metabolism. Produced by the beta cells of the islets of Langerhans in the
pancreas, insulin facilitates the uptake of glucose from the bloodstream into cells, primarily
muscle and adipose tissue cells. This process allows cells to use glucose for energy or store it for
future use'>!3, Insulin is a biopolymer comprised of 51 amino acid residues*. In its six-times
protonated form, it has 794 atoms. Substance P is an undecapeptide!®, that functions as a
neurotransmitter and neuromodulator. It plays a role in pain transmission in the central nervous
system and also has various peripheral roles, including the regulation of blood pressure, smooth

muscle contraction, and salivary secretion'®8,

Studying large biomolecules, such as peptides or proteins, poses significant challenges for both
experimental and theoretical methods. Recently, our experimental collaborators, led by F. Lépine
at ILM in Lyon, have pioneered a technique using XUV-IR pump-probe lasers to probe
biomolecules as large as entire proteins®®. This work is a collaboration with experimentalists from
F. Lépine's team and theoreticians from M. Vacher's group at CEISAM Nantes, who are specialists

in surface hopping non-adiabatic dynamics.

Our experimental colleagues observed an ultrafast proton transfer occurring within a few fs, as
well as structural relaxation taking hundreds of fs, both induced by the XUV-pulse. These
phenomena are associated with the local characteristics of the moments immediately following
ionization and the H-bond network. Our objectives for this project are twofold. First, we aim to
investigate the molecular conformations of insulin and substance P. This will help us understand
the interplay between the molecular conformations adopted by the proteins and the ultra-fast
events probed experimentally. A second goal is to investigate the mechanism of ultra-fast

ionization prompted by the XUV-pulse. Given that the nuclei of molecules remain fixed in RT-TD-
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ADFT, and considering the extended duration of the pulse in the experiments, our focus is on the
primarily ionization events. Simulations that incorporate the effect of nuclear motion are taken
in charge in M. Vacher's group (CEISAM, Nantes). The manuscript detailing this project is currently
in preparation. To maintain confidentiality, this chapter will only concentrate on my contributions

to this project.

Describing entire large biomolecules, especially insulin, using RT-TD-DFT presents significant
challenges. These challenges arise not only due to the size of the molecule but also because of
the necessity to explicitly introduce the pulse into the simulation, which demands a
comprehensive description of the continuum state. To the best of our knowledge, this is the first
time a biomolecule of this size has been studied in the context of XUV-pulse interaction at the RT-

TD-DFT level.

Directly introducing the pulse into the simulation is critical for accurately describing ionization
processes and ultra-fast electron responses. F. Calegari et al.#'%2° have demonstrated that the
actual nature of ionization and charge migration induced by an XUV-pulse in phenylalanine differs
greatly from simulations where a localized hole is simply created in the dynamics. They showed
that the XUV-pulse significantly depopulate numerous valence molecular orbitals. As a result, the
charge becomes strongly delocalized across the molecule, complicating the task of tracking
charge migrations. To observe these phenomena, the authors performed a Fourier
transformation of electron density fluctuations for a specific fragment. Their findings revealed
that the spectrum of this fragment does not display a singular signal of periodic charge migration.
Instead, several signals of charge migration were observed on the fragment. This observation
suggests the presence of multiple intricate charge migrations that are not captured by localized

hole approximations.

As discussed in Chapter One, the continuum state is inadequately described by a local basis set,
which causes the continuum to convert into discrete states. This can significantly impact the
ionization process. For small molecules, it is well-established that the standard local basis set is
ill-suited to describe the ionization process?!. One approach to addressing this limitation is to add
Atomic Orbitals designed for the Continuum state (AOC) to the standard basis set?>?3, However,

incorporating AOCs greatly increases computational costs, rendering this approach impractical
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for large molecular systems. Yet, for larger molecules, it remains uncertain whether a local basis
set can reliably describe the ionization process. It is postulated that in large molecular systems,
the continuum state is enhanced due to the sharing of Molecular Orbitals (MO) among atoms
within the molecule. White et al.?* demonstrated that introducing a ghost atom into the high
harmonic generation spectrum of H, significantly improved the high-energy spectrum,
corresponding to the quality of the continuum state. However, it's still undetermined how the
size of a real molecular system affects the continuum. This is crucial for our work, as using AOCs
for large biomolecules like insulin is not feasible. Thus, before undertaking RT-TD-ADFT
simulations for insulin*® and substance PH*, we conducted an in-depth investigation of the use of

local basis set using small molecules and several peptides.

This chapter is organized into five sections. Section 5.1 focuses on benchmarking the use of local
basis sets in XUV simulations for both small molecules and relatively large peptides. Section 5.2
delves into the structural study of insulin*® and substance PH* using molecular dynamics
simulations. In Section 5.3, we explore the primary ionization events in insulin*® and substance
PH* triggered by XUV-pulse, utilizing RT-TD-ADFT simulations. The chapter concludes with two

sections: conclusions and perspectives.

5.1 Local basis set for XUV simulation

Extreme UV (XUV) rays, with an energy range of about 10-130 eV, interact strongly with valence
electrons, causing excitations and ionization. Accurate simulation of the XUV ionization need a
proper description of the continuum. Local basis sets, for example Gaussian or Slater type orbitals,
are effective in describing bound states; however, as mentioned in the first chapter, the
continuum state is poorly described by standard local basis sets. This leads to the conversion of
the continuous state into discrete states and produces artificially strong absorption peaks in the

high-energy spectrum.

The strategy to improve the continuum description is to complement the standard basis set with

an atomic basis set designed for the continuum. In addition, the quality of the continuum is
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expected to improve with increasing molecular size as atoms share molecular orbitals, although

it is still unclear how this happens.

This section starts with an introduction to the basic building blocks used in this test and the
detailed methodology. First, we investigate the addition of continuum atomic orbitals to a
standard basis set and the effect of molecular size on continuum enhancement in small molecules

such as N». Second, we extend our benchmark on a series of peptides.
5.1.1 Basis set and methodology

a. Dedicated atomic orbitals for the continuum

A strategy for enhancing the representation of continuum states is to augment the standard basis
set with Gaussian atomic orbitals specifically fitted for the continuum. Several methodologies
have been put forth to achieve this. Notably, Nestmann and Peyerimhoff?°, with subsequent
extensions by Faure and coworkors?®, introduced a method to derive Gaussians optimized for the
continuum (AOC) in the context of electron-molecule scattering?’-?8. This specific procedure is
incorporated into the GTOBAS software?®, allowing users to produce tailored AOCs for any atom
they're working with. Atomic Gaussian basis functions are fitted to reproduce the continuum
wave functions described as Coulomb or Bessel functions. The user can refine the AOCs for their

specific system and the targeted physical process by setting parameters.

The fitting procedure requires the effective nuclear charge of the atom of interest, for nitrogen
for instance, it could be 7 or 6. Additionally, the definition of a boundary radius, R is needed, as
it defines the finite range of space where the Coulomb functions are calculated. Other parameters
are the maximum angular momentum number (L) of the AOC, and the upper bound energy (E),
which determines the number of Coulomb functions to be fitted, and consequently, the number
of fitted basis functions. We will denote the AOC as Lx_Ex_Rx, where "x" stands for the fitting

parameters for each set.

In addition, we have investigated the use of effective core potentials. As XUV rays primarily affect
valence electrons, the use of pseudo-potential could be used to reduce the computational cost of
large molecular simulations. Foglia and colleagues?® examined the influence of core electrons on

spectroscopy within the range of valence excitation using RT-TD-DFT. Their findings indicate that
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core electrons have a minimal effect on the spectral information. For this purpose, we adopted
the Relativistic Effective Core Potential | Stuttgart-Dresden (RECP | SD) for the valence electrons

and RECP for the effective core electrons3%31. In our tests, we refer to this as ECP.

In peptide tests, the molecular systems are relatively large, making it challenging to use AOC with
extensive parameters. Therefore, the reference basis set employed to evaluate the performance
of the standard basis set and ECP consists of TZVP augmented with AOC, using parameters E=5 Ry,
L=2, and R=3 bohr for heavy atoms (C, N, O, S). For all hydrogen atoms, we used DZVP-GGA (the
standard DZVP adapted for the generalized gradient approximation)32. In our tests, this is referred

to as ref-AOC.

b. Simulation details

In this section, all simulations were conducted using RT-TD-ADFT (Real-Time Time-Dependent
Auxiliary Density Functional Theory), as implemented in our in-house version of deMon2k
(version 6.1.6)33. The PBE3* was chosen for exchange and correlation functionals. For density
fitting, we used the automatically generated GEN-A2* auxiliary basis set3>. Time propagation was
facilitated by the second-order Magnus propagator3®, integrated with a predictor/corrector
algorithm?’, and a time step of 1 as was used. The exponential of the Kohn-Sham matrix was

evaluated using a Taylor expansion3® with 55 terms.

One advantage of a local basis set is that it allows for direct investigation of the continuum state
without any transformation. This is especially beneficial when examining features of the
absorption spectrum at high energies, as these features directly reflect the quality of the
continuum state. In the case of N, we calculated the absorption spectrum in the range of 0-100
eV for each basis set using RT-TD-ADFT. To achieve this, we applied three 'kick' pulses during the
RT-TD-ADFT simulation over 40 fs with a time step of 1 as in the xyz-direction, aligning N; on the
z-axis with a bond distance of 1.090 A. As discussed in Chapter One, the absorption spectrum can
be derived from the Fourier transform (FT) of the time-dependent dipole moment. We set the
damping rate to 2.42 fs in the FT to enhance the clarity of the figures when comparing between
basis sets. This results in broadening the absorption peak compared to the standard, which is
typically set at 4.8 fs. To accurately capture the spectrum of the continuum state, we employed a
complex absorption potential (CAP) in energy space to eliminate non-bonded electrons (NBEs) in
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the simulation (see Chapter One). This step aimed to prevent the artificial auto-ionization process,
which often causes a sharp peak in the high-energy spectrum. For this purpose, we utilized a CAP
with parameter; 1 Ha! energy scale for y, and a 0.05 Ha damping strength for £. Additionally, a

vacuum energy cut-off was approximated at 0.01 Ha for all basis sets.

To explore the impact of the basis set on the specific XUV-pulse used in this research, we tested
several basis sets across various peptides. We introduced a squared cosine-shaped pulse in RT-
TD-ADFT under the dipole approximation, as detailed in Chapter One. The maximum electric field
and the total duration of the pulse are set at 0.004 (Ha/e.bohr) (5.61 x 10'* W/cm?) and 30 fs,
respectively, with the pulse's centroid energy at 30 eV. We only applied the pulse in the x-

direction. The shape of the pulse is depicted in Figure 5-1.
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Figure 5-1: Shape of square-cosine pulse with a maximum electric field of 0.004 Ha/e.bohr (5.62 x 10* W/cm?), a
frequency of 1.10245 Ha (30 eV), and a pulse duration of 30 fs.

As demonstrated in Chapter One, the NBEs significantly influence the interaction of XUV-pulses,
affecting even the analysis of ionization or charge in the simulation. Therefore, we employed a
CAP in energy space to remove electrons in the continuum state. The parameters of CAP were
optimized with a 0.1 Ha! energy scale for ¥, and a 0.05 Ha* damping strength for £. The vacuum

energy cut-off was approximated using the electron affinity for each basis set.

5.1.2 Nitrogen molecule

In order to study the description of the continuum within the XUV energy range, we decided to
analyze the absorption cross section of the continuum for N,. The advantage of this analysis is
that the spectrum can be more easily obtained through just three simulations, and it directly

provides information about the quality of the continuum across a wide energy range. We don’t
190



need for extensive simulations at each energy point. The downside is that it is not directly
comparable with experimental data, such as the photoionization cross-section, since the
spectrum contains not only ionization transitions but also excitation transitions. Based on our
calculations for HOMO and LUMO energies, the highest excitation is possible up to 28 eV for deep
valence electrons. This leads to the appearance of a sharp peak in the spectrum below 28 eV,
which is a characteristic feature of excitation transitions. Yet, in our energy range of interest (O-

100 eV), excitations of core electrons don't occur, as they are only possible above 300 eV.

Figure 5-2 (gray line) illustrates the experimental measurement3>%° of the photoionization cross
section for Ny, sourced from the Leiden Observatory website" at the University of Leiden. To
facilitate comparison with our calculations, the original data in cm= was converted to bohr?2. The
data indicates sharp peaks between 18-20 eV, corresponding to the auto-ionization of the
Rydberg series, followed by a smooth, exponential-like decrease towards 100 eV. Particularly

noteworthy is the substantial drop in cross-section at 100 eV compared to, for instance, 25 eV.

To investigate the behavior observed in the photoionization cross-section, we computed the
absorption cross-section by calculating the absorption spectrum of isolated N, using RT-TD-DFT.
Subsequently, we normalized this spectrum by the density number of N, gas at 100 K, which
stands at 0.0383 atom/bohr3. While this normalization is not absolute, it provides a suitable scale
for comparing the spectrum with experimental data. The result of absorption cross section of N»

calculated with cc-pVDZ* is illustrated in Figure 5-2.
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Figure 5-2: Absorption cross section of nitrogen with the cc-pVDZ basis set in red line and experimental ionization
cross section of nitrogen in gray line.

" https://home.strw.leidenuniv.nl/~ewine/photo/data/photo_data/cross_sections/N2/N2.txt
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The figure shows that the spectrum is not continuous; instead, discrete absorption peaks are
distributed across the energy range, notably with a sharp, strong peak at 57 eV. This result
indicates that photoionization of small molecules cannot be accurately described using a standard
basis set optimized to describe bound states. In this subsection, we evaluate the improvement in
the continuum state by adding fitted AOC to cc-pVDZ and incorporating ghost atoms. The latter

indicates an enhancement in the continuum by expanding the size of the molecular system.

a. Addition of Gaussian type orbital to continuum

To investigate the capability of AOCs in describing the continuum, various sets of AOCs were
prepared and added to cc-pVDZ basis set. The following AOC parameters used were: E values of
3 and 6 Ry, maximum L values of 3 and 6, and R values of 3, 6, and 8 bohr. First, we show the
number of molecular orbitals (MOs) as a function of their energies in Figure 5-3. We used the
ground state MO obtained by a self-Consistent-Field procedure. As evident from the figure, the
electronic spectra are very similar below zero, indicating that the AOC only affect, as hoped, the
unbounding region. We notice significant differences in the representation of the continuum
state. In its standard form, cc-pVDZ basis set gives only 20 MOs that describe the continuum state
below 100 eV. This number increases to 77 MOs in L3_E6_R3 within the same energy range. By
expanding the boundary radius parameters in AOC, the number of MOs rises from 77 to 145 and
186 for L3_E6_R6 and L3_E6_RS, respectively. A remarkable enhancement is observed when the
number of angular momenta increases from 3 to 6, even though the upper energy is decreased

to 3 Ry. This corresponds to 429 MOs in L6_E3_R6 within the same energy range.
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Figure 5-3: Number of molecular orbitals of di-nitrogen with respect to molecular orbital energy for cc-pVDZ and cc-
pVDZ basis sets with additional Atomic Orbitals fitting the Continuum (AOC).

A high number of MOs in the continuum state is essential to ensure electronic transitions.
However, the oscillation strength of these transitions is also influenced by the spatial contribution
of the molecular orbital. This implies that solely relying on the density-of-states does not

conclusively indicate that electron transitions to the continuum are described accurately.

To go further, we have calculated the absorption cross section for the continuum using our basis
sets, (Figure 5-4). In general, all AOC basis sets enhance the continuum spectrum. They mitigate
the sharp peak observed in cc-pVDZ and broaden the peak, which is a hallmark of the continuum.
By increasing the density of states, these sharp peaks diminish, and the typical form of the
continuum is reproduced. In L3_E6_R3, the discretization of the continuum and the sharp peaks
remain significant. However, they decrease with increasing R, and substantial improvement is

observed for L6_E3_R8, as anticipated based on the number of MOs in the continuum state.

In comparison with the experimental measurements of the photoionization cross section for Ny,
there are some discrepancies, particularly regarding the presence of peaks. However, the
exponential-like decline of intensity with photon energy is remarkably reproduced, especially for

L6_E3_RS.
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Figure 5-4: Absorption cross section of dinitrogen using the cc-pVDZ basis set with different AOCs, alongside the
experimental ionization cross-section depicted by the gray solid line.

This result indicates that the addition of AOC significantly improves the description of the
continuum state. By adjusting the parameters in AOC fitting, it is possible to accurately describe
the continuum, particularly for small molecules. However, for larger systems, using high

parameters in AOC becomes challenging due to a substantial increase in computational costs.

b. Effect of ghost atoms

Increasing the size of a molecular system is expected to enhance the quality of the continuum
state through the overlap and shared MOs between atoms. One strategy to clearly evidence this
effect is the use of ghost atoms. A ghost atom lacks electrons and only possesses basis functions
centered on it, much like a real atom. Any enhancement attributed to a ghost atom is reflective
of the enhancement in the corresponding host atom within a molecule. To illustrate this, we
prepared an N; configuration surrounded by six ghost nitrogen atoms. The N; molecule is

positioned at the center, 2 A away from each ghost atom, as depicted in Figure 5-5.

194



0
P

Figure 5-5: Di-nitrogen atoms in blue, accompanied by six ghost nitrogen atoms located in the xyz-directions from the
dinitrogen, at a distance of 24

In Figure 5-6, we report the number of MOs as a function of the molecular orbital energy (MOE)
for both N2 and the ghost model. To distinguish ghost model from N, the basis set with the ghost
atom is generally written as (gs_Lx_Ex_Rx, where) 'x' denotes the maximum parameters in the
AOC fitting. Specifically, for this test, we selected those basis sets that inadequately represent the

continuum state in the N2 examination.

The number of molecular orbitals in the continuum significantly increases with the addition of a
ghost atom. For instance, it increases from 20 to 78 for cc-pVDZ, from 77 to 264 for L3_E6 L3,
and from 145 to 539 for L3_E6_L6. Inthe case of gs_L3 _E6_L6, the density of states is even higher
than that of L6_E3_R8. Based on the density-of-states, an improvement in the continuum is

expected with the use of the ghost model.
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Figure 5-6: Representation of the number of molecular orbitals with respect to molecular orbital energy for di-
nitrogen, shown in solid lines, and di-nitrogen with six ghost nitrogen atoms, shown in dotted lines.

We report on Figure 5-7 the absorption cross section. For reference, the number of MOs in the

continuum for ECP is 8 for N2, and 43 for the ghost model in the range below 100 eV.

As observed, the inclusion of ghost atoms notably enhances the spectrum of L3_E6_L6, and also
in the case of L3_E6_L3 (as indicated by dashed lines). This enhancement is spread over the entire
energy spectrum. The discreteness of the continuum and the sharp peaks are considerably
reduced in the spectra, and the shape with exponentially-like decreasing intensity is clearly
visible. On the other hand, a significant enhancement is not observed for cc-pVDZ, especially
above 50 eV where strong peaks persist. Improvements are generally seen below 50 eV, except
at 30 eV where a gap in the spectrum appears. In the case of ECP, despite the remaining
discretization of the continuum, a notable enhancement is observed in the range between 20-40
eV and 80-90 eV. The strong peaks broaden, and the gaps in the spectrum are significantly

reduced.

Regardless of the inferior density of states in ECP compared to cc-pVDZ, the description of the
continuum is better in the range below 60 eV, except around 20 eV. This discrepancy might be
related to the spatial contribution of MOs. An increase in the spatial contribution of MOs is
anticipated to enhance the likelihood of overlap and sharing of MOs between neighboring atoms.
The maximum spatial radius of ECP for N in N3 is 6.79 A, whereas it is 6.05 A for cc-pVDZ. For
L3_E6_R3 and L3_E6_R®, the radii are 14.89 A and 71.44 A, respectively.
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Figure 5-7: Absorption cross-section of dinitrogen shown in solid lines, and dinitrogen with six ghost nitrogen atoms
shown in dotted lines, using cc-pVDZ, cc-pVDZ with additional AOCs, and ECP (Relativistic Effective Core Potentials |
Stuttgart-Dresden (RECP [ SD)). The gray solid line refers to the experimental ionization cross-section.

To clearly see the effect of the addition of ghost atoms, we plotted the absorption cross section

forgs_L3_E6_R3 and gs_L3_E6_R6 alongside the best basis set for N2 (L6_E3_R8) in Figure 5-8.

When comparing gs_L3_E6_R3 with L6_E3 R8, the absorption cross-section of gs L3 E6 R3
shows a high level of agreement with L6_E3_R8, except around 23 eV, where some divergence is
observed. Notably, gs L3 _E6_R3 performs even better above 70 eV. For gs L3 E6 _R6, the
improvement in the spectrum is even more pronounced; however, it still lags behind in the 25-35

eV range when compared to L6_E3_R8.
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Figure 5-8: Absorption cross section of dinitrogen using cc-pVDZ_L6_E3_R8 as a reference, shown in solid purple line,
and dinitrogen with six ghost nitrogen atoms using cc-pVDZ_L3_E6_L6 and cc-pVDZ L3 _E6_L3, shown in dotted
orange and green lines, respectively. The experimental ionization cross-section of dinitrogen is represented by the
gray line.

This result shows that the presence of ghost atoms, or in other words, the presence of basis
functions on surrounding atoms, significantly improves the quality of continuum states. This
directly reflects the increase in the size of the molecular system. Even with a poor basis set in
certain energy regions, the enhancement is notable. This suggests that for large biomolecules,
simulating ionization processes in specific energy regions should be feasible using a standard basis

set. This is a significant assumption, and we verify it in the following sub-section.

5.1.3 Peptides

The use of AOC for large biomolecules such as insulin and substance P, represent a great challenge
even if low AOC parameters are used. In this sub-section, we investigate the possibility of using
standard basis set or ECP for describing interaction of XUV-pulse with the same pulse parameters

for insulin*® or substance PH*.

For this purpose, we selected peptides with varying residues and charge states to account for the
effects of atom types, residues, and protonation states. The first peptide, P1, is the Met-
enkephalin, which contains five residues. The other peptides, P2, P3, P4, and P5, are extracted
from insulin*® sequence and the two ends of the peptides are capped with acetyl group (Act) and
a protonated N-terminus. The profiles of these peptides are presented in Table 5-1 and their

structures are shown in Figure 5-9.
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Table 5-1: Peptide Profiles. P1 represents Met-enkephalin, and the last four peptides are extracted from insulin*®. 'Act’
denotes the acetyl group. Peptides P2 to P5 hold an N-acetylation termination (Act). Peptide P2 consists of four amino
acid-residue with a disulfide bridge with an acetylated cysteine.

Atom Electron

Peptide number  number Charge Atoms Sequence
P1 75 304 0 S,0,N,C,and H Tyr-Gly-Gly-Phe-Met
P2 83 352 +1 S,0,N,C, and H Cys-Cys-Gly-Glu-Arg
P3 63 242 +1 O,N,C,and H Gly-Ser-His-Leu
P4 65 248 0 O,N,C, and H Leu-Tyr-Gln
P5 72 262 +1 O,N,C,and H Thr-Pro-Lys-GIn

Figure 5-9: Licorice representation of P1, P2, P3, P4, and P5 structures.

For the basis sets, we selected TZVP, DZVP-GGA, and ECP. The basis set chosen as a reference is
TZVP augmented with AOC, referred to as ref-AOC and introduced in the basis set sub-section. In
the case of the ghost model for N2, AOC shows good performance in describing the continuum,

even with low fitting parameters. That's why we use it as a reference.
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In this sub-section, we analyze the variation in energy and the number of holes as functions of

time. Additionally, we investigate the distribution of holes across residues.

a. Energy variation and ionization state

One way to assess the quality of a basis set is by observing the evolution of energy and electrons
in the simulation over time. To illustrate the effect of the basis set on these variations, we initially
focus on peptide P1. The number of MOs are given in Table 5-2. The number of MOs with ref-AOC
is 2.3, 3, and 4.8 times larger than that of TZVP, DZVP-GGA, and ECP, respectively.

Table 5-2: Number of molecular orbitals in P1 based on the basis set.

Basis set No. of MOs
ref-AOC 2368
TZVP 1044
DZVP-GGA 776
ECP 495

In Figure 5-10, for each basis set, we show the energy variation with respect to the ground state
(AE) (on the left) and the number of non-bonded electrons absorbed by CAP (right panel), which
corresponds to the number of holes, during a 50 fs period, where the total duration of the pulse

is 30 fs and it is centered at 15 fs.
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Figure 5-10: Total energy variation (left) and number of non-bonded electrons absorbed by CAP (right) as a function
of time for P1.

In the figure of energy variation, AE rapidly increases from 5 fs to 20 fs. It then decreases in a
dome-like shape until 30 fs (the end of the pulse) and afterward, AE remains stable until the end
of the simulation. This pattern of energy evolution is observed across all basis sets. However, this
dome-like shape doesn't appear in ionization profile. The number of absorbed NBE rises from 5
to 30 fs at a rate corresponding to the electric field strength of the pulse. After 30 fs, the number
of holes increases slightly due to a few electrons remaining in non-bonded states; the CAP needs

time to absorb them.

The dome-shaped variation in energy arises from the energy of the pulse. Unlike in the case of
charged particles, here the energy variation corresponds to the total energy, which comprises
both the Kohn-Sham energy and the energy of the pulse. Even at the end of the pulse, we cannot
refer to it as 'energy deposition' as in the case of charged particles. This is because the number of
electrons is no longer fixed due to CAP. Instead, it corresponds to the partial energy deposition

by the pulse as a consequence of the excitation of electrons and the ionic form of the system.

When comparing the basis sets, we observe that the amplitude of ionization mirrors the energy
variation. Moreover, the ionization state is strongly influenced by the choice of basis set. At the
end of the simulation, 0.52 electrons are absorbed by the CAP using the ref-AOC basis set. A
significant difference is noted with TZVP, where the discrepancy from ref-AOC is 0.2. For DZVP-
GGA, this gap narrows to 0.05. Interestingly, there is a close agreement between ref-AOC and
ECP, with a difference of less than 0.02, despite the fact that each basis set involves a very

different number of MOs.
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The same simulations have been carried out for the other peptides. Table 5-3 collects the mean

error and mean relative error across the five peptides taking ref-AOC as reference.

Table 5-3: Mean error and mean relative error of energy variation and number of holes at 50 fs over P1, P2, P3, P4,
and P5 with respect to the ref-AOC basis set.

AE No. of NBE
Basis set
ME (eV) %ME ME %ME
TZVP -2.89 -40.2 -0.20 -41.8
DZVP-GGA -1.19 -17.0 -0.07 -14.2
ECP -0.02 -0.2 -0.01 -1.5

As for peptide P1, ECP shows excellent performance for all peptides; the underestimation is
significantly low for both energy variation and the number of absorbed electrons. On the other
hand, the underestimation with DZVP-GGA and TZVP is significant, especially for TZVP where it
exceeds 40%. These results demonstrate that the energy variation and total number of holes
substantially depend on the basis set for the specific pulse we tested. Nevertheless, ECP
guantitatively reproduces the energy variation and the total ionization process when compared

to arich basis set like ref-AOC.

b. Charge variation on residues

An important feature that could be impacted by an incorrect description of continuum states is
the nature of ionization. Artificial electron transitions, or avoid transitions due to a lack of orbitals
in the continuum state, can significantly affect the nature of ionization at the atomic and fragment
levels in molecules. This is crucial for our work, as we aim to observe the ionization processes

caused by the XUV-pulse at the atomic or fragment level.

To define the charge on the atoms or residues in the molecule, we may follow a Becke** or
Hirshfeld*? partition scheme?®, both finally rendering qualitatively similar results. The number of
holes (h) on each residue or atom (i) in the molecule is calculated by the difference between the

charge at 50 fs and that of the ground state. The charge of an atom or residue is denoted as q.

hi = q;° - qf (5.1)
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The normalized number of holes for a residue or atom in a molecule is calculated as:

To exhibit the effect of the basis set on hole spread over residues, we analyzed the hole for each

residue in P1, as presented in Table 5-4.

Table 5-4: Number of holes and percentage of normalized number of holes for each residue in P1 and total number of
hole for P1 as a function of basis set.

Thr Gly Gly Phe Met total
Basis set

h % Nh h % Nh h % Nh h % Nh h %Nh h

ref-fAOC  0.148 28.7 0.047 9.0 0.054 104 0.140 27.1 0.128 248 0.52
TZVP 0.096 29.7 0.027 83 0.034 105 0.085 26.1 0.082 254 0.32
DZVP-GGA 0.134 29.7 0.043 94 0.050 11.0 0.116 252 0.114 248 0.46
ECP 0.150 304 0.043 8.7 0.053 109 0.121 24.7 0.124 253 049

As observed in the table, the distribution of holes across residues strongly depends on the total
number of holes. Compared to ref-AQOC, the largest discrepancy is noted for TZVP, followed by
DZVP-GGA. However, as previously observed for energy variation and the total ionization state,
ECP demonstrates exemplary performance at the residue level for ionization state. Quantitatively,
the number of holes on residues calculated with ECP is very close to ref-AOC; the most notable

difference corresponds to Phe, which is 0.019.

What is particularly interesting in this table is that the normalized number of holes for all basis
sets is notably close to ref-AOC. This indicates that, qualitatively, the nature of ionization isn't
largely influenced by the basis sets. This feature is crucial because the total ionization can be

modulated by the strength of the electric field.

The results here are based on the simulation of the XUV-pulse in one direction (x-direction). In

Table 5-5, we computed %Nh for ECP and DZVP-GGA in response to xyz-direction pulses.
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Table 5-5: Percentage of normalized number of holes calculated from the xyz-direction of the pulse and mean
percentage of normalized number of holes over all directions.

DZVP-GGA ECP
Basis set

%Nh(x) %Nh(y) %Nh(z) <%Nh> %Nh(x) %Nh(y) %Nh(z) <% Nh>

Thr 29.2 29.0 27.2 28.5 31.3 31.8 28.7 30.7
Gly 9.9 9.5 8.9 9.4 8.6 8.7 8.8 8.7
Gly 10.9 12.0 10.9 11.3 10.3 10.2 10.5 10.3
Phe 25.0 25.0 25.8 25.3 24.5 25.4 26.2 253
Met 25.0 24.5 27.1 25.5 253 23.9 25.7 25.0

As shown in the table, some residues exhibit different responses to the orientation of the pulse,
but the differences remain small For DZVP-GGA, a difference in %Nh for pulse directions is
observed across all residues. However, in the case of ECP, this difference is more pronounced for
polar residues like Thr, Phe, and Met. When comparing the <%Nh> with the x-direction for both

DZVP-GGA and ECP, the difference between the two basis sets diminishes for all residues.

All the previous results are at the residue level. The good performance of the basis set might be
due to the dilution of error because of the size of the residues. To delve deeper, we visualized P1
by displaying the value of %Nh for each atom, as calculated with ref-AOC and ECP, in Figure 5-11.

In the figure, the value of %Nh for atoms is represented using a color scale.
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Figure 5-11: VMD atomic representation of P1, with the color of atoms scaled according to the percentage of
normalized number of holes, calculated with the ref-AOC and ECP basis sets. The colored circles indicate the zones
where ref-AOC and ECP differ the most.
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The figure indicates that the %Nh at the atomic level, as calculated from ref-AOC and ECP, is quite
similar. Small differences are observed for O in the C-terminus, N in the N-terminus, and S in Met
(circled in figure 5-11). As seen in the pulse orientation test, polar residues are more sensitive to
pulse orientation. Thus, these differences are expected to diminish when simulations are
completed for all three directions. This result confirms that the nature of ionization is
independent on the basis set, even at the atomic level. This performance at the atomic level is

observed not only for ECP but also for TZVP and DZVP-GGA.

We have summarized the effects of the basis sets on the number of holes and the normalized
number of holes at the residue level for all peptides by calculating the relative error and standard

deviation of relative error, as presented in Table 5-6.

Table 5-6: mean relative error and mean standard deviation of relative error of number of holes and normalized
number of holes over the residues in P1, P2, P3, P4, and P5 with respect to the ref-AOC basis set.

h Nh
Basis set
%ME MSE %ME MSE
TZVP -40.4 1.4 -1.4 1.5
DZVP-GGA -13.2 2.0 -0.7 1.7
ECP -2.7 1.3 -0.5 1.3

As seen in the case of P1, for all peptides, the error in the number of holes is significant for TZVP
and DZVP-GGA, corresponding to underestimations of -40.4% and -13.2%, respectively. However,
this error appears to be systematic because the standard deviation of error is small, indicating the
data scattering is minor. On the other hand, as seen in the case of P1, the error in ECP is notably

smaller compared to the standard basis set, which demonstrates the performance of ECP.

For Nh, the results confirm the ability of all basis sets to describe the nature of ionization. The
error and standard deviation of error in Nh are remarkably low. The error in all basis sets is
significantly below the confidence zone (£ 5%), which proves the robustness of basis sets in

correctly describing the nature of ionization. Notably, for ECP, the error is significantly small.

Overall, these results indicate that the simulation of XUV-pulses is feasible for large molecular

systems using standard basis sets, or even ECP for those interested in the nature of ionization
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within molecules. We demonstrate that, qualitatively, the nature of ionization is independent of
the choice of the basis set. Particularly, despite the poor number of MOs in ECP, it performs
exceptionally well, both qualitatively and quantitatively, in terms of the nature of ionization and
energy variation. The correct description of the nature of ionization is not only at the residue level

but at the atomic level as well.

5.1.4 Partial conclusion

In this section, we have explored the simulation of molecule irradiation by XUV-pulses using local
basis sets. Initially, we tested the addition of atomic orbital fitting to the continuum (AOC) in a
standard basis set to describe the continuum state in N,. Then, we extended this test by adding
ghost atoms around the N2 molecule. This addition reflects to the participation of basis functions
from surrounding atoms in larger molecular systems, enhancing the continuum state.
Subsequently, we investigated the use of standard basis sets and ECP for the ionization processes

in relatively large peptides when exposed to XUV-pulse.

We concluded that the addition of AOC notably enhances the description of the continuum state.
By augmenting the parameters in AOC fitting, one can achieve an accurate depiction of the
continuum, especially for smaller molecules. Furthermore, we demonstrated that the quality of
continuum states considerably benefits from the inclusion of ghost atoms. Remarkably, the
improvement is more pronounced in high energy region for AOC with lower fitting parameters in

the ghost model than for those with higher parameters in Ny alone.

In the testing of peptides, what is particularly interesting is that, despite the significant difference
in the number of MOs between basis sets like TZVP, DZVP-GGA and ECP compared to ref-AOC,
the results show that the nature of ionization at both residue and atomic levels, induced by the
XUV-pulse, is independent on the basis set. However, there is a basis set-dependency when
considering energy variations and ionization states in peptides. ECP demonstrates excellent
performance in both qualitative and quantitative descriptions of the interaction with the XUV-
pulse compared to ref-AOC. This could be attributed to the inclusion of ionization and excitation
information in the ECP fitting process, or it may more accurately capture the core-valence

correlation changes between neutral and partially ionized atoms®.
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These findings are valuable for the simulation of XUV-pulse interactions using local basis sets. For
small molecular systems, our findings advocate the addition of AOC. In larger molecular systems,
where adding AOC becomes challenging due to computational costs, our results indicate that
standard basis sets or ECP are sufficient to gain qualitative information about the process of

molecular ionization.

5.2 Structure investigation of insulin*® and substance PH*

In the XUV-pump/IR-probe experiment developed in Lépine’s group at ILM 1%, the combination of
electrospray ionization and mass spectrometry techniques?® is employed to evaporate samples in
the liquid phase and select irradiated molecules based on their mass-to-charge ratio. Using
electrospray ionization, the sample in solution is evaporated and ionized. The solvent gently
evaporates around room temperature (approximately 300 K) through the continuous evaporation
process. As this occurs, the droplets decrease in size until the surface charge can no longer be
stabilized by the liquid flow. This leads to a Coulombic explosion where the droplet disintegrates,
releasing analyte molecules as gas-phase ions, such as a protein charged by protonation.
Following this, the desired ion is selected for study using a mass spectrometer. This technique
ensures that the molecule retains its structure without fragmentation. However, the structural
conformation can deviate substantially from the crystalline structure of the molecule.
Investigating structural conformations at the atomic level is crucial for both experimental and
theoretical approaches. This is especially pertinent when seeking to understand certain ultra-fast
processes or protonation states in experiments or when selecting the initial structure in

simulations.

In the XUV-pump/IR-probe experiment, Insulin*® and Substance PH* are investigated in the gas

phase due to their abundant ionization states and significant mass-to-charge (m/z) ratios.

In this section, | delve into the structural investigation of Insulin*®, through long classical molecular
dynamics (MD) simulations, and detail the selection process of its initial structure for XUV

simulations. In the subsequent part, the focus will shift to Substance PH*. Since | did not personally
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conduct the MD simulations of substance P, my focus will be limited to describing the structures

chosen as starting points for the XUV simulations.
5.2.1 Insulin*®

The functionality of proteins is intricately linked to their complex structures, beginning with their
primary structure comprising the specific sequence of amino acids connected by peptide bonds.
The secondary structure, established through hydrogen bonds between amino acid backbones,
gives rise to formations like alpha helices and beta sheets. Tertiary structure emerges from
interactions among amino acid side chains, shaping the three-dimensional form of the protein.
Additionally, in certain proteins, the quaternary structure is the result of assembling multiple

protein units.

Insulin is composed of 51 amino acids across two chains4. Chain A includes residues 1-21, while
chain B encompasses residues 22-51. The tertiary structure of insulin features three disulfide
bonds, with two interchain bridges formed between A7-B7 and A20-B19, and one intrachain

bridge connecting residues A6 and A1l as shown in Figure 5-12.

)

@.ﬂ@m%’m@mm-mmm@@@m@mmu
-S

) o e o e o ) o )
w00e{ e ). | J e o) e e o)

Figure 5-12: Sequence of amino acids in insulin. The chains A and B are represented in blue and red color, respectively.
The amino acid codes are for: alanine (Ala), arginine (Arg), asparagine (Asn), cysteine (Cys), glutamic acid (Glu),
glutamine (GlIn), glycine (Gly), histidine (His), isoleucine (lle), lysine (Lys), leucine (Leu), phenylalanine (Phe), proline
(Pro), serine (Ser), threonine (Thr), tyrosine (Tyr), and valine (Val).

Before conducting the RT-TD-DFT simulation, our goal is to identify a reference structure through
MD simulations that will hopefully approximate the experimental structure. To achieve this, we

start by solvating insulin crystalline structure in water at 300K, and after adding 6 protons to
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insulin, we perform a long MD simulation in vacuum at 300K, in accordance with experimental

conditions.

c. Solvated and thermalization of insulin in water

For this study, we chose the crystal structure of human insulin (PDB code: 2hiu.pdb!?) as obtained
by nuclear magnetic resonance spectroscopy (NMR). The insulin crystal structure was solvated in
TIP3P water?” within a 68x68x68 A periodic box, and the charge of the system was neutralized
using sodium counter-ion. The Amber force field FF14SB*® was used for insulin. Initially, the insulin
in water was optimized for 10,000 steps while applying harmonic restraints on the heavy atoms
of insulin through a classical molecular dynamics (MD) simulation using the NAMD 2.11 package®.
Subsequently, the system was heated from 50 K to 300 K over 20 ps with 10 kcal/mol harmonic
restraints applied to the heavy atoms of the solute at a constant volume. The system's
equilibration then continued in an NPT ensemble at 300 K, gradually reducing the restraint.
Finally, an unrestrained MD simulation was performed for 100 ns with a timestep of 1 fs. The
Root-Mean-Square Deviation (RMSD) of atomic positions for solvated insulin is illustrated in
Figure 5-13. After equilibration, the final step structure was used as starting point for MD

simulations in the gas phase.

0O 10 20 30 40 50 60 70 80 90 100
time (ns)

Figure 5-13: RMSD calculation of atomic positions of insulin in water for the NVT ensemble MD simulation.
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d. Molecular dynamics simulation of insulin*® in vacuum

. Protonation state of insulin
Protonating specific amino acids to achieve insulin*® in vacuum is a complex process, particularly
as the protonation state of human insulin in gas phase is not well-documented in the literature.
Consequently, we decided to protonate those amino acids with the highest probability of proton
acceptance. Insulin contains four basic amino acids: Lysine (LYS50), Arginine (ARG43), and two
Histidines (HIS26, HIS31). Additionally, it has two N-terminal residues: Glycine (GLY1) and
Phenylalanine (PHE22), which are given priority for protonation. Through this process, we
achieved insulin with a net charge of +6 in vacuum. The positions of these charged amino acids

are represented in Figure 5-14.

HIS-26

A a Vs

B-chain

Figure 5-14: insulin structure with the red color representing the location of charged amino acids.

1. MD simulation in vacuum
To derive an insulin structure that closely approximates the experimental one, we conducted a
lengthy MD simulation for insulin in the gas phase using the AMBER 18 software package°. The
FF14SB force field was used for insulin. However, within AMBER, the force field parameters for
the C-terminal residues only exist in the zwitterionic form. As a result, we parameterized the force
field for the protonated carboxylate group in C-terminal Asparagine (ASN-21) and Threonine
(THR-51). Before initiating the MD simulation in vacuum, we minimized the equilibrium structure

of the solvated insulin (with a charge of +6) in vacuum through 10,000 steps with restraints on
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the heavy atoms, followed by 10,000 steps without restraints. The system was then heated from
100 K to 300 K with a 5 kcal/mol restraint applied for 20 ps, and the process continued for an
additional 20 ps without restraints. Subsequently, we launched an NVT ensemble MD simulation
for 9.7 ps with a time step of 2 fs. The Langevin thermostat was employed with a collision
frequency of 0.5 ps!, along with an infinite cutoff for the non-bonding terms. The simulation and
the system's temperature remained stable throughout the process, as depicted in Figure 5-15.
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Figure 5-15: Temperature and running average temperature over 0.4 us during the NVT ensemble MD simulation of
insulin with a charge of +6 in vacuum.

The RMSD calculation is illustrated in Figure 5-16, obtained using the RMSD-based algorithm
implemented in cpptraj°?, a utility of Amber Tools. The first frame of the simulation was used as
a reference conformation for alignment. The RMSD plot reveals three regions over time. Until
about 1.5 ps, insulin*® retains its general form in water, particularly the C and N-termini of the B-
chain. Starting at 1.5 us, significant changes occur, with the C-terminus of the B-chain wrapping
around the A-chain, and the N-terminus forming new hydrogen bonds with the B-chain. After 1.5
us, the new general form is maintained, with only the order and length of the hydrogen bonds

between amino acids changing, which do not result in substantial global structural modifications.
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Figure 5-16: RMSD calculation of insulin*® in the NVT ensemble MD simulation in vacuum at 300 K.

Ill.  Clustering
To obtain the most prevalent structures in the MD simulation, we used the DBScan (density-based
spatial clustering of applications with noise) clustering algorithm>2, implemented in the cpptraj
utility of Amber Tools. When using DBScan, it is crucial to specify the minimum number of points
required to form a cluster (minpoints) and the distance cutoff for cluster formation (epsilon).
These values can be estimated using the K-distance plot in cpptraj tools. In our system, the
minpoints value and cutoff distance were set to 22 Aand 1354, respectively. The results of the

clustering are presented in Table 5-7.

Table 5-7: Result of the clustering calculation. The Cluster, Frames and Frac are the cluster number, the cluster size
and the occurrence fraction respectively. AvgDist and Stdev are the average distance (taken as the RMSD) and
standard deviation between two structures in this cluster.

Cluster Frames Frac  AvgDist Stdev

co 62371 0.642 1.690 0.283
C1 21811  0.225 1.682 0.396
c2 10454  0.108 2.105 0.496
C3 666 0.007 1.392 0.308
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Table 5-7 collects information on the four most popular clusters. The most populated one, CO,
includes 62,371 frames, representing 64.2% of the total processed frames. Following CO, cluster
C1 represents 22.5% and cluster C2 corresponds to 10.8%. To illustrate the differences among
these clusters, we aligned the three most populated structures using the Multiseq program in
VMD. The results, shown in Figure 5-17, use a color scale based on RMSD values when CO is used

as the reference.

Figure 5-17: the alignment result of the three most populated structures in MD simulation. the color scale with RMSD
value.

The alighment demonstrates that the differences among the three clusters are not substantial in
the A-chain. Indeed, the A-chain is rigidly bound together by an intrachain sulfide bridge and a
hydrogen bond between the C-terminal and N-terminal residues. Most of the differences are thus
found in the B-chain. The discrepancy between clusters CO and C1 is relatively minor, but a
significant difference is observed for C2 compared to CO, particularly at the N- and C-termini. This
is confirmed by the RMSD calculations per residue shown in Figure 5-18, where calculations were
conducted for C1, C2, and insulin in water (the final structure of solvated insulin), using CO as a
reference. As observed, C2 maintains its structure in water, especially at the N- and C-termini of
the B-chain. This observation is further supported by the potential energy (PE) curve (Figure 5-19),

where the PE steadily decreases until about 2 ps, after which it stabilizes. Therefore, we decided
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to select CO as the reference for RT-TDDFT simulations because C1 (around 1 ps) and C2 (around

2 us) appear to correspond to the transition structures.

chain A chain B

-5 u- Helix A-1 u- Helix A-2 a- Helix B
0O 5 10 15 20 25 30 35 40 45 50 55
No. of residue

Figure 5-18: RMSD calculations for heavy atoms (excluding hydrogen) per residue for clusters C1, C2, and insulin in
water, in reference to CO.
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Figure 5-19: Potential energy profile and it average over 0.4 us of an NVT ensemble MD simulation for insulin*® in
vacuum over 9.7 us.

IV.  Optimization of CO in vacuum by quantum mechanics calculations
The molecular weight of insulin*® is 5,813.676 g/mol and it comprises 794 atoms. The total

number of electrons in the system amounts to 3098. To relax the chemical bonds of the reference
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structure of insulin derived from the MD simulation, we performed several cycles of geometrical
optimization using DFT in deMon2k (version 6.1.6)33. The optimization was carried out in
Cartesian coordinates using the Auxiliary Density Functional Theory (ADFT) level. We employed
the PBE3* correlation and exchange functional with the DZVP (double zeta valence polarization)
basis set and GEN-A2 auxiliary sets®>. Moreover, the D3 correction to include the dispersion forces
was added>3. The tolerance of the maximum root mean square (RMS) force was set to 10

Ha/bohr.

Figure 5-20: NewRibbons representation of MD reference structure of insulin +6 in cyan color and after 480 DFT
optimization cycles in blue.

While the conformation of the reference insulin has not undergone crucial modifications, it was
sufficient to relax chemical bonds to their equilibrium values. The differences in the secondary

structure of the reference and optimized insulin*®, as illustrated in Figure 5-20, are negligible.

5.2.2 Substance PH*

Substance P% is a neuropeptide comprised of 11 amino acids, constructed from 8 distinct types:
Arginine (Arg), Proline (Pro), Lysine (Lys), Glutamine (GIn), Phenylalanine (Phe), Glycine (Gly),
Leucine (Leu), and Methionine (Met). The sequence of these amino acids ranges from the N-
terminal Arg to the C-terminal Met, as follows: Argl-Pro2-Lys3-Pro4-GIn5-GIn6-Phe7-Phe8-Gly9-
Leul0-Met11. Substance P has three groups with high proton affinity: the side chain of Argl, the

Arg-NH; terminal, and Lys. When Substance P undergoes protonation to produce Substance PH*
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in the gas phase (SP), it is anticipated that the added proton will reside on the Arg side chain due
to its significant proton affinity. In addition, during the DFT geometry optimization, no proton

transfer or negative modes were observed from the Arg side chain.

In a few nanoseconds of MD simulations, we observed significant changes in the hydrogen bond
network and conformations of SP, in contrast to insulin*®. To explore the conformations and
hydrogen bonds with the Arg side-chain, we carried out extended replica-exchange molecular
dynamics simulations (REMD)>*. REMD is an advanced MD simulation technique aimed at
enhancing the sampling of a system's configurational space. This technique involves running
multiple parallel simulations (replicas) of the same system at varying temperatures or other
thermodynamic parameters. The primary benefit of replica-exchange simulations is their
enhanced sampling capability, offering a more comprehensive exploration of a molecular
system's phase space. This is especially crucial in scenarios where the system may remain trapped
in local energy minima for extended durations in traditional MD simulations. Four 100 ns REMD
simulations were carried out with the CHARMM package by some of my colleagues from ICP. 16
windows spanning regularly spanning the temperature from 300 to 956 K were defined.
Temperature exchanges were attempted every ps. The REMD simulations highlighted that SP
adopts diverse conformations, each characterized by distinct hydrogen bonding patterns, as

outlined in Table 5-8.

Table 5-8: Percentage of hydrogen bonds between residues and Arg1. A hydrogen bond is defined when the hydrogen
atom and the electronegative atom are separated by less than 2 A. Residues are identified by name and residue
number, along with the specific atom forming the hydrogen bond with Arg1 and its classification as either side-chain
(SC) or backbone (BB).

Residues % HB
GIn6-0-SC 26
Leul0-O-BB 10
Met11-0O-BB 9
Pro2-O-BB 7
Lys3-N-SC 4
Lys3-O-BB 1
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As indicated in the table, the side chain of Arg most frequently forms a hydrogen bond with the
side-chain oxygen (O) atom of GIn6, with a probability of 26%. Following GIn6, Leu10, Met11,
Pro2, and Lys3 are candidates for forming hydrogen bonds with Arg, having probabilities of 10%,
9%, 7%, and 5%, respectively.

The diversity of conformations and hydrogen bond networks in SP complicates the selection of a
single conformation for XUV simulations. As a result, we selected six different conformations of
SP, each with distinct conformations and hydrogen bond networks, as depicted in Figure 5-21. The
first four structures, referred to as SP_a, SP_b, SP_c, and SP_d, were extracted at the end of the
100 ns of simulation. The final two conformations, labeled as SP_e and SP_f, were derived from

the most probable structures in clustering during REMD simulations.

Figure 5-21: Visualization of different conformations of Substance PH* (SP) selected for XUV simulations. The hydrogen
bond network with Argl is represented by dashed blue lines. Residues are color-coded as follows: Arg1 (red), Pro2
(gray), Lys3 (orange), Pro4 (yellow), GIn5 (tan), GIn6 (silver), Phe7 (green), Phe8 (white), Gly9 (pink), Leul0 (cyan),
and Met11 (purple).

As done for insulin, we optimized the geometry of SP conformations at the DFT level to relax the

chemical bonds and hydrogen bonds derived from the MD simulation, using the same
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methodology as for insulin. The tolerance for the maximum root mean square (RMS) force was
set to 10* Ha/bohr. The total energy of the optimized conformations, relative to SP_a, is

presented in Table 5-9.

Table 5-9: relative DFT energies of optimized Substance PH* conformations with respect to SP_a.

Structure AE (eV)
SP_a 0.00
SP_b -0.31
SP_c 0.21
SP_d 0.04
SP_e -3.18
SP_f -3.53

As seen in the table, the relative DFT energies of the four conformations derived from traditional
MD simulations are comparable. However, in the case of SP_e and SP_f compared to SP_a, there
is a significant difference, indicating that they are more stable. This can be attributed to the use

of short MD simulations for SP_a to SP_d, whereas in the case of REMD, SP is well-sampled.

In general, after DFT optimization, the conformations retain their overarching structure and
hydrogen bonds. No major changes in conformation or the order of hydrogen bonds are
observed. The optimized conformations of SP are illustrated in Figure 5-21. Hydrogen bonds
involving the Arg side-chain are highlighted with dashed blue lines. The specific hydrogen bond

interactions for each conformation are summarized as follows:

e SP_a: the Arg side-chain forms hydrogen bonds with Lys3-N-SC, Leu10-0O-BB, Arg1-O-BB,
and Arg-N-BB,

e SP Db: the hydrogen bond interactions are with GIn5-O-SC, Gly9-0O-BB, Argl-O-BB, and
Argl-N-BB,

e SP c: Arg forms hydrogen bonds with Lys3-N-SC, Gly-O-BB, and Arg1-N-BB,

e SP d:Arginteracts via hydrogen bonds with Lys3-N-SC, Leu10-O-BB, Arg1-O-BB, and Arg1-

N-BB,
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e SP_e: Arg forms hydrogen bonds with GIn6-0O-SC, Gly9-O-BB, and Met-O-BB,
e SP f: Arg establishes hydrogen bonds with GIn6-O-SC, Leu10-0-BB, and Arg1-O-BB.

In summary, through MD simulations and REMD, it is evident that SP in the gas phase adopts a
variety of conformations, each with its own unique hydrogen bonding network. This has led us to

select multiple structures for XUV simulations.

5.2.3 Partial conclusion

In this section, we detailed the conformational structures of insulin*® and substance PH* in gas
phase. While we utilized long MD simulations for insulin*®, our approach for substance PH* was

based on REMD.

Our findings indicate that insulin*® maintains a general form in the gas phase even after 2 ps.
Despite the presence of six charges on insulin, its conformational structure remains relatively
stable post-2 us, especially in the A-chain. This consistency enabled us to confidently select a
single reference conformation for XUV simulations. Conversely, substance PH* in the gas phase
exhibits a variety of conformations and hydrogen bond networks, complicating the selection of a
single reference structure. The smallest structural fluctuations in insulin*® are likely due to the

three disulfide bonds that fortify the protein's scaffold.
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5.3 Interaction of XUV-pulse

In this section, we detail results from the RT-TD-ADFT simulations for insulin*® and substance PH*
under the influence of an XUV pulse. We begin with the methodological details of the simulations
and then proceed to examine the effects of the electric field strength and pulse orientation. The
section culminates with main results on the primary ionization events observed in the

simulations.

5.3.1 Numerical detalil

Describing large systems, such as insulin*® or SP entirely within RT-TD-ADFT poses a significant
challenge in terms of computational cost. We initially tested several parameters in RT-TD-DFT to
increase the speed of the simulation without affecting the stability of the electron dynamics and

the results.

We have determined that our simulations are stable and require less computational cost when
using the second-order Magnus propagator3® coupled with a predictor/corrector algorithm3’. We
employed a time step of 1 as and a Taylor expansion3® to evaluate the exponential of the Kohn-
Sham matrix with 45 terms. The PBE exchange-correlation functional was used. As discussed in
Section 5.1, due to the robustness of the ECP basis set in describing the ionization process induced
by XUV-pulse, we incorporated it in our simulations. This basis set substantially reduced the
computation time. For density fitting, the auxiliary basis set differs for insulin*® and SP due to the
size of insulin*®. For SP we used GEN-A2* on all atoms, whereas for insulin*®, we used GEN-A2 for
H and C atoms and GEN-A2%* for O, N, and S. The difference between GEN-A2 and GEN-A2* is
that the latter contains f and g Hermite Gaussian functions in addition to s, p, and d functions. In
the modified GEN-A2%*, we removed only g functions. We tested this auxiliary basis set, as well
as GEN-A2, with peptides used in Section 5.1. We determined that compared to GEN-A2*, the

effect of the auxiliary basis set was negligible.

To introduce the XUV-pulse, we utilized a squared cosine-shaped pulse in RT-TD-ADFT,

maintaining the same parameters as those described in the "basis set tests" section. The only
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exception was the maximum electric field strength. The total duration of the pulse was set at 30
fs, with the pulse's centroid energy at 30 eV. In this setup, the maximum electric field was
adjusted to remove a single electron. For SP, this condition was met as we tested the effect of the
electric field. However, for insulin*®, testing this was challenging; a single simulation with insulin*®
requires 50 days, even with optimal parameters and CPUs. For SP, we set the maximum electric
field strength at 0.00375 Ha/e.bohr (4.93 x 10*1* W/cm?), while for insulin*®, it was set at 0.0025
Ha/e.bohr (2.19 x 10*'! W/cm?). For insulin*® and each conformation of SP, we conducted three

simulations corresponding to the xyz-direction of the pulse.

In all simulations, we employed the complex absorbing potential (CAP) in energy space to remove
electrons in the continuum. The parameters of CAP were set at 0.15 Ha* energy scale for y, and
a 0.05 Ha' damping strength for é. The vacuum energy cut-off was approximated using the

electron affinity for each system.

5.3.2 Effect of electric field strength and pulse direction

In the experiments, they ensured that each molecule absorbs no more than one photon. This
ensures a low probability of multi-photon absorption, maintaining linearity in absorption.

Additionally, the molecule is sampled by the XUV-pulse from all directions.

Kraus et al.” demonstrated that the orientation of the pulse significantly affects ionization and
charge migration in smaller molecules, such as iodoacetylene. However, the impact on larger

molecular systems, as in our case, is not well-understood.

Therefore, in this sub-section, we investigate the influence of electric field strength and pulse
orientation on the interaction with the XUV-pulse. To elucidate these effects, we particularly

focus on the results of the SP_a conformation.

a. Effect of electric field strength

To investigate the impact of electric field strength (F,), we conducted five RT-TD-ADFT
simulations for SP_a, introducing the XUV-pulse in the x-direction with F, values of 0.001, 0.002,
0.003, 0.004, and 0.005 (Ha/e.bohr).

We computed the variations in energy and charge relative to the ground state over time for each

F,, as illustrated in Figure 5-22.
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Figure 5-22: Variation in total energy (left) and charge relative to the ground state as a function of time for SP_a,
depending on the electric field strength (Ha/e.bohr) on the x-direction.

As observed in the figure, the rate of energy variation increases with the electric field strength
during the pulse. Despite the dome-shape observed around 20 fs, as explained in Section 5.1, this
is related to the pulse energy which is included in the total energy. This dome-shape is not evident
in the case of charge variation. Importantly, after the pulse, both the energy and charge variations
remain stationary, confirming the stability of the simulation. Additionally, as F,, increases, there
is a noticeable increase in energy variation. The energy variations are 1, 4.1, 9.5, 17.5, and 28.8
(eV) at 50 fs, successively with increasing electric field strength. Correspondingly, in terms of
energy variation magnitude, the charge variation or ionization state also increases with F;, with

values of 0.07, 0.28, 0.64, 1.13, and 1.78 electrons, respectively.

Furthermore, to examine the linear response to F;, we illustrated the relationship between
energy and charge variation at 50 fs as a function of the square of the electric field strength in

Figure 5-23.
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Figure 5-23: Variation in total energy (left) and charge (right) at 50 fs as a function of the square of maximum electric
field strength in the x-direction for SP_a.

As observed in the figure, the response of both energy and charge variation is linear within our
range of F,,, even when more than one electron is ionized. For energy variation, a slight deviation
from a straight line is observed at higher F, values. However, in the case of charge variation, the

relationship remains perfectly linear.

It is essential to highlight that, as mentioned in Chapter One, the ionization of a single electron in
small molecules like N2 is particularly challenging. When increasing the CAP strength, the electron
dynamics becomes unstable, and when the electric field strength is augmented, the response
becomes non-linear, leading to the depopulation of electrons in the continuum state. However,
as demonstrated here, for larger systems, we were able to ionize more than one electron without

any effects on the stability of the simulation.

Traditionally, in XUV-pulse simulations, a single hole is generated to examine the pulse's
interaction. Based on our findings related to energy variation and total ionization of the molecule,
we can confirm it is not truly required, given that the response is linear. Thus, anyone calculating
the energy variation and ionization state with one value of F, can use it to predict others. For
more, to explore the influence of electric field strength on the nature of ionization within the
molecules, we computed the percentage of normalized hole numbers on the residues based on

F, values, as presented in Table 5-10.
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Table 5-10: Percentage of normalized number of holes in residues of SP_a as a function of electric field strength
(Ha/e.bohr) on the x-direction.

%Nh
Residues

0.001 0.002 0.003 0.004 0.005

Argl 13.0 13.0 131 12.8 13.0
Pro2 7.3 7.2 7.4 7.3 6.9
Lys3 11.3 111 11.3 10.8 10.6
Pro4 8.9 8.9 8.9 8.9 9.4
GIn5 8.2 8.4 8.3 8.1 8.4
GIn6 8.8 8.9 8.9 9.2 8.9
Phe7 10.5 10.6 10.6 10.5 10.7
Phe8 10.1 10.4 10.3 10.7 114
Gly9 3.2 3.0 3.0 3.0 3.0
Leulo 7.0 6.9 6.8 7.0 6.7
Met11 11.7 11.6 114 11.7 11.0

Importantly, as observed in the table, the nature of ionization within the molecule is independent
of the electric field strength. Minor differences are observed, for example, in the cases of Pro2,
Lys3, and Phe8 at F, = 0.005 (Ha/e.bohr). However, when compared to the accuracy of the
percentage predictions for decimal numbers, these differences are negligible. This result confirms

that the electric field strength does not affect the nature of ionization.

Overall, our findings indicate that in the linear regime, the traditional practice of including one
hole in the simulation is not essential. Relying on a strong electric field to remove one electron
has its drawbacks. For instance, those using the CAP in simulations for small molecular systems
may encounter issues. Furthermore, due to the adiabatic approximation in RT-TD-DFT, when
molecular systems are strongly perturbed from the ground state, tracking the exchange and
correlation of electrons over time is expected to become challenging, potentially affecting the
dynamics®. For larger molecular systems, at least in our study, non-adiabatic effects seem to
respond similarly across the range of electric field strengths examined. This similarity is evident

in the ionization process, which displays a consistent response to Fj.
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b. Effect of pulse direction

To investigate the effect of pulse orientation, we conducted three simulations for SP_a, directing
the pulse along the x, y, and z axes. The electric field strength was set at 0.00375 (Ha/e.bohr),
which corresponds to the removal of approximately one electron from the molecule. The results,
which show the percentage of normalized number of holes in residues as a function of pulse
direction, are presented in Table 5-11. While we carried out simulations for all SP conformations
and insulin*® in three directions, the effects were consistent for all SP conformations and insulin*®.

Thus, we have primarily focused on the results from SP_a.

Table 5-11: Percentage of normalized holes in SP_a residues based on XUV-pulse direction, with an electric field
strength of 0.00375 Ha/e.bohr.

%Nh
Residues

X y z <xyz>

Argl 13.0 12.0 13.3 12.7
Pro2 7.2 6.6 7.1 7.0
Lys3 111 11.2 10.2 10.9
Pro4 9.3 9.0 8.7 9.0
GIn5 8.5 8.2 8.6 8.4
GIn6 8.7 9.0 9.3 9.0
Phe7 10.5 11.0 10.3 10.6
Phe8 10.5 11.9 12.0 114
Gly9 31 3.3 3.0 3.2
Leul0 6.8 7.5 6.6 7.0
Metll 114 10.9 10.9 111

As observed in the table, while the effect of pulse orientation is not significant, it is also non-
negligible. The difference is more pronounced than when the electric field strength is modified.
Depending on the residue, the general differences in % Nh hover around 1%. The most significant
difference can be observed for Phe8 between the x and z directions, with an absolute percentage
difference amounting to 12.5%. This could be attributed to the polarity of the molecular orbitals

(MOs). Even though the system is extensive, the polarity of the MOs is not uniformly distributed
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across the x, y and z directions. A similar difference is also observed for insulin*®. Thus, for the

rest of our results, we take into account the average across the x, y and z directions.

5.3.3 Primary ionization events

As mentioned in the introduction, the impact of the size or secondary structure of a protein on
ionization and electronic relaxation in the presence of an XUV-pulse remains to be clarified. Both
insulin and substance P serve as ideal models to explore this topic since they possess primary,

secondary, and, tertiary structures.

Given the extended duration of the pulse in simulation, nuclear motion might influence the
dynamics. Therefore, to ensure the robustness of our findings, we concentrate solely on the

primary ionization events.

This sub-section delves into the analysis of total energy variation, overall ionization, hole
distribution across residues, charge migration, and the correlation of ionization with factors like
ionization potential, valence electrons, and the environment of the residues. To streamline our
presentation, for substance P, we primarily discuss results pertaining to SP_e, as it doesn't

influence our overarching conclusions.

a. Energy variation and total ionization state

To provide an overview of the energy variation and the overall ionization state at the end of the
simulations (50 fs), we computed the average energy variation and the total number of holes
across the xyz-directions of the pulse for insulin*® and all conformations of SP. These results are

summarized in Table 5-12.
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Table 5-12: Average energy variation and number of ionizations across xyz-directions for insulin*® and substance PH*.

system AE(eV) . N_O' o.f
lonization

Insulin*® 38.0 1.83
SP_a 15.4 1.01
SP_b 15.6 1.02
SP_c 15.3 1.03
SP_d 15.2 1.02
SP e 15.3 1.00
SP_f 15.9 1.06

As seen in the table, the ionization state of SP aligns perfectly with the removal of one electron
from the molecule, and this is consistently observed across all conformations. However, for
insulin*®, The molecule loses 1.83 electrons. Due to computational constraints, we couldn't adjust
the electric field strength to remove just one electron. Notably, as demonstrated earlier, the
molecular response remains linear within this range, so it should not influence our conclusions.
This is particularly true for insulin*®, which has about 4.26 times more valence electrons than SP.

Specifically, insulin*® has 2240 valence electrons, while SP has 526.

The energy remaining after the pulse is a crucial parameter that can be utilized, for instance, in
molecular dynamics (MD) simulations to comprehend certain aspects of ultra-fast structural
relaxation or energy dissipation. In our simulation, energy variation after pulse represents the
internal energy retained in the system due to the excitation of electrons and the molecule's new
ionic form. For SP, energy increase reached 15 eV, mirroring its ionization state. however, despite
insulin*® being 4.26 times larger, once the energy variation is normalized by its ionization state,
the outcome is 20.7 eV. This is only 5 eV greater than SP, whereas a projection based on the

number of valence electrons would place it at 63.9 eV. Comparing these findings, for instance,
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with Met-enkephalin (P1) evaluated in Section 5.1, the energy variation normalized for a single
holein P1is 12.4 eV, given its 216 valence electrons. This underscores that energy variation isn't

strictly proportional to the number of valence electrons.

This phenomenon is anticipated due to the fact that, in all cases, a single electron is removed,
theoretically leading to consistent retained energy. However, the slight relative increase observed
with larger systems is attributed to variations in electronic structure, ionization characteristics
type of atoms to each system, and an elevated likelihood of excitation as the system size expands.
However, what is crucial is that the remaining energy does not substantially increase with the size
of the system, which could be helpful in understanding the processes of structural relaxation and

fragmentation within larger systems.
b. lonization of residues and charge migration

To demonstrate the hole distribution across residues and charge migration in insulin*® and SP_e,
we computed the normalized hole distribution over residues at two distinct times: 20 fs and 50 fs.
This is depicted in Figure 5-24, with the distribution presented in accordance with the sequence

number of residues in insulin*® and SP.
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Figure 5-24: Normalized holes spreading over residues at 20 fs and 50 fs for insulin*® (left) and SP_e (right)

Upon first observation of the figure, it can be seen that for both systems, charge is strongly
delocalized over all residues. However, some residues are more impacted than others. Insulin*®
showing a larger delocalization of holes due to its greater number of residues. Several reasons
can account for this extensive charge delocalization during XUV-pulse interaction. The energy
uncertainty of the pulse, given its duration, exceeds the energy difference between MOs, leading
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to the ionization of multiple electrons across various MOs. Moreover, even for a single distinct
energy, the ionization of several electrons from HOMO and deeper valence states is possible,
especially in larger systems. Additionally, the XUV-pulse predominantly targets deeper valence
electrons, especially within the energy range of our pulse. Deep valence states are known for their
strong superposition due to high correlation, which can further spread the charge in the

molecular system.

The analysis of residues charge at different times corresponds to the movement of charge among
residues due to charge migration, ICD, or auto-ionization, as explained in Chapter One. Because
we cannot separate these processes in our analysis, we call all processes "charge migrations". As
seen in the figure, charge migration occurs in nearly all residues. However, the amplitude of
charge migration, compared to the initial ionization by the pulse, is significantly low. There could

be two reasons for this.

First, the nature of the interaction of the XUV-pulse which is different from, for example, UV rays
or X-rays. UV rays or X-rays selectively ionize electrons in the HOMO or core electrons of a specific
atom in the molecule. Consequently, the probability of post-ionization such as charge migration
compared to the probability of initial ionization in the molecule is expected to be significant. On
the contrary, an XUV-pulse depopulates nearly all valence electrons, leading to many channels of
charge migration being activated simultaneously. Perhaps an atom at the same time receives and
transfers electrons. Moreover, because the probability of initial ionization distributes over all
atoms in the molecule, it is expected that the likelihood to observe charge migration would be
low. This low probability of charge migration and complex charge migration in one fragment have
been observed in the case of phenylalanine by F. Calegari et al.81%29, If this reason holds true, it
establishes a fundamental difference between XUV-pulse interactions and those of UV-rays and

X-rays in terms of charge migration.

Second, this might be an artifact due to the adiabatic approximation in RT-TD-DFT. As discussed
in Chapter One, the adiabatic approximations could impact electron dynamics, especially in cases
where the system is strongly perturbed. This effect has been observed for the Hubbard model®®

and glycine>. However, for larger molecular systems, the impact is not yet clear. It is challenging
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to verify this because a reliable code that takes this effect into account doesn't exist to date,

especially for large systems.

Even though the amplitude of charge migration is small, we attempted to identify correlations of
charge migration between residues. For this purpose, we employed correlation matrix. As
illustrated in Chapter Four, the correlation matrix can effectively identify correlations of charge
migration among residues. In Figure 5-25, we calculated the correlation matrix for SP_e and SP_a
based on charge variations on residues within the 40-50 fs range. We chose this time frame due
to the potentially complex charge migration processes in the system, which might lead to rapid

changes in correlations between residues.
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Figure 5-25: Correlation matrix of charge variation between residues in the 40-50 fs interval for SP_e (left side) and
SP_a (right side).

As observed in the figure, we can identify several strong anti-correlations between residues,
which correspond to charge migration between the two residues. The charge migration
correlations between residues differ in SP_e and SP_a, which is expected since the electronic
structure and the environment of the residues are quite different in the two systems. In SP_e,
Argl exhibits a strong anti-correlation with Lys3, and Pro4 has an anti-correlation with Met11.

For SP_a, Argl shows strong anti-correlation with several residues: GIn5, Phe7, and Met11. These
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results confirm that even if the amplitude of charge migration is small, we can still identify charge

migration between residues.

c. Correlation between ionization of residues and ionization potential

As previously observed, ionization is spread across all residues, though some residues experience
more ionization than others. This disparity might be associated with the ionization potential (IP)
of the residues. To investigate this, we calculated the IP for all residues in insulin*® in two ways:
First, we calculated the IP for each residue in a vacuum. Second, we determined the IP for each
residue in insulin*® using the QM/MM technique, where the environment is considered at the
MM level. For this test, we employed the B3LYP>’ exchange-correlation functional which is
general hybrid functional. The IP calculation is based on the ionization of electrons in the highest

HOMO.

The results, shown in Figure 5-26, are presented in correlation with the normalized number of

holes for each residue.
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Figure 5-26: Correlation of the normalized number of holes on residues in insulin with their ionization potential in a
vacuum (blue circles) and within the insulin+6 environment (red circles).
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As evident from the figure, no correlation is observed between the charge on the residue and IP,
even when considering the insulin*® environment. This is expected because the XUV-pulse ionizes

not only the HOMO but also the deeper valence electrons.

d. Correlation between ionization of residues and valence electrons

For further insight into the correlation of residue ionization, in Figure 5-27, we plotted the
normalized number of holes on the residues with respect to their number of valence electrons

for insulin*® and SP_e.
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Figure 5-27: Correlation between the normalized number of holes on residues and their number of valence electrons
for insulin*® (left) and SP_e (right). The red triangles in the SP_e figure correspond to the number of valence electrons
calculated within the SP_e molecule.

As illustrated in the figure, there is a discernible trend between the number of valence electrons
and the charge on the residue. This is anticipated because the XUV-pulse interacts with all valence
electrons; hence, as the number of valence electrons increases, the likelihood of the XUV-pulse
interaction also rises. However, in both systems, while the probability of ionization does increase
with the number of valence electrons, it remains variable and depends on the localization of the
residue in the structure. For example, insulin*® contains three Gly residues, as visualized in Figure
5-28, and each Gly displays a distinct ionization state. As evident in Figure 5-28, these three Gly

residues are situated in different environments, which could influence their ionization.
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Figure 5-28: Visualization of the insulin structure with glycine residues highlighted in red.

e. Effect of residues environment

To illustrate the effect of the residue environment, we visualized the normalized number of holes
on the residues using a structural representation, scaling the color of each residue according to
the number of holes for both insulin*® and SP_e. Given that the number of valence electrons in
residues and the number of residues in insulin*® and SP_e are different, the direct value of the
normalized number of holes on the residue is not directly comparable when assessing the effect
of the environment. For instance, larger residues might inherently exhibit high values, which
would not necessarily correspond to the environmental effect. Therefore, to make the values of
normalized number of holes on the residues comparable across residues, we first normalized
these values by the number of valence electrons. Then, to ensure comparability between insulin*®
and SP_e, we scaled the obtained values between 0-1. To distinguish this value from the

normalized number of holes, we refer to it as NNh. The results are illustrated in Figure 5-29.
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Insulin*®
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Figure 5-29: Representation of hole spreading over residues for SP_e (left) and insulin*® (right). The color scale of each
residue corresponds to the NNh value. For details on NNh, refer to the accompanying text.

Interestingly, the figure reveals that superficial residues are more susceptible to ionization
compared to those buried within the molecule. The red color, which indicates a higher probability
of ionization, predominantly covers the surface of the molecules, while the blue color, signifying
a lower probability of ionization, is distinctly located inside the molecules. The probability of
ionization for residues scales with their location from the interior to the surface of the molecule.
Additionally, as observed in the figure. the separation zone in ionization probability based on

residue location is more pronounced in insulin*® compared to SP_e.

This remarkable result is not an artifact, for instance, from the basis set. Although we
demonstrated in Section One the capability of our basis set to describe ionization processes, if
there were a problem, the buried residues should be the most susceptible to ionization. This is
because they are surrounded by more atoms compared to superficial residues. As a result, the
better description of the continuum state would increase, and the probability of ionization would

also increase. However, this is not the case.

One possible explanation for this observation is that superficial residues in the gas phase lack

interactions compared to buried residues. Consequently, the MOs within superficial residues
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undergo a slight destabilization, resulting in elevated energy levels and expanded spatial
distribution. One hypothesis posits that the probability of electron depopulation from these high-
level MOs increases with the particular energy of the pulse. Another hypothesis suggests that the
expanded spatial profile of superficial residues contributes to an increased ionization cross-
section. To validate first hypothesis, we introduced a new descriptor in our code to calculate the
proximity of MOs to the molecule's surface, which we termed the 'surface proximity index (SPI)'
This is achieved by integrating the electron density of each MO outside of the van der Waals
radius of the molecular surface. A higher value of SPI for MOs indicates that the MO is closer to

the surface.

In Figure 5-30, we collected the intrinsic properties and probability of ionization at the MO level
alongside the value of SPI for insulin*®. The diagram illustrates the energy of each MO, and its
color is scaled according to the SPI value, which signifies the proximity of the MO to the surface
of insulin*®. The blue and dark blue curves represent the normalized number of holes on the MOs
in intervals of 0.05 eV and 0.35 eV energy, respectively. The green line depicts the density of
states (DOS) within a 0.35 eV interval, with the value of DOS normalized by the total number of

states.
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Figure 5-30: Relative probability of hole formation on insulin*® as a function of the ground state Kohn-Sham molecular
orbital energies. MO levels are colored in the energy diagram according to the proximity of each molecular orbital to
the surface as quantified by the surface proximity index (SPIl). Hole distribution and density of Kohn-Sham states are
displayed in blue and green respectively.
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Interestingly, as observed in the energy diagram, as the energy of the MOs increases, their
proximity to the surface also increases. The MOs on the surface of the molecule are destabilized
due to a lack of interactions compared to the ones buried in the molecule, which is why they have
higher energy. The DOS (green line) is not a smooth curve; it is discretized into five major peaks
around -33, -30, -26, -22, and -16 (eV). However, the majority of states are located in the energy
range of -25 to -12 eV. As shown by the blue line, for the pulse energy used in this test, the holes
spread over all MOs roughly following the same profile as the DOS, with the exception of the peak
at -22 eV, which is shifted and more pronounced. Since we normalized the number of holes and
the DOS, the difference in amplitude of peaks between both curves indicates the susceptibility of
MOs in that energy range to ionization. Comparing the amplitude differences between the DOS
and normalized number of holes, it is evident that the difference is more pronounced below -25
eV compared to higher energies. This suggests that our pulse is less susceptible to ionize the MOs
below -25 eV. Particularly, the difference between both curves is very small, or coincident, in the
range of -24 eV to -20 eV, indicating that the pulse's centroid lies within this region. However, the
depopulation of MOs at higher energies remains significant, corresponding to the MOs' greater
proximity to the surface. This, in turn, corresponds to the MOs of surface residues in insulin*®,
This explains why, with the pulse that we used, the surface residues are more ionized compared
to residues inside insulin*®. Furthermore, an additional observation can be made in the curve
depicting the normalized number of holes. A significant reduction becomes noticeable at -18 eV.
This phenomenon implies that the ionization of molecular orbitals (MOs) does not strictly align
with the energy of the pulse. This behavior is expected in a heterogeneous molecular system, as
each atom possesses a distinct ionization cross section. For instance, in the case of nitrogen, the
measurement of partial ionization cross sections for HOMO and deeper valence levels fluctuates
as a function of photon energy. Specifically, after a decrease in the proportion of ionization of the

HOMO with increasing photon energies, a subsequent rise occurs above 30 eV>2,

This finding is crucial for understanding the interaction of XUV-pulses, especially with large
molecular systems. It suggests that the XUV-pulse exhibits some selectivity towards surface
residues or atoms. This selectivity may change by adjusting the energy of the pulse. For instance,
a more energetic pulse that depopulates deeper valence electrons might ionize more buried
residues, while a low-energy pulse that primarily depopulates the HOMO might ionize more
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surface residues. Additionally, altering the protein's surface could also change the probability of
surface residue ionization. For instance, by solvating the protein in water, the energy of the MOs
on the molecule's surface could be modified, potentially impacting this feature. The second
hypothesis, which suggests an increase in the ionization cross-section of surface residues due to
the expansion of their MOs' spatial contribution, is also feasible. In this scenario, the susceptibility
of surface residues to ionization is not contingent on the energy of the pulse; rather, it relies on
the alteration of the protein's surface potential. However, a more in-depth analysis and further

testing are required to draw a conclusive decision.
f. lonization of backbone and side-chain

As explained in the introduction, the protein's backbone is responsible for its primary and
secondary structures. It connects the sequence of amino acids, and by forming hydrogen bonds
between the amino acid backbones, it gives rise to structures like alpha-helices and beta-sheets.
On the other hand, the side chains play a pivotal role in determining the tertiary structure of a
protein. Through interactions like electrostatic forces, hydrogen bonds, and disulfide bridges
between different amino acid side chains, they shape the three-dimensional structure of the
protein. Consequently, radiation damage to the backbone can result in breaking bonds between
amino acids, leading to protein fragmentation or alterations in its secondary structure. Damage
to the side chains can lead to the loss of these chains and disruption of the bonds between them,
compromising the 3D structure of the protein. Thus, damage to the backbone and side-chain can

distinctly alter the protein's structure.

To explore the impact of the XUV-pulse on the ionization of the backbone and side-chain, we
calculated the percentage of holes on the backbone and side-chain across all peptides and

insulin*® discussed in this chapter, as depicted in Figure 5-31.
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Figure 5-31: Percentage of holes on the backbone (red bar) and side-chain (blue bar) for peptides and insulin®,
arranged based on their number of valence electrons. The dashed red and blue lines indicate the percentage of valence
electrons in the backbone and side-chain, respectively.

In all the examined systems, the side-chains consistently show a higher probability of ionization
compared to the backbone if considering the number of valence electrons. Interestingly, the
percentage of holes does not directly correlate with either the number of valence electrons or
the system's size. For example, while P2 and P3 contribute equally in terms of valence electrons,
their respective backbones and side-chains respond differently to the XUV-pulse. Moreover,
when considering the percentage contribution of valence electrons, the backbone and side-chain
in both P4 and insulin*® display similar ionization patterns, even though insulin*® is approximately
12 times larger. The ionization responses of the backbone and side-chain to the XUV-pulse seem
to hinge more on their positioning within the system's 3D structure or the specific types of side-
chains present, as evidenced by the consistent response across all SP conformations. This
distinction in ionization susceptibilities between side-chains and backbones can provide valuable

insights into understanding the behavior of proteins when exposed to XUV radiation.

5.3.4 Partial conclusion

In this section, we investigated the interaction between XUV-pulses and the ultra-fast responses
induced by these pulses in insulin*® and SP using RT-TD-DFT simulations. Our analysis revealed
several key insights, particularly relevant to understanding how XUV-pulses interact with large

biomolecules:
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The internal energy remaining after the XUV-pulse interaction does not strictly increase
with the size of the system, as one might expect due to the increase in the number of
electrons in the system. This observation could provide insights into fragmentation and
ultra-fast structural relaxation in large molecular systems.

We established that ionization nature does not rely on the electric field strength in the
linear response regime. However, it exhibits a slight dependence on pulse orientation.
Our analyses reveal that XUV-pulse-induced ionization of residues is strongly delocalized
across all residues. Moreover, the post-ionization charge migration between residues
appears negligible when compared to the initial ionization of the residues themselves.
We discovered that the ionization probability of residues does not hinge on their
ionization potential. Instead, it generally correlates with the number of valence electrons
in residues, albeit influenced by the residue's environment.

A notable finding was the higher propensity for ionization in surface residues compared
to those buried within the molecule. This observation can be attributed to the energy
levels and spatial contribution of molecular orbitals in the surface residues.

Lastly, our research indicates that, when exposed to XUV-pulses, the side chains of
peptides or proteins have a higher likelihood of ionization than their backbones. This
revelation can shed light on specific damage mechanisms in proteins triggered by XUV-

pulses.

5.4 Conclusion and perspectives

In this chapter, we delved into the ultra-fast electronic responses of larger proteins, such as

insulin*® and the peptide substance PH*, to XUV-pulse interactions using RT-TD-ADFT. Our journey

commenced with an evaluation of the local basis set's applicability in RT-TD-ADFT simulations for

capturing XUV interactions. Subsequently, we analyzed the conformational structure of insulin*®

and substance PH* in the gas phase employing MD simulations. Our final exploration centered on

the interaction of XUV-pulse and the primary ionization events, based on the results from our RT-

TD-ADFT simulations.
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During our assessment of the basis set, our conclusions indicated that, for smaller molecular
systems, incorporating AOC and/or the use of ghost atoms substantially improves the continuum
state description. For larger systems, a standard basis set effectively and qualitatively captures
the XUV-pulse-induced ionization processes. Notably, for large systems, we showed that ECP

predict XUV-pulse interactions both qualitatively and quantitatively in comparison with ref-AOC.

In our study of the structure of insulin*® and substance PH* in the gas phase, we saw that insulin*®
keeps its shape after 2 us and its structure stays mostly the same. This made it easy for us to pick
one structure for XUV simulations. On the other hand, substance PH* had many different shapes

and hydrogen bond patterns, making it hard to choose just one structure.

From our RT-TD-ADFT simulations, we observed that the residual energy after the interaction with
the XUV-pulse doesn't necessarily increase with the size of the molecule. The character of
ionization remains largely unaffected by the electric field strength, though there is a minor
dependency on pulse orientation. The XUV-pulse induces ionization that is evenly distributed
across all residues. Our findings suggest that the likelihood of a residue's ionization doesn't solely
hinge on its ionization potential; instead, it is influenced by the number of valence electrons and
the residue's positioning within the structure. A notable observation was that surface residues
have a higher propensity for ionization compared to those situated deeper within the molecule.
Finally, our results indicate that the side chains of peptides or proteins are more susceptible to
ionization by XUV-pulses than the backbone. This offers insights into potential mechanisms of

protein damage due to XUV-pulses.

This research opens numerous avenues for future exploration, and | would like to emphasize two

pressing areas of focus.

Firstly, within the realm of ultra-fast simulations of XUV-pulses, there's a prevailing hesitance in
the community towards using local basis sets. This stems from concerns about inadequate
representation of the continuum state when the pulse is directly introduced into simulations,

potentially compromising the ionization processes. We showed that, particularly for larger
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systems, even standard basis sets can be effectively used in XUV-pulse simulations. To fortify the
validity of our findings, we aim to enhance our tests in several ways. We plan to improve the
quality of our reference basis set by refining parameters in AOC fitting. Furthermore, we'll extend
our simulations in the xyz-directions for all basis sets, increase the variety of basis sets examined
to identify optimal choices, and test smaller molecular systems. Additionally, by varying the pulse

energy, we aim to expand the scope of our tests across a broader spectrum of XUV.

The second avenue for future research pertains to the susceptibility of surface residues to
ionization by XUV-pulse in comparison to those residues buried within molecules. We determined
that this characteristic hinges on the energy of the molecular orbitals in the surface residues, a
phenomenon reminiscent of behaviors in nanoparticles. The propensity for surface residues to
ionize could be manipulated by adjusting the energy of the XUV-pulse and by modifying the

interactions at the protein surface.

Consequently, we aim to test our systems by varying the pulse energy for finding the effect of
XUV energy. To delve into the effects of surface interactions within proteins, we propose the use
of QM/MM techniques. By immersing our systems in a solvated environment, we can discern the
impacts of these interactions. Addressing these questions holds paramount importance within
the ultra-fast reaction community. This knowledge will significantly deepen our comprehension
of how XUV-pulses interact, especially with large molecular systems. Additionally, it will enhance
the accuracy of interpretations made from ultra-fast events in biomolecules observed in gas

phase experiments when considering their native biological contexts.
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GENERAL CONCLUSION

In this thesis, we have investigated the ultra-fast (atto- femto-second) responses of biomolecules
subjected to fast charged particles and femtosecond XUV-pulses. We have considered energy

deposition and electronic relaxation under various irradiation conditions.

In Chapter One, we introduced the general background and the theoretical concepts used in this
thesis, focusing on radiation damage caused by photons and charged particles, especially during
the physical stage. This introductory chapter also delved into the computational RT-TD-ADFT

framework, a central methodology used in this work.

In Chapter Two, we focused on the study of charged particle interactions, emphasizing the
necessity of including relativity effect arising from the high speed of the charged particles in the
Kohn-Sham potential. The findings revealed that energy transfer relies essentially on the
transverse interaction, further influenced by relativistic effects, which expand it in terms of time
and space. The insights underscored the importance of including a relativistic external potential
in RT-TD-ADFT calculations above 1 MeV. Furthermore, we explored the effects of relativity on
the spatial distribution of energy deposition in agreement with proton energies. The results
showed that relativity significantly impacts the distance interaction of protons in both

perpendicular and parallel directions of proton propagation.

In Chapter Three, we focused on the effect of hydrogen bonds on energy deposition in the
guanine-cytosine nucleobase paired with two water molecules, the whole system being
irradiated by protons. A detailed investigation of energy deposition over a broad energy range
has led to the understanding that the effects of hydrogen bonds are more pronounced at lower
energies, and depend significantly on the trajectories and proton impact on the hydrogen bonds.
An unprecedented observation was the fluctuation of the hydrogen bond effect on energy

deposition at 2 MeV.
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In Chapter Four, we investigated the physical stage of a-irradiation of a protein/DNA complex.
While assessing both polarizable and non-polarizable force fields and altering the size of the QM
region, we deduced that electrostatic induction and the QM region's size had a minimal effect on
energy deposition but had an influence on charge migrations, particularly, the QM region's size.
We concluded that the best strategy for dealing with charge migration was to increase the size
of the QM region. We also delved into charge migration, revealing complex ultra-fast charge
migration and electron-hole recombinations in less than 10 fs, especially concerning the
carboxylate group of the aspartate residue. Finally, we calculated correlation matrices,
showcasing its prowess as an analytical tool in discerning charge migration correlations among

the residues.

In Chapter Five, we examined the ultra-fast electronic responses of larger biomolecules,
specifically insulin*® and the peptide substance PH", in interactions with XUV-pulses. Initially, we
assessed the suitability of using a local basis set in RT-TD-ADFT for these kinds of interactions.
Our investigation then focused on the primary ionization events triggered by the XUV-pulse,

based on the insights we gained from our RT-TD-ADFT simulations.

Our work in Chapter Five has yielded several key insights into the ultra-fast electronic responses
of larger biomolecules to XUV-pulses. During our assessment of basis sets, we concluded that for
larger systems, a standard basis set provides an effective and qualitative account of the ionization
processes induced by the XUV-pulse. Furthermore, effective core potentials showed remarkable
capability in providing both qualitative and quantitative descriptions of XUV-pulse interactions
when compared to our reference basis set. From the RT-TD-ADFT simulations of insulin*® and
substance PH*, we revealed that ionization, induced by the XUV-pulse, is delocalized across all
residues, with minimal charge migration occurring between residues. A particularly noteworthy
observation was that surface residues are more prone to ionization than those located inside the
molecule. Lastly, our study indicates that the side chains of peptides and proteins are more

susceptible to ionization than the backbones when exposed to XUV-pulses.
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This thesis covers very different molecular systems of biological interest from nucleobases to
peptides, proteins, and DNA/protein complexes, the work encompasses a variety of systems and
types of ionization radiation, such as charged particles and XUV-pulses. Our focus extends to
ultra-fast events, from energy deposition to charge migration, thereby posing numerous

guestions and directions for future research.

We found that incorporating the relativity of charged particles is essential in RT-TD-ADFT to
accurately calculate energy deposition. This conclusion is drawn from the analysis of a single
trajectory. To enhance the statistical significance of our findings, further investigations could
involve computing energy deposition across various systems, conducting additional electron

dynamics simulations, or extending the tests using the AOC basis set.

We uncovered a previously unnoticed effect of hydrogen bonds on energy deposition.
Subsequent research endeavors should seek to strengthen these findings through expanded

trajectory sampling or by simplifying the system under investigation.

We demonstrate the impact of polarizable force fields and the size of the quantum mechanical
(QM) region on charge migration. To enhance the robustness of our results, further investigations

could involve the incorporation of a complex absorbing potential (CAP) into the simulations.

The insights gained in Chapter Five suggest that even standard basis sets or in particularly ECP
can be effective in XUV-pulse simulations for larger systems. To reinforce these findings, future
work could involve refining the parameters in AOC fitting and extending simulations across
various xyz-directions for all basis sets. Furthermore, it is crucial to examine the propensity for
surface residues to ionize, as it could be modulated by varying the energy of the XUV-pulse and

by altering interactions at the protein surface. Our proposed use of QM/MM techniques aims to
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shed light on the impacts of surface interactions within proteins, particularly in solvated

environments.

One of the key challenges in the application of RT-TD-DFT to be useful in radiotherapy lies in its
limitations regarding trajectory sampling, energy range, and the lack of transportability of
trajectories. These issues have significant implications for broader applications such as track
structure simulations or range penetration in radiotherapy. However, potential solutions are
beginning to emerge, including the incorporation of relativistic effects and the utilization of

machine learning for predicting trajectories.

This research could be expanded by encompassing a wider variety of biological systems and
exploring different timeframes of irradiation responses. For instance, it would be of high interest
to study irradiation of lipids, crucial components of membranes, or enzymes containing active
sites sensitive to irradiation. A goal is to integrate nuclear dynamics into simulations, thereby
extending the research beyond the physical stage and into the realm of physical-chemical

interactions.

We are planning to further expand our research domain, encompassing a wider variety of
biological systems and exploring different timeframes of irradiation responses. For instance, we
aim to study lipids, crucial components of membranes, and enzymes containing active sites
sensitive to irradiation. Our goal is to integrate nuclear dynamics into our simulations, thereby
extending our research beyond the physical stage and into the realm of physical-chemical

interactions.

These future pursuits have the potential to significantly enhance our understanding of ultra-fast
phenomena induced by ionization radiation in biomolecules, improve the practical applicability
of RT-TD-DFT, and deepen our comprehension of how XUV-pulses interact with larger molecular

systems within their native biological contexts.
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Résumé : Dans cette these, nous étudions I'étape
physique de lirradiation ionisante de systemes
biomoléculaires, un processus se déroulant sur une
échelle de temps allant des attosecondes a quelques
femtosecondes. L'étape physique recouvre le dépot
d'énergie et les migration de charges, jetant les bases
de tous les événements physico-chimiques
subséquents. Nous utilisons la Théorie de la
Fonctionnelle de la Densité Auxiliaire Dépendent du
Temps en Temps Réel (RT-TD-ADFT) pour étudier le
dépdt d'énergie et les réponses ultra-rapides des
électrons des biomolécules exposés a des ions et a
des impulsions XUV.

Le Chapitre 1 présente une vue succincte des
mécanismes d'endommagement des biomolécules.
Nous abordons les principaux modeéles théoriques de
dépot d'énergie et les approches de simulations
numériques premiers principes dédiés a leur étude.
Ce Chapitre décrit les méthodes théoriques utilisées
dans la suite de travail.

Nous explorons dans les Chapitres 2 et 3 I'impact des
effets relativistes des particules chargées et des
liaisons hydrogeéne sur le dépdt d'énergie pour un
systeme modele guanine-cytosine en lien hydrogene
avec deux molécules d'eau. Nous montrons la
nécessité d'incorporer les effets relativistes pour des
protons de plus d'un mégaélectronvolt d'énergie
cinétigue. Nous montrons que l'effet relativiste
exacerbe le dépot d'énergie, via une modification du
mécanisme  d'interaction  ion-électron.  Nous
constatons que le dépdt d'énergie diminue en
présence de liaisons hydrogene. Cette influence
diminue avec l'augmentation de I'énergie cinétique
du proton jusqu'a 2 MeV, puis elle recommence a
augmenter  progressivement. Ces  tendances
n'avaient pas été observées précédemment dans la
littérature TD-DFT.

Dans le chapitre 3 nous étudions I'étape physique de
l'irradiation o d'un complexe protéine/ADN. Nous
adoptons une approche hybride QM/MM laquelle
couple la RT-TD-ADFT et la mécanique moléculaire
(MM) en champ de forces non- polarisable et

polarisable. Nous montrons que l'induction
électrostatique dans la partie MM a un effet
négligeable sur le dépdt d'énergie mais est de
nature a influencer les migrations de charges entre
fragments moléculaires. Nous identifions des
migrations ultra-rapides (fs) de trous dans le
systeme protéine/ADN. Finalement, dans le but
d'analyser les migrations de charges se déroulant
au sein d'ensembles comportant plusieurs
centaines d'atomes traités en DFT, nous proposons
des outils fondés sur les matrices de corrélation. Il
s'agit d'un outil puissant qui permet extraire des
informations pertinentes des simulations RT-TD-
ADFT sur des systémes de grandes tailles.

Le chapitre 5 porte sur les réponses ultra-rapides
de l'insuline et d'un peptide a une impulsion XUV
dans le cadre d'une collaboration expérimentale.
Nous identifions d'abord que la simulation RT-TD-
ADFT de la photo-ionisation de petites molécules
comme N; est difficile avec des fonctions de base
gaussiennes standard. Cependant, elle peut étre
améliorée en les enrichissant d'orbitales atomiques
optimisées pour le continuum. Toutefois, ces
difficultés sont largement atténuées lors de la
simulation de molécules plus grandes. Nous avons
effectué des calculs pour I'éjection d'électrons et la
création de trous sur une période de 50 fs pour les
peptides. Les résultats montrent que la distribution
de trous couvre toute la structure moléculaire, bien
qu'il y ait des disparités marquées entre les
différents acides aminés. La probabilité d'ionisation
augmente en corrélation grossiere avec le nombre
d'électrons de valence. Au sein d'un acide aminé
spécifique, I'environnement joue un role clé dans la
détermination de sa probabilité d'ionisation. Une
observation remarquable de notre étude est la
susceptibilité accrue a l'ionisation des acides
aminés présents sur la surface par rapport a ceux
profondément intégrés dans la structure.

Le manuscrit se conclue par une synthese générale
des travaux et la proposition de quelques voies de
recherche futures possibles.
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Abstract : In this thesis, we study the physical stage
of ionizing irradiation of biomolecular systems, a
process taking place on a time scale ranging from
attoseconds to a few femtoseconds. The physical
stage covers energy deposition and charge
migration, laying the foundations for all subsequent
physico-chemical events. We use Real-Time Time-
Dependent Auxiliary Density Functional Theory (RT-
TD-ADFT) to study energy deposition and ultrafast
electron responses of biomolecules exposed to ions
and XUV pulses.

Chapter 1 presents a brief overview of biomolecule
damage mechanisms. We discuss the main
theoretical models of energy deposition and first-
principles  numerical  simulation  approaches
dedicated to their study. This chapter describes the
theoretical methods used in the rest of the work.

In Chapters 2 and 3, we explore the impact of
relativistic effects of charged particles and hydrogen
bonds on energy deposition for a model guanine-
cytosine system in hydrogen bond with two water
molecules. We show the need to incorporate
relativistic effects for protons of more than one
mega-electronvolt kinetic energy. We show that the
relativistic effect exacerbates energy deposition, via a
modification of the ion-electron interaction
mechanism. We find that energy deposition
decreases in the presence of hydrogen bonds. This
influence diminishes with increasing proton kinetic
energy up to 2 MeV, before gradually increasing
again. These fluctuations had not previously been
observed in the TD-DFT literature.

In chapter 3 we study the physical stage of a
protein/DNA complex irradiated by an a-particle. We
adopt a hybrid QM/MM approach that couples RT-
TD-ADFT and molecular mechanics (MM) in non-
polarizable and polarizable force fields.

We show that electrostatic induction in the MM
part has a negligible effect on energy deposition,
but is likely to influence charge migrations between
molecular fragments. We identify ultra-rapid (fs)
hole migrations in the protein/DNA system,
occurring at the fs scale. Finally, in order to analyze
charge migrations occurring within systems
comprising several hundred quantum atoms, we
propose tools based on correlation matrices. This is
a powerful tool for extracting relevant information
from RT-TD-ADFT simulations on large-scale
systems.

The final chapter focuses on the ultrafast response
of insulin and a peptide to an XUV pulse in an
experimental collaboration. We first identify that
RT-TD-ADFT simulation of the photo-ionization of
small molecules like N2 is difficult with standard
Gaussian basis functions. However, it can be
significantly improved by enriching them with
continuum-optimized atomic orbitals. However,
these difficulties are largely mitigated when
simulating larger molecules. We have carried out
calculations for electron ejection and hole creation
over a period of 50 fs for peptides. The results show
that the hole distribution covers the entire
molecular structure, although there are marked
disparities between the different amino acids. The
probability of ionization increases in rough
correlation with the number of valence electrons.
Within a specific amino acid, the environment plays
a key role in determining its ionization probability.
A remarkable observation of our study is the
increased susceptibility to ionization of amino acids
present on the surface compared to those deeply
embedded in the structure.

The manuscript concludes with a general summary
of the work and a proposal for possible future
research avenues.




