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Abstract

The pursuit of sustainable lunar habitats marks a transformative milestone in space
exploration, with NASA’s Artemis campaign propelling us into a new era dedicated to
advancing scientific discovery and supporting extended astronaut missions on the Moon.
The lunar surface poses extreme environmental challenges, including temperature fluctu-
ations from 100 K to 400 K and continual exposure to high-energy particles. Developing
materials resilient enough to withstand these conditions is crucial for both immediate ex-
ploration and longer-term lunar settlement. This study uses molecular dynamics (MD)
simulations to evaluate the thermal stability and structural resilience of candidate ma-
terials under conditions that mimic lunar thermal cycling. Specifically, it examines the
performance of silica (SiO3)—a major component of lunar regolith and a key material
for glassmaking—and polyethylene, a polymer of interest for lunar construction appli-
cations. Simulations, conducted using the Meso-Bio-Nano (MBN) Explorer software,
focused on temperature variations from 100 K to 400 K, isolating thermal effects to
assess structural integrity without the irradiation influences. We find that crystalline
SiO2 exhibits remarkable thermal stability, attributed to its high melting point and
ordered atomic structure, while amorphous SiO2, modelled as glass, shows substantial
resilience under extreme temperature shifts. Polyethylene, modelled via CHARMM-
GUI and subjected to thermal cycling in MBN Explorer, also maintains structural in-
tegrity, highlighting its potential in polymer-based lunar applications. These insights
into material performance under lunar-like conditions lay the groundwork for further
experimental validation and refinement. Future research will expand on this work by
integrating Irradiation Driven Molecular Dynamics (IDMD) into simulations, incorpo-
rating experimental data to match engineering requirements, and exploring additional
candidate materials for lunar infrastructure—contributing vital knowledge to lunar ma-

terials science and supporting the next phase of lunar exploration and settlement.
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Chapter 1

Introduction

The pursuit of lunar settlements marks a significant milestone in humanity’s exploration
of space. With NASA’s Artemis campaign, we are embarking on a transformative era of
lunar exploration aimed at advancing scientific knowledge, developing new technologies,

and learning how to live and work on another world.

Scientifically, establishing permanent bases on the Moon offers the potential for ground-
breaking discoveries. These include conducting experiments in low gravity, searching for
extraterrestrial life, and growing crops in extreme conditions. This renewed focus on
lunar exploration heralds a new era, with the potential for humanity’s first permanent

settlements beyond Earth within the next few decades.

To support astronauts during these extended lunar missions, which are projected to last
several months, there is a critical need for habitats that provide large habitable volumes.
Ensuring the psychological and physiological well-being of astronauts in the Moon’s
harsh environment requires innovative habitat designs that address challenges such as
lack of gravity and atmosphere, the deleterious effects of radiation, and temperature

fluctuations [1].

A sustainable presence on the Moon not only exemplifies human ingenuity but also serves
as a crucial stepping stone for deeper space exploration. The Moon’s proximity to Earth
makes it an ideal candidate for testing and developing space habitation technologies,

paving the way for future missions to Mars and beyond.

As we push the boundaries of human exploration, ensuring that we have the right mate-
rials to construct and maintain these habitats will be just as critical as the technological
innovations themselves. Achieving this goal will depend on significant advancements in

materials science to withstand the extreme conditions of space. The materials we choose
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will play a vital role in shaping the future of space habitation, enabling us to create sus-

tainable, functional, and resilient environments for future generations of explorers.

This thesis aims to address these challenges by discussing the performance of different
materials under simulated lunar conditions. By exploring a combination of experimental
data and molecular dynamics simulations, this study seeks to provide an understand-
ing of how materials such as SiO2 and polyethylene—commonly used in space applica-
tions—respond to the Moon’s extreme environmental factors. The research will focus
particularly on the effects of temperature fluctuations on these materials, contributing to

the development of more resilient materials for future lunar habitats and infrastructure.

The following sections provide a comprehensive background on the challenges that lunar
exploration poses in selection of materials that can be used in developing bases on
the lunar surface. The goal is to provide knowledge that will not only advance our
understanding of material performance in space but also support the broader vision
of sustainable human presence on the Moon and eventually other bodies in the Solar

System.

1.1 Background and Motivation

As the nearest celestial body to Earth, the Moon provides a unique platform for sci-
entific discovery, technological advancement, and the development of sustainable space
habitats. The exploration of the Moon has been a longstanding goal of human space
exploration, driven by both scientific curiosity and the potential for future habitation.
It is an object holding many secrets that leaves several unanswered questions since it
was formed during Theia Impact. According to the hypothesis proposed by William
Hartmann and Donald Davis in 1975 [2], the Moon’s formation resulted from a collision
between a Mars-sized planetesimal and a proto-Earth during the Hadean Eon, around
4.5 billion years ago (1 Gigaannum, Ga = 1 billion years) [3]. This event is believed
to have occurred approximately 20-100 million years (1 Megaannum, Ma = 1 million
years) after the Solar System began forming, which began coalescing from interstellar
material in the Milky Way Galaxy approximately 4.567 Ga, long after the galaxy itself
formed around 13.5 Ga [4].

For millennia, humans observed the Moon with the naked eye, but it was Galileo who first
made astronomical observations of the Moon using a telescope, in 1609 AD, marking
a new era of lunar exploration [5, 6]. His detailed observations provided significant
evidence of the Moon’s rocky nature which later published in Sidereus Nuncius [7]. As

shown in Figure 1.1, Galileo sketched various phases of the Moon and also documented
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his observations of Jupiter’s moons, further advancing our understanding of the celestial
bodies.
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FIGURE 1.1: Galileo’s observations and sketches from Sidereus Nuncius (1610). Left:
Detailed drawings of different phases of the Moon, with magnification revealing its
rocky surface. Right: A sequence of observations of Jupiter’s satellites, documenting
their movement and disappearance behind the planet (Ref. [7]).

Many astronomical observations and imaging missions took place after Galileo, and
numerous fictional stories have revolved around lunar exploration, yet touching the
Moon remained a distant dream. The surface of the moon stayed pristine from human
contact until the first Apollo Missions [8]. On 20 July 1969, NASA made history with
Apollo 11—the first successful manned mission to land on the Moon and return to Earth.
Astronauts Neil Armstrong and Edwin ”Buzz” Aldrin became the first humans to set
foot on the lunar surface (Figure 1.2 [9]), while astronaut Michael Collins remained in
lunar orbit aboard the command module Columbia [8]. During their mission, Armstrong
and Aldrin conducted experiments on the lunar surface and explored the area around
their landing site, including a small cluster of craters and Little West Crater, located

approximately 60 meters from the lunar module (Figure 1.3).

These missions unleashed many theories and facts about the Moon. Following the his-
toric success of Apollo 11, six subsequent manned lunar landings expanded our knowl-
edge even further. These missions were not only milestones in space exploration but were

also crucial in developing our understanding of the Moon’s surface and environment.
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F1GURE 1.2: Astronaut "Buzz” Aldrin standing on the Moon facing a US flag during
the Apollo 11 mission in July 1969 (Ref. [9]).
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F1GURE 1.3: Apollo 11 landing site. The image depicts the locations where astronauts
Neil Armstrong and Edwin ”Buzz” Aldrin placed key items, including the US flag, a
television camera, and various surface experiments. The footprints and disturbed lunar
soil, visible in the image, trace the paths made by the astronauts as they explored and
worked around the landing site (Image courtesy of NASA/GSFC/ASU).
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The Apollo astronauts’ first hand experiences provided valuable observations about the
environmental factors influencing the conditions and challenges of working on the lunar
surface. For instance, they experienced the extremes of temperature, ranging from
blistering heat (390 K) during the lunar day to freezing cold (104 K) during the lunar
night [10, 11]. They also had to contend with the Moon’s near-total lack of atmosphere,
almost 14 orders of magnitude thinner than Earth’s [12], which left them exposed to
space radiation and micro-meteoroid impacts—both of which poses significant hazards

to human life and equipment.

The astronauts also encountered unexpected challenges, such as the abrasive and sticky
nature of lunar dust, which clung to their spacesuits and instruments, damaging equip-
ment and reducing visibility [13, 14]. Additionally, the Moon’s low gravity—about one-
sixth of Earth’s [15, 16]—influenced how the crew moved, worked, and handled tools
and materials. The lessons learned from the Apollo programme have laid the foundation

for advancing space exploration technologies.

However, more than 50 years after the Apollo programme, NASA reignited humanity’s
quest for lunar exploration by launching the Artemis program in 2017. The programme
aims to advance scientific discovery, drive economic benefits, and inspire a new genera-
tion of explorers—the Artemis Generation. Its primary goal is to reestablish a human
presence on the Moon for the first time since the Apollo 17 mission in 1972. These mis-
sions underscore the critical need for habitats capable of supporting astronauts during
extended stays, with future lunar surface missions expected to last several months at
a time [1]. Unlike the short-term missions of Apollo, Artemis is focused on long-term
habitation of the lunar surface, with astronauts expected to conduct missions lasting
several months. This underscores the critical need for advanced habitats that can sus-
tain human life in the Moon’s harsh environment, providing protection from extreme
temperatures, radiation, and other environmental hazards, while supporting both the

physical and psychological well-being of astronauts during extended stays [17].

NASA has outlined a two-phased strategy to return humans to the Moon and establish
a sustainable presence both in orbit and on the lunar surface. The first phase is focused
on administrative groundwork, which includes the development of the Gateway—a lu-
nar orbiting outpost. The initial Gateway configuration marks the foundation of its
operational capabilities, designed to support the first human mission to the lunar South
Pole. The detailed mission plan is shown in Figure 1.4, while an artistic impression
of the mission is depicted in Figure 1.5. This phase is crucial for setting up the in-
frastructure needed for future exploration. The second phase centers on advancing the
technologies necessary for a long-term, sustainable presence on and around the Moon.

This includes developing reusable systems, fostering collaborations with a diverse range
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FIGURE 1.4: Mission planning for Artemis programme Phase 1 (Image courtesy of
NASA).

FI1GURE 1.5: Artistic impression of NASA astronauts performing research on the lunar
South Pole. (Image courtesy of NASA).

of international and private sector partners, and enabling regular missions to various lo-
cations across the lunar surface. By ensuring that lunar exploration becomes more than
a one-off endeavour, NASA’s phased approach aims to establish a lasting and productive
foothold on the Moon [18].

Following the successful return of humans to the lunar surface, the Artemis programme
will transition into Phase 2 as described in Figure 1.6. This phase will prioritise es-
tablishing a sustainable human presence both in both in cislunar space—the region
between the Earth and the Moon—and on the Moon’s surface. NASA will continue

utilising the Space Launch System (SLS) and Orion spacecraft for subsequent Artemis
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missions, while progressively expanding the Gateway into a more advanced platform
for science and exploration. This expansion will be supported by contributions from
commercial and international partners. A key objective of Phase 2 is to conduct crucial
technology demonstrations and scientific experiments, laying the groundwork for future
crewed missions to Mars, with the first of these missions anticipated to launch in the
2030s. This phase represents a critical step in advancing space exploration capabilities,

not just for lunar operations but as a precursor to deeper space missions [18].
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FIGURE 1.6: Mission planning for Artemis programme Phase 2 (Image courtesy of
NASA).

This renewed effort to explore the Moon underscores the importance of addressing the
unique challenges of lunar habitation, pushing the boundaries of materials science, engi-
neering, and space technologies in ways not seen since the Apollo era. As we approach
Artemis Phase 2, space agencies, in collaboration with industry partners, are working
to develop the infrastructure and systems necessary for sustained lunar missions, while

also paving the way for future Mars exploration [18].

A major objective in achieving the goals of the Artemis programme and the Space Policy
Directive-1 (SPD-1) is to thoroughly understand and utilise the resources available at
lunar and other space destinations. Central to this is the concept of In Situ Resource
Utilisation (ISRU), which refers to the technology and operations that harness local
resources to produce the materials needed for sustained human exploration and space
commercialisation. The NASA ISRU programme is specifically focused on generating
essential mission consumables and commodities, such as rocket propellant, life support
resources, fuel cell reactants, manufacturing and construction materials, and nutrients

for food and plant growth. Indeed, it is through the development of ISRU technologies
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that NASA aims to reduce the reliance on Earth-based supplies and enable a long-term

human presence on the Moon and beyond [19].

As we progress into Phase 2 of the Artemis programme, the development of resilient
and sustainable materials—both sourced from Earth and derived from in-situ lunar
resources—becomes essential in addressing the challenges of long-term lunar habitation.
The ability to produce mission-critical consumables and infrastructure directly from the
Moon’s local resources aligns seamlessly with the overarching objectives of the Artemis
programme and Space Policy Directive-1 (SPD-1). This strategy not only facilitates the
survival and daily functioning of lunar missions but also paves the way for constructing
habitats, energy systems, and other crucial infrastructure using materials harvested
directly from the lunar surface. Such advancements will be vital in establishing a self-

sustaining lunar base and supporting future missions to Mars and beyond.

The motivation for this thesis arises from the need to better understand how different
materials behave under lunar environmental conditions, particularly focusing on the ex-
posure of materials to dramatic temperature extremes and deleterious effects of space
radiation. Existing research has provided valuable insights into the effects of space radi-
ation and thermal stress on materials, yet significant gaps remain in our understanding
of how these factors interact, especially over extended time periods. The ability to accu-
rately simulate and predict the degradation of materials under such conditions is critical

to the design of future lunar habitats, equipment, and spacecraft.

1.2 Objective of the Study

This research is aimed at advancing space exploration by developing materials that are
resilient enough to withstand the extreme environmental conditions of the Moon. The
ultimate goal is to facilitate the construction of lunar habitats, which are essential for
establishing a long-term human presence on the Moon and fostering the sustainable
expansion of human settlement beyond Earth. This study focuses on the critical role
the choice of materials will play in constructing and maintaining lunar infrastructure,
considering both in-situ materials sourced directly from the lunar surface and imported
materials from Earth. Each material presents unique advantages and challenges, and
understanding their response under lunar conditions is essential for their effective appli-

cation.

A key motivation behind this research is to explore atomistic perspectives into the
behaviour of materials that are suitable for lunar applications. The lunar environ-

ment poses unique challenges, significantly different from those experienced on Earth.
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Among the most pressing are the extreme temperature fluctuations, which can range
from around 100 K (—173 °C) during the lunar night to over 400 K (127 °C) during
the day. Such dramatic temperature shifts can lead to thermal fatigue and material
degradation, making it imperative to select materials that can endure this constant
thermal cycling. This research aims to simulate resilient materials and investigate their
performance under thermal stress at the molecular level. Through the use of advanced
computational techniques, particularly molecular dynamics simulations using the MBN
Explorer software, this study aims to understand how these materials respond to the
Moon’s harsh conditions at the atomic and molecular level. This knowledge is critical
because it will guide the selection and optimisation of materials capable of withstanding
lunar extremes, enabling their safe and effective use in building long-term habitats and

infrastructure.

By focusing on the investigating resilient materials, this study will contribute to the
broader goal of ISRU, a key objective of NASA’s Artemis programme and SPD-1. The
ability to harness local lunar resources for the production of mission-critical consumables
will greatly reduce the cost and complexity of resupplying missions from the Earth. The
current research supports the vision of utilising lunar regolith to produce essential ma-
terials for construction, energy systems, and other key infrastructure, thereby enabling
a self-sustaining lunar presence. The development of materials that can be fabricated
directly on the Moon, particularly using silica (SiO2) and other abundant compounds
in lunar regolith, could revolutionise space missions by significantly extending their du-

ration and scope.

Additionally, this study builds on previous research, including experiments conducted at
HUN-REN Atomki, to evaluate the effects of proton irradiation and temperature cycling
on polymers like polyethylene (CoHy),, and Kevlar (C14H19N2O2),,, which are considered
for various space applications. Such polymers are being considered for a variety of space
applications, from protective layers in space suits to components in lunar habitats [20,
21]. By addressing the fundamental challenges posed by lunar environmental conditions,
this research seeks to advance the development of the next generation of space materials,
contributing to the success of NASA’s Artemis programme and the broader goal of
human expansion into space. The findings gained from this study will be crucial for
studying materials that can thrive in lunar conditions at atomic level, and ultimately

supporting future missions to the Moon, Mars, and beyond.
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1.3 Structure of the Thesis

Chapter 1 provides the background and motivation for this research, outlining the
current state of research on lunar habitats and the specific objectives of this thesis. It
introduces the relevance of material performance in extreme lunar conditions and offers

a brief overview of the objectives of the present work and the tools to be used.

Chapter 2 provides a comprehensive review of materials currently considered or used
for space applications, focusing particularly on their performance under lunar-like con-
ditions. It examines prior studies and documented research on space materials and
delves into the challenges posed by the lunar environment, including thermal extremes,
radiation exposure, and material interaction with lunar dust. The chapter also reviews
different types of materials—such as in-situ and imported resources—and discusses their

suitability for potential use in lunar habitats.

Chapter 3 introduces the computational tools and simulation frameworks used in this
research, focusing on multiscale molecular dynamics methods to analyse material perfor-
mance under lunar conditions. The chapter provides an in-depth overview of the Meso-
Bio-Nano (MBN) Explorer software, detailing its capabilities and its specific application
to thermal stress simulations in this study. Key simulation parameters are discussed,
along with the methodology of irradiation-driven molecular dynamics (IDMD), which
models radiation interactions with materials at the molecular level. Although radiation
effects are not simulated in this work, the inclusion of IDMD serves to lay the ground-
work for future studies. The framework developed here is designed to support both
thermal and radiation simulations, ensuring that this thesis can serve as a reference for

continued investigations into the combined effects of lunar environmental stressors.

Chapter 4 details the computational methods and modelling approaches used to sim-
ulate the performance of selected materials in lunar conditions. This chapter begins
by describing the selection criteria for materials, including silicon dioxide (SiOz) and
polyethylene (PE), both of which are critical to lunar construction and radiation shield-
ing. It provides a detailed breakdown of the molecular modelling techniques, including
crystal and amorphous simulations for SiOs and amorphous models for PE. Each ma-
terial’s unique structural setup is optimised for lunar conditions, followed by targeted
simulations that analyse stability under extreme temperatures and radiation exposure.
This chapter establishes the methodological foundation for interpreting simulation out-

comes and understanding material responses to lunar environmental stresses.

Chapter 5 presents and discusses the computational results for the materials analysed

in this study under simulated lunar conditions. The chapter begins with simulations
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of crystalline silicon dioxide (SiOg), assessing its stability and response to lunar tem-
perature cycles. It also includes an analysis of amorphous SiO (glass) transition from
the crystalline structure and molecular stability of polyethylene (PE) under thermal
cycling. For each material, the chapter provides a detailed analysis of temperature re-
sponse, mechanical resilience, and potential structural adaptations. Comparative anal-
yses are drawn with theoretical predictions highlighting the materials’ suitability for

lunar infrastructure.

Chapter 6 summarises the main findings of this research - the performance and re-
silience of various materials, including crystalline and amorphous forms of SiOs and
polyethylene, under simulated lunar conditions. This chapter provides a comprehensive
overview of how these materials respond to thermal cycling. It highlights the present
contributions to understanding material characteristics at an atomistic level and as-
sesses the implications of these findings for future lunar infrastructure. Limitations of
the study are also acknowledged, with a reflection on how they may impact the broader

applicability of the results.

Chapter 7 proposes potential future research directions, emphasising the need for con-
tinued investigations into new materials and enhanced computational methodologies for
space applications. It suggests expanding material databases to include other polymers,
composites, and potential in-situ resources for lunar environments. Additionally, recom-
mendations are made for improving model accuracy by integrating more empirical data
and refining molecular dynamics simulations. This chapter underscores the evolving
nature of space materials science and its essential role in advancing sustainable lunar

exploration.



Chapter 2

Materials for Lunar Environment

This chapter presents a comprehensive overview of current research on space materials,
with a specific focus on their behaviour and performance in the harsh conditions of the
lunar environment. It examines previous studies on both in-situ materials—sourced di-
rectly from the lunar surface—and imported materials, highlighting their responses to
various environmental factors such as radiation exposure, extreme temperature fluctua-

tions, and interactions with lunar regolith.

By thoroughly reviewing the key challenges that materials encounter on the Moon, this
chapter establishes a solid foundation for the current study and identifies critical gaps in
the existing literature. This analysis is intended to guide future research and develop-
ment efforts in the field. Additionally, the chapter discusses the experiments conducted
by Mr. Jonathan Cousins at HUN-REN Atomki, where he investigated the durabil-
ity of potential materials - polyethylene and Kevlar under simulated lunar conditions.
These experiments provide valuable results on the performance of materials in a space
environment, further informing the ongoing exploration of suitable resources for lunar

missions.

2.1 Challenges in Lunar Environment

The Moon’s proximity and unique relationship with Earth—whether through shared
origins, composition, or orbital dynamics—plays a crucial role not only in scientific
exploration but also in the potential for human habitation and equipment deployment
on its surface. However, many processes we take for granted on Earth operate quite

differently on the Moon due to its distinct environment.

12



Materials for Lunar Environment 13

The most apparent environmental challenges on the Moon include extreme tempera-
ture fluctuations, reduced gravity, surface tremors, and the near-complete absence of an
atmosphere. These factors pose significant obstacles to both human activity and the op-
eration of equipment. Yet, other environmental hazards, though less visible, are equally
important. Chief among these is ionising radiation, which continuously bombards the

lunar surface from solar and cosmic sources. [22]

In addition to radiation, several other hazards must be accounted for, including microm-
eteoroid impacts, which can range in mass from 1072 to 1 g and reach velocities up
to 72 km/s [23]. The Moon’s abrasive and electrostatically charged dust also presents
a significant challenge. Dust particles can become charged by the Sun’s light, lead-
ing to electrostatic drift toward metal surfaces of opposite potential, causing dust to
accumulate upon these surfaces. This dust transport phenomenon, driven by the pho-
toconductive effect, was first observed by the Surveyor 7 mission [24]. Additionally,
the unfamiliar lighting conditions (extreme brightness variations and long shadows) on
the Moon, which lack the visual cues common on Earth, can further complicate surface
operations [22]. These environmental factors underscore the importance of careful study

and planning for future lunar missions.

To contextualise these challenges, the experiences of the Apollo missions are instructive.
Unlike Earth, the Moon exists in near-total vacuum, with a surface pressure of roughly
3x1071 atm (compared to Earth’s surface pressure of 1 atm) and an atmospheric mass
of about 25,000 kg (in contrast to Earth’s 5.1x10'® kg) [25]. Although the Moon’s gravity
is known to be only one-sixth that of Earth’s, Apollo astronauts reported that objects
seemed to weigh just one-tenth of their Earth weight, highlighting the complexities
of working in the Moon’s unique, low-gravity environment. These factors collectively
present significant operational challenges that must be addressed for successful future

lunar exploration.

Much of this chapter will explore the nature of radiation as well as the extreme temper-

ature fluctuation, and their potential impacts on materials and during lunar missions.

2.1.1 Radiation

Since the giant impact—the collision between the proto-Earth and the planetary embryo
Theia (often referred to as the ”Mother of the Moon” )—which occurred approximately
100 million years after the formation of the Earth [26, 27], the Moon has undergone sig-
nificant atmospheric changes. One of the most notable outcomes of this event was the

Moon’s loss of volatile elements, resulting in an extremely thin and tenuous atmosphere
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[3]. This thin atmosphere, known as a surface boundary exosphere, offers minimal pro-
tection from hazardous ionising radiation, making the Moon’s surface highly susceptible

to direct exposure.

The primary sources of radiation on the Moon come from three key phenomena: solar
flares, the solar wind, and Galactic Cosmic Rays (GCRs) [28]. Solar flares and the
solar winds are both generated by the Sun, while GCRs originate from outside our
solar system. Each of these radiation types varies in energy, flux, composition, and their
interaction depths with the lunar surface and thus have different penetration depths into
the lunar surface. Table 2.1 provides a comprehensive summary of the characteristics
of these radiation types, derived from data in the Lunar Sourcebook [22], as well as
composition data from Feldman et al. (1977) for the solar wind [29], Bame et al. (1983)
for magnetospheric plasma [30], McGuire et al. (1986) for solar cosmic rays (SCR) [31],
and Simpson (1983) for GCRs [32].

TABLE 2.1: Comparison of Solar Wind, Solar Cosmic Rays, and Galactic Cosmic Rays
in the lunar environment.

Type Solar Wind Solar Cosmic Rays Galactic Cosmic Rays
Nuclei energies ~ 0.3 -3 keV/u* ~1to>100 MeV/u ~ 0.1 to > 10 GeV/u
Electron energies ~1—100 eV < 0.1to1 MeV ~ 0.1 to > 10 GeV/u
Fluxes (protons/cm?sec) ~3x 108 ~0—106 2-4

Particle ratios

electron/proton ~1 ~1 ~ 0.02
proton/alpha ~ 22 ~ 60 ~ 7

L (3 < Z < 5)/alpha n.d. < 0.0001 ~ 0.015
M (6 < Z <9)/alpha ~ 0.03 ~ 0.03 ~ 0.06
LH (10 < Z < 14)/alpha ~ 0.005 ~ 0.009 ~ 0.014
MH (15 < Z < 19)/alpha ~ 0.0005 ~ 0.0006 ~ 0.002
VH (20 < Z < 29)/alpha ~ 0.0012 ~ 0.0014 ~ 0.004
VVH (30 < Z)/alpha n.d. n.d. ~3x1076

Lunar Penetration Depths

protons and alphas <micrometers centimeters meters
heavier nuclei <micrometers millimeters centimeters

The symbols in the particle ratio types L (light), M (medium), H (heavy), VH (very heavy), etc., represent
historical groupings of nuclei with charge (Z) values greater than 2 in cosmic rays.
n.d. = not determined (usually because the ratio is too low to measure).

A solar flare is a sudden, rapid, and intense release of energy from the Sun’s atmosphere,
occurring when magnetic energy stored in the Sun’s corona is suddenly unleashed. This
release radiates across the entire electromagnetic spectrum, from radio waves to gamma
rays, making solar flares a multifaceted phenomenon. These flares originate from active
regions, areas with concentrated magnetic fields around the Sun’s corona. Solar activity
follows an 11-year cycle, during which the frequency and intensity of solar flares increase,

especially during periods of maximum solar activity [33].

The solar wind is a continuous stream of charged particles, mainly protons and electrons,

that flows outward from the Sun in all directions. These particles can reach speeds of
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ADRIJA BHOWMICK 30 AUG 2024, TORAVERE, ESTONIA

F1cURE 2.1: Northern Lights over Toravere, Estonia, captured by Adrija Bhowmick.
The curtain-like structure of the auroras forms as solar wind particles travel along
Earth’s magnetic field lines, producing vertical sheets of light that resemble drapes.
Colors represent different atmospheric gases: green is produced by oxygen at lower
altitudes, red by oxygen at higher altitudes, and blue and purple hues by nitrogen.
In this image, only the green and purple-blue tones are visible, creating a striking,
dynamic display as the auroral curtains ripple with variations in particle flow and
magnetic activity.

up to 900 km/s, corresponding to temperatures exceeding one million degrees Celsius
[34, 35]. Every object in the Solar System is affected by the solar wind, but the extent
of its impact varies depending on whether the object has a magnetic field. Planets with
magnetic fields, such as the Earth, deflect the solar winds towards their poles, creating
phenomena like auroras. Figure 2.1 shows an image of the auroras, also known as the
northern lights, captured in Toravere, Estonia by the author. However, the Moon lacks
a significant or uniform magnetic field, making it more vulnerable to the effects of the
solar wind. As the Moon absorbs the solar wind particles, it creates a void region or

cavity in the plasma flow near its surface [36].

Galactic Cosmic Rays (GCRs), in contrast, originate from outside the Solar System,
likely as a result of violent cosmic events such as supernovae. GCRs consist of highly
energetic atomic nuclei stripped of their electrons, traveling at nearly the speed of light.
Some GCRs interact with other matter and emit gamma rays during these high-energy

collisions [37]. GCRs are composed of nearly every element in the periodic table, with



Materials for Lunar Environment 16

hydrogen making up 89 percent of their content, followed by smaller amounts of heavier

elements, including trace amounts of uranium [3].

The energy and composition of GCRs remain relatively stable over time, showing only
slow variations. Similar to solar flares, the trajectory of energetic charged particles in
GCRs is influenced by local magnetic fields along their path [38]. As the Moon lacks a
significant magnetic field, the primary source of deflection for GCRs on the lunar surface
comes from the magnetic fields carried by the solar winds. Consequently, the intensity
of GCRs impacting the Moon’s surface is inversely correlated with the Sun’s activity
during its eleven-year solar cycle. During periods of high solar activity, the solar winds

increase, which enhances magnetic deflection and reduces the GCR flux on the Moon.

However, during periods of low solar activity, such as the unusually prolonged solar
minimum in recent years, GCR fluxes on the Moon have reached the highest levels
recorded in the space age [39]. At the same time, the power, pressure, and flux of the
solar wind, as well as its magnetic influence, have been at historically low levels [40-42].
This heightened GCR exposure during solar minimum presents significant challenges for

lunar exploration.

Currently, NASA’s Lunar Reconnaissance Orbiter (LRO) is studying lunar radiation to
gather essential data for developing protection strategies for future human missions and
potential lunar colonisation and research outposts. A key instrument on the LRO, the
Cosmic Ray Telescope for the Effects of Radiation (CRaTER, Figure 2.2) has detected a
previously unidentified source of hazardous radiation, underscoring the unique challenges
such as solar flares, coronal mass ejections, and high-energy charged particles posed by
the lunar environment (shown in Figure 2.3) [43-45]. CRaTER'’s observations have been
instrumental in understanding the risks associated with GCRs on the Moon’s surface.
For instance, at the maximum GCR dose rate observed by CRaTER (11.7 cGy/yr, where
1 Gy = 1 J/kg), GCRs deposit 88 eV per water molecule over 4 billion years, leading
to significant alterations in the molecular composition and physical structure of water
ice. This prolonged exposure affects density, colour, and crystallinity, causes the loss of
molecular hydrogen, and facilitates the formation of more complex molecules by linking

carbon and other elements within the irradiated ice [46].

These distinct forms of radiation present on the Moon pose a significant threat to human
populations returning for research or extended missions. Some estimated radiation dose
rates are presented in Table 2.2, based on data from Nachtwey and Yang (1991) [47].
For context, NASA estimates that the standard radiation dose for a person on Earth is
about 0.36 rad [48]. In comparison, Apollo astronauts received an average skin radiation

dose of 0.38 rad—equivalent to undergoing two head computed tomography (CT) scans.
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FIGURE 2.2: The Cosmic Ray Telescope for the Effects of Radiation (CRaTER) aboard
NASA’s Lunar Reconnaissance Orbiter is equipped with six detectors to monitor ener-
getic charged particles from galactic cosmic rays and solar events. CRaTER performs
two vital measurements: one assesses how space radiation interacts with materials sim-
ilar to human tissue, helping scientists evaluate the potential impact on astronauts and
biological organisms. The second examines the radiation striking the lunar surface,
revealing the composition of the moon’s regolith. (Image courtesy of NASA /GSFC).

SOLAR FLARE

FIGURE 2.3: Radiation hazards in the solar system. Panel (a) illustrates the Sun’s
magnetic field lines, ion radiation, and electron signals propagating through the solar
system, impacting planetary bodies like Earth and Mars. Panels (b) and (c) highlight
solar phenomena critical to radiation hazards: solar flares (b) and coronal mass ejec-
tions (c¢), which are major contributors to high-energy particles affecting space missions
(Posner et al. 2006, Ref. [43]).
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TABLE 2.2: Approximate Radiation Doses and Health Risks for an Astronaut on a
Mars or Lunar Base Mission During Minimum Solar Activity.

Radiation source Representative Skin dose Deep organ Excess lifetime can-
shielding equivalent (5 cm) dose cer incidence in a
equivalent 35-year-old male
Chronic exposure
Trapped beltst 2 g/cm? Al < 2 rem* < 2 rem* < 0.1%
Free space 4 g/cm? Al 75 rem/yr 53 rem/yr ~ 1.2%/yr of exposure
On lunar surface 4 g/cm? Al 38 rem/yr 27 rem/yr ~ 0.6%/yr of exposure
On martian surface 16 g/cm? CO2 (atm.)  13.2 rem/yr 12 rem/yr ~ 0.3%/yr of exposure

Acute exposure to large (e.g., Aug. "72) solar particle event

Free space 2 g/cm? Al 1900 rem 254 rem ~ 5.7%
On lunar surface 4 g/cm? Al 440 rem 80 rem ~ 1.8%
+ shielding 15 g/cm? Al 19 rem 6 rem ~ 0.2%
On martian surface 16 g/cm? COs2 (atm.) 9 rem 4.6 rem ~ 0.1%
+ shielding 60 g/cm? Al < 1rem < 1rem < 0.03%

I one-way transit.

* radiation doses are given in rem, a unit representing biological effect. To convert to rad (absorbed dose),
a radiation weighting factor (Q) is required. For most space radiation, Q ranges from 2 to 5. Thus, 1 rem
typically corresponds to 0.2 — 0.5 rad.

Apollo 14 experienced the highest recorded dose, with 1.14 rad to the skin, all during

missions lasting no longer than 12 days [49].

However, the daily radiation exposure on the lunar surface during a longer mission is
expected to be substantially higher and cannot be accurately predicted from Earth. To
measure these levels directly, the Lunar Lander Neutron and Dosimetry (LND) instru-
ment aboard the Chinese lunar lander Chang’e 4 (Figure 2.4) travelled to the Moon [50].
The LND recorded the first-ever radiation measurements on the lunar surface, revealing
an average daily radiation dose significantly higher than on Earth, which poses consid-
erable risks to human health without proper shielding. These findings provide critical

information about the radiation risks for future missions [51, 52].

To mitigate radiation exposure, subterranean habitats with enhanced radiological shield-
ing will be crucial for long-term lunar habitation. Even for surface operations, continuous
shielding is necessary. As characteristics of the radiations given in Table 2.1, the solar
wind has the highest fluence, but the low energy (1 keV/nucleon) of the particles, chiefly
protons, means that they are stopped in the outer few micrometers (um) of surface ma-
terials as given in Table 2.3 [53]. While the solar wind is a constant feature of the
lunar radiation environment, Solar Energetic Particles (SEPs) occur only in occasional
energetic outbursts from the Sun [54, 55]. SEPs are dominated by protons, and energies
generally range from 1 to 100 MeV per nucleon [56]. Although the average fluence of
SEPs is much lower than that of solar winds, the higher energies allow SEPs to penetrate

deeper into materials.

This thesis focuses on the solar wind radiation due to its overwhelming contribution of

95% to the lunar radiation environment, as shown in Table 2.3. Unlike the sporadic
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FIGURE 2.4: View of the Chang’e 4 lander, with the LND sensor head location high-
lighted by a red arrow. The LND is housed within the lander’s payload compartment.
The red arrow indicates the reclosable door, which shields the LND from the harsh cold
of lunar nights and remains open during lunar daytime. Image courtesy of the Chinese
National Space Agency (CNSA) and the National Astronomical Observatories of China
(NAOC) (Wimmer-Schweingruber et al. 2020, Ref. [50]).

TABLE 2.3: A Summary of the Particle Radiation Types, Compositions, Energy, and
Fluxes with depths at the Lunar Surface.

Radiation Type Particle Types

Energy (MeV
nucleon—1)

Depth of Pene-
tration into Re-

Flux at Lunar
Surface (protons

golith cm~2 s71)

Solar wind Protons (~ 95%), al- ~ 0.001 A few pm ~3x 108

pha particles (~ 4%),

heavy ions (~ 1%)
Solar energetic Protons ( 98%), alpha ~ 1—100 A few cm ~0— 108
particles particles ( 2%), small

fraction of heavy ions
Galactic cosmic Protons ( 87%), alpha  ~ 100 — 10,000 Several m 2-4

rays particles ( 12%), heavy
ions ( 1%)

nature of solar flares or the relatively constant yet lower flux of GCRs, the solar wind is

a continuous flow of charged particles emitted by the Sun, impacting the Moon without

interruption. Its persistence means lunar habitats and systems will face ongoing ex-

posure, requiring robust shielding and mitigation techniques. By concentrating on the

solar wind, this study addresses the most prevalent radiation hazard, allowing for more

focused and effective strategies to protect astronauts and infrastructure during extended

lunar missions.
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2.1.2 Temperature

In addition to hazardous radiation levels and hypervelocity micrometeoroid impacts, the
extreme temperature variations on the Moon’s surface, particularly near the equator,
pose significant challenges for structural integrity. These fluctuations can cause thermal
expansion and contraction, which may affect the static, dynamic, and frequency response
of lunar structures, potentially leading to material fatigue or failure over time [57].
Being a relatively small planetary body, the Moon has likely lost most of its initial heat
during its 4.6-billion-year history. The majority of its current heat flux is thought to
be generated by the decay of radioisotopes, such as potassium-40 (“°K), thorium-232
(#32Th), uranium-235 (23°U), and uranium-238 (***U), which are present in the Moon’s

interior down to a depth of approximately 300 km [11].

The Moon experiences extreme temperature variations due to its lack of a substantial
atmosphere, which on Earth acts as an insulator and helps regulate temperature. As a
result, lunar surface temperatures fluctuate significantly depending on the location and
time of day. During the lunar day, when sunlight directly hits the surface, temperatures
can reach scorching highs of around 380 K (107°C). Conversely, during the lunar night,
when no sunlight reaches certain areas, temperatures can plunge to a bone-chilling 90 K
(—183°C) [3]. The stark contrast between day and night is a direct result of the Moon’s
inability to trap heat, as there is no atmospheric buffer to hold warmth once the Sun

sets.

At the lunar poles, where the axial tilt causes certain regions to remain in permanent
shadow, even more extreme conditions exist. NASA’s LRO recorded temperatures as
low as 35 K (—238°C) at the South Pole and 26 K (—247°C) at the North Pole, mark-
ing the coldest places ever measured in the Solar System [58]. These frigid regions
could potentially harbour frozen water, making them key areas of interest for future

exploration.

Interestingly, human activity during the Apollo missions in the 1970s also impacted the
Moon’s surface temperatures. When the astronauts walked on the lunar surface, they
disturbed the fine layer of dust, revealing darker subsurface material that had likely
been untouched for billions of years. This exposed regolith absorbed more heat from
the Sun, leading to a measurable increase in surface temperature of nearly 258 K from
regular temperatures, as confirmed in 2018 by reanalysis of data from the Apollo Heat
Flow Experiment (Figure 2.5, taken from Langseth et al. (1972) [59]) [60].

Despite these surface fluctuations, the Moon’s interior remains largely unaffected by
external conditions. The core, composed of iron-rich molten mantle, has a temperatures
estimated between 1600 K and 1700 K (1327°C to 1427°C), yet this internal heat does not
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FIGURE 2.5: Diagram showing emplacement of lunar heat-flow probes at the Apollo
15 landing site (angseth et al. 1972, Ref. [59)]).

significantly influence surface temperatures [58]. Temperature variations on the surface
are primarily driven by solar exposure, with the temperature rising approximately 280
K from just before lunar dawn to lunar noon. These dynamics underscore the Moon’s
unique thermal environment, where the lack of atmosphere results in rapid heating and

cooling cycles depending on solar exposure.

During NASA’s Apollo missions in the early 1970s, lunar subsurface heat flow experi-
ments were conducted to determine the temperature profile and thermal conductivity
of the Moon’s regolith [61]. Heat-flow probes were inserted into the holes created after
extracting core samples from the lunar surface. Successful measurements were made at
the Apollo 15 and 17 landing sites, while an experiment at the Apollo 16 site was cut
short due to a broken cable. Prior to these in situ measurements, lunar heat-flow data
relied on Earth-based observations of thermal emissions from the Moon in the microwave
band. Krotikov and Troitsky (1964) [62] and Tikhonova and Troitsky (1969) [63] iden-
tified a brightness temperature gradient of 273.75 K/cm (0.6°C/cm), which they used
to estimate a heat flow of approximately 3 x 1076 W/cm? to 4 x 107 W/cm?, closely

matching the heat flow measurements later taken on the Moon.

At the Apollo 15 and 17 landing sites, heat flow probes were deployed in drilled holes
about 10 meters apart as shown in Figure 2.6, taken from Nagihara et al. (2018) [60].
Dual probes allowed for two independent measurements of heat flow, as well as analysis
of lateral heat flow variations within the regolith. Subsurface data from these probes
indicated that thermal conductivity increases significantly with depth, reaching values
of 1.5 x 107* W/em-K at a depth of 1 meter. This increase in conductivity correlates
well with the increasing bulk density of the lunar soil at greater depths [57], offering key

knowledge into the Moon’s thermal properties.
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FIGURE 2.6: Schematic drawings describing the emplacement of the heat flow probes
at the Apollo 15 and 17 landing sites. The temperature sensors are labeled. The red
dots indicate the thermocouples. The blue dots indicate the gradient bridge resistance
temperature detectors (RTDs). The green dots indicate the ring bridge RTDs. The
probe hardware was almost identical between the two landing sites except that the
Apollo 17 probes were equipped with radiation shields (Nagihara et al. 2018, Ref.
[60]).

Based on the Apollo mission measurements, it was found that the upper 1-2 cm of lunar
regolith exhibits extremely low thermal conductivity (1.5 x 107> W/cm-K), with con-
ductivity increasing by a factor of 5 to 7 at a depth of 2 cm. At the Apollo landing sites,
temperatures 35 cm below the surface were found to be 40-45 K warmer than those at
the surface, primarily due to the temperature-dependent nature of thermal conductivity
in the topmost layer of regolith [11]. Thermometers buried at 80 cm depth showed no
detectable temperature variation related to the lunar day-night cycle, indicating that

temperature profiles are driven by internal lunar heat flow beyond these depths.
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FIGURE 2.7: Temperature fluctuations in the lunar regolith as a function of depth.
The shallow regions of the diagram (less than ~ 30 cm) are left blank due to extreme
temperature variations that could not be plotted on the scale provided. The hatched
areas represent day-night temperature fluctuations extending from ~ 30 cm to ~ 70 cm
depth. Below ~ 50 cm, temperature fluctuations from lunar day-night cycles become
negligible, and the steady temperature gradient observed at greater depths is attributed
to internal lunar heat flow (adapted from Langseth and Keihm 1977, Ref. [11]).

Figure 2.7 (adapted from Langseth and Keihm (1977) [11]) illustrates the temperature
profile in the lunar regolith, showing the near-surface fluctuations superimposed on the
steady heat-flow gradient deeper in the soil. Notably, just 30 cm of regolith is sufficient
to dampen the surface’s extreme temperature fluctuations (ranging about 280 K) to a
minimal +£3 K variation. This suggests that a lunar habitat buried beneath a thick
regolith radiation shield would be protected from the extreme monthly temperature
swings. However, an efficient system for dissipating waste heat would still be essential

for maintaining a stable internal environment.

The heat flow measured at two lunar surface points, as well as estimates from microwave
emission data, ranges from 2 to 4 x 107% W/cm?, approximately half of Earth’s average
heat flow (6.3 x 1076 W/cm?) [22].

At the Rima Hadley site (25.0° N, 3.0° E) visited during the Apollo 15 mission, the
average surface temperature was recorded at 207 K, rising quickly with depth to ap-
proximately 252 K at 90 cm. During the lunar night, the surface temperature plum-
meted to 93 K. The uppermost 2 cm of regolith, which was loosely packed, experienced
significant temperature fluctuations with depth. Due to this variability, the regolith
profile was divided into two layers for more accurate modelling. The top layer exhibited
a thermal conductivity of 1.5 x 107® W /em-K, while the compacted layer beneath had
a conductivity of 1.4 x 107* W /cm-K [64].
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FiGURE 2.8: Comparision between different values of Thermal conductivity of lunar
regolith. The first values for the ”"Fluffy Layer” and ”Regolith Layer” were taken from
Vasavada et al. 1999 (Ref. [65]) and values for the next ”Fluffy Layer” were taken from
Marov et al. 2007 (Ref. [66]).

At the Apollo 17 mission’s Taurus-Littrow site (20.0° N, 31.0° E), the mean surface
temperature was slightly higher at 216 K, rising quickly to 254 K at 67 cm depth. The
minimum temperature just before dawn was 103 K, slightly warmer than that of Rima
Hadley. As with Rima Hadley, the regolith was modelled with two layers of varying
thermal conductivities: the upper 2 cm, the fluffy layer, had a conductivity of 1.5 x
1075 W/em-K, while the denser layer below exceeded 1.2 x 10~ W /cm-K. The density
of the compacted regolith ranged between 1.8 to 2.0 g/cm? [65].

The thermal conductivity of lunar regolith varies with temperature, and several stud-
ies have investigated this relationship to better understand the thermal characteris-
tics of the Moon’s surface. Marov et al. (2007) [66] provide a model for the ther-
mal conductivity of the loosely packed lunar surface material (”fluff”), expressed as
E(T)=1.2x 103 W/m-K 473 x 0.5 x 10710 W/m-K*. A comparative study by Malla
et al. (2015) [57], shown in Figure 2.8, illustrates the thermal conductivity of lunar
fluff and deeper regolith layers as a function of temperature, using models from both
Vasavada et al. (1999) [65] and Marov et al. (2007) [66].

The comparison reveals that the thermal conductivity of the fluff layer varies between the
two models by 20-52% , depending on temperature. Despite this considerable difference
in conductivity estimates, the resulting temperature profile of the regolith beneath the
2 cm thick fluff layer only differed by about 2%, demonstrating that the bulk thermal

properties of the regolith remain largely consistent across different conductivity models.

The Moon is subject to various thermal input sources that significantly impact surface

temperatures. The primary source is direct solar radiation, supplemented by internal
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F1GURE 2.9: Tllustrative representation of the thermal balance at the lunar surface. The
diagram highlights the various heat input and output sources affecting the lunar surface
environment. The angle of incidence, denoted as (s, represents the angle between
incoming solar radiation and a plane perpendicular to the lunar surface (Malla et al.
2015, Ref. [57]).

heat flow and a minor thermal contribution from the Earth. Solar radiation is the domi-
nant factor in heating the lunar surface, with its intensity determined by the absorptivity
of the lunar regolith and the Sun’s radiation power, depending on the Moon’s orbital
position. The solar radiation power per unit area incident at the lunar surface can vary
from a maximum value of 1450 W/m? at lunar noon to the minimum value of 0 W/m?
throughout the night [64]. This variation is influenced by the Moon’s rotation and the
angle of incidence (f5), which is the angle between the surface normal and the incoming
solar radiation, as depicted in Figure 2.9 [57]. When solar radiation reaches the lunar
surface, part of it is absorbed by the regolith, while the rest is reflected back into space
as albedo radiation. The amount of absorbed radiation is dependent on the surface

material’s absorptivity, which is estimated to be 0.87 for lunar regolith [67].

In addition to solar radiation, the lunar regolith generates internal heat flow due to
the presence of various minerals within the soil [64]. Measurements of heat flow and
microwave emissions indicate that the average internal heating power is approximately
3.1 x 105 W/cm?, which is, on average, about half that of the Earth (6.3 x 103> W/cm?)
[22].

However, the thermal balance on the lunar surface is not solely determined by heat
input. For the Moon to maintain equilibrium, the energy absorbed by the surface must

also be released back into space through heat output mechanisms. This balance between
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incoming and outgoing energy dictates the temperature of the lunar surface at any given

moment.

The primary mechanism for heat loss from the lunar surface is thermal radiation, specif-
ically in the form of infrared radiation emitted into space, also known as nonblackbody
radiation. A blackbody, by definition, absorbs all incoming radiation and has a surface
absorptivity of 1.0. However, because the Moon does not absorb all of the radiation that
reaches its surface, it is classified as a nonblackbody. Nonblackbody surfaces are char-
acterised by their emissivity, which is the surface’s ability to emit energy as radiation,

rather than absorb it completely [68].

The rate at which the Moon radiates heat is governed by several factors, including its
surface temperature, emissivity, and the Stefan-Boltzmann law, which quantifies the

energy radiated per unit area based on temperature:

P=coT? (2.1)

where P is the power radiated per unit area (W/m?), € is the emissivity of the object’s
surface (a dimensionless value between 0 and 1 indicating the efficiency of emission),
o is the Stefan-Boltzmann constant, 5.670 x 1078 W/m~2 K~4, and T is the absolute
temperature of the surface in K. During the lunar day, the surface absorbs significant
heat, reaching high temperatures, but as the Sun sets, this heat is radiated back into

space, leading to rapid cooling through the long lunar night.

In addition to the radiation it emits, the Moon also reflects a portion of the incoming
solar radiation back into space. This reflected energy, known as albedo radiation, is
influenced by the reflectivity of the lunar surface, which, as a nonblackbody, does not
absorb all the energy it receives. The Moon’s albedo (reflectivity) is approximately 0.13
(13%), which is the complement of its absorptivity (0.87, or 87%). Due to the opacity
of the Moon’s surface, transmissivity is effectively zero, so all unabsorbed radiation is

either reflected or emitted [57, 69].

This interplay between absorption, reflection, and emission defines the thermal balance
on the Moon, with nonblackbody radiation playing a key role in the extreme temperature
fluctuations experienced across the lunar surface. These processes not only influence
surface conditions but also affect the temperature profile as you move deeper into the

lunar regolith.

One of the most critical factors is the impact of the topmost 2 cm fluff layer, which has
a lower thermal conductivity than the denser, compacted regolith beneath. Due to its

insulating properties, this fluff layer provides greater temperature shielding. Within the
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FIGURE 2.10: Subsurface temperature variation throughout lunar cycle (Malla et al.
2015, Ref. [57]).

first 5 cm of depth (including the fluff layer), the temperature drops by nearly 25%, from
a peak of 387 K at the surface to 292.1 K—a reduction of 95 K. Below this point, the
temperature decreases more gradually, reaching a constant value of 254.8 K at a depth

of just 30 cm.

At night, the temperature profile follows a similar pattern. Starting at a low of 102.4 K
on the surface, it rapidly increases to 209.4 K at a depth of 5 cm, followed by a slower
rise to the same constant value of 254.8 K at 30 cm. Malla et al. [57] studied these
temperature variations across the lunar day-night cycle at various depths, and Figure
2.10 presents these findings. Even at a depth of 5 cm, the temperature fluctuations
closely follow a sinusoidal pattern, with the extreme highs and lows of the surface cycle
significantly dampened, largely due to the insulating fluff layer. As depth increases,

temperature variations diminish, leading to a more stable thermal environment.

For the purposes of this study, we will focus on the maximum temperature variation
on the lunar surface to test materials under the most extreme conditions. As shown in
Figure 2.10, this fluctuation ranges from approximately 400 K during the day to 100 K at
night on the lunar surface (0 cm), providing the greatest challenge for material resilience.
By understanding how the lunar regolith modulates extreme temperature fluctuations,
we can select and design advanced materials and shielding technologies that harness

the insulating properties of the lunar surface. The future of lunar exploration may well



Materials for Lunar Environment 28

depend on these adaptive technologies, ensuring that human presence on the Moon is

sustainable and resilient to its harsh thermal environment.

While a full lunar day or night spans approximately 14 Earth days, the thermal cycles
applied in this study are limited to a few picoseconds due to the need for femtosecond
time steps in MD simulations. Although these timescales are significantly shorter than
those experienced on the Moon, the applied temperature variations are sufficient to
reproduce the thermal stresses that induce atomic rearrangements in the material. The
use of such temporally compressed thermal cycles is a common and practical approach
in atomistic modelling, despite certain limitations. A more detailed discussion of this

methodology and its associated constraints is provided in Section 4.2.1.

2.2 Overview of Space Materials

As we transition from the exploration of the Moon’s extreme environment, it becomes
clear that the selection and performance of materials are critical to the success of future
lunar missions. The Moon’s harsh temperature fluctuations, coupled with its vacuum,
high energy proton (solar) radiation, and dust-laden surface, present significant chal-
lenges for both short-term exploration and long-term habitation. To thrive in such an
environment the materials used in lunar structures must not only endure but also effi-
ciently withstand these extreme conditions. This section will provide an overview of the
key materials under consideration for use on the Moon and examine how their properties

align with the demands of the lunar surface.

In the context of lunar exploration, material selection extends far beyond simply with-
standing the physical stresses of launch and landing. As previously discussed, on the
Moon, the temperature can swing between highs of over 400 K in direct sunlight to lows
of 100 K during the lunar night. Materials must be chosen for their ability to function
across this wide temperature range, resisting both thermal expansion and contraction,
while maintaining their structural integrity. Additionally, the lunar surface is exposed
to high levels of solar radiation, so materials must also possess strong radiation shielding
capabilities. Durability, flexibility, and availability are other critical factors that will de-
termine whether a material is viable for use in building lunar habitats or other essential

equipment.

This section will introduce various classes of materials—metals, composites, ceramics,
and polymers—that are being explored for lunar applications. Each class brings its own
advantages and limitations to the table, and we will discuss how these materials can be

tailored to meet the unique environmental demands of the Moon. As we move forward
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with lunar exploration, the understanding and development of such materials will play
a pivotal role in ensuring the safety, sustainability, and success of human missions to the

Moon.

2.2.1 In situ Materials

A natural progression from the development of a fundamental scientific understanding
of the Moon’s origins is to explore its potential as a resource. Space exploration is an
undeniably costly venture, where the return on investment is often measured primarily
by scientific discoveries. However, identifying extraterrestrial resources and developing
methods to utilise them could dramatically shift this dynamic, reducing reliance on
Earth-based resources and paving the way for financially sustainable space exploration

programmes [70-73].

One of the most promising and sustainable approaches to achieving this goal is through
in situ resource utilisation (ISRU), which focuses on sourcing materials directly from
the lunar surface. ISRU represents a breakthrough strategy that minimises the need to
transport vast quantities of materials from Earth, significantly reducing mission costs,
complexity, and environmental impact. Utilising extraterrestrial resources is increas-
ingly recognised as a critical enabling technology, essential for both the exploration and
commercial development of space. For extended human presence and operations on
other celestial bodies, learning how to harness indigenous resources is fundamental. The
advantages of ISRU include its potential to reduce the mass, cost, and risk associated
with human and robotic missions, while simultaneously creating new opportunities for

the commercial exploitation of space resources [74].

Human exploration missions must also consider ISRU’s role in environmental compati-
bility and sustainability. The cost of delivering payloads to the Moon is currently around
$1 million per kilogram, making it imperative to explore alternatives. For long-term mis-
sions, a vital first step is the deployment of a lunar base module that can support human
presence and operations. Establishing a base will be crucial for colonisation efforts and,
importantly, for sustaining life by growing food in semi-permanent habitats. To achieve
this it is essential to construct infrastructure on the Moon using locally sourced materi-
als via ISRU [21]. This approach will be key to realising a future where lunar resources

support not only exploration but also eventual infrastructure on the Moon.

Lunar exploration mission concepts focus heavily on the potential use of in situ materials
such as lunar regolith, the solar wind volatiles, and water ice (particularly at the lunar
poles) to produce essential resources like propellants, life support consumables, radiation

shields, and materials for habitat and infrastructure construction [75]. Lunar regolith,
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the layer of loose, fragmented material that covers the lunar surface, varies in thickness
from about 3 m to 20 m depending on location [76]. This regolith has been formed
through billions of years of (micro-)meteoroid impacts, space weathering by thermal
cycling, solar wind erosion, and particle comminution caused by impacts, which has led

to the formation of a complex mixture of fine particles and rock fragments [56].

Lunar soils generally display log-normal particle size distributions, with typical mean
diameters ranging from 45 mm to 100 mm, although the smallest particles can be as
fine as 10 nm [77, 78]. These particles exhibit a variety of morphologies, from irregular
and angular vesicular agglutinates to spherical glass beads, which are formed through

both impact processes and explosive volcanic (pyroclastic) activities [76, 79, 80].

During the Apollo missions, 382 kg of lunar material was collected. The final mission,
Apollo 17, brought back 111 kg alone. The regolith, used as filler in the rock box during
transit, was separated from the rocks upon return to Earth and analysed in great detail.
Among these samples, the fine-grained particles labeled 10084, famously referred to as
” Armstrong’s packing soil”, have become some of the most studied geologic samples in

history [8].

The lunar rocks were primarily composed of basalt, a volcanic rock that forms through
partial melting in the interior of a planet or moon. These basalts were found to have a
higher titanium (Ti) concentration than any basalts known on Earth but otherwise con-
sisted of familiar minerals: the magnesium-iron-calcium silicate (Mg-Fe-Ca) pyroxene,
the calcium-aluminium (Ca-Al) silicate plagioclase, with general formula NaAlSi3Og —

CaAlsSizOg, and the iron-titanium (Fe-Ti) oxide ilmenite, FeTiO3 [8].

Radiometric dating revealed the lunar basalts to be over 3.5 billion years old, and isotopic
analysis of both rock and regolith suggested that the Moon itself formed more than 4.4
billion years ago. Despite containing vesicles—evidence of gas release during volcanic
eruptions—the basalts showed no signs of significant alteration and were nearly devoid
of volatiles like water (H20) or carbon dioxide (COg2) [81]. Unlike Earth’s geological

samples, lunar rocks were also entirely barren of any traces of life.

The regolith samples proved to be a treasure trove of diverse materials, offering valu-
able information into lunar history. They contained volcanic and impact glasses, brec-
cias—rock fragments cemented together by the energy released during meteoroid colli-
sions, and agglutinates, which are welded soil particles formed by micrometeorite im-
pacts, as shown in Figure 2.11 (taken from Jolliff and Robinson (2019) [8]). The history
of meteoroid and asteroid impacts on the Moon was evident in the way rock fragments

had been scattered over distances of tens to hundreds of kilometers.



Materials for Lunar Environment 31

¥ Agglutinate

Basalt

o Volcanic
glass

Plagioclase rich

1 mm

FIiGURE 2.11: Soil particles from the Moon’s surface regolith collected during the
Apollo 11 mission. (a) The sample includes rock fragments (impact breccias), volcanic
and impact glasses, fused particles (agglutinates), a light-colored plagioclase-rich frag-
ment, and pieces of volcanic basalt. (b) The same rock particles have been sectioned
into optically thin slices for examination under transmitted-light microscopy. (Images
courtesy of John Wood, Smithsonian Astrophysical Observatory, Ref. [8]).

The lunar highlands are predominantly composed of a light-colored rock known as
anorthosite, which is rich in Ca and Al. In contrast, the low-lying lunar plains are
characterised by mare basalts, which are darker and contain heavier elements such as
Fe, Mg, and Ti. It is believed that anorthosite magma floated to the surface of the
Moon while it was still molten, solidifying as it cooled. The darker mare basalts, formed
subsequently, resulted from lava that erupted from the lunar interior, filling vast mare
basins. Lastly, meteoroid impacts give rise not only to impact breccias but also have

the potential to melt surrounding rocks, producing volcanic glass [82].

One of the most extraordinary discoveries regarding lunar geochemistry was a clod of
green pyroclastic glass beads [83]. These beads are believed to be originated deep within
the Moon’s mantle, being brought rapidly to the surface during a massive fire fountain
eruption, without having enough time to crystallise. Perhaps the most famous sample
collected with the aid of the lunar rover was the aptly named ”Seatbelt Rock”, a highly
vesicular basalt, shown in Figure 2.12 [8], discovered by mission commander David Scott.
With limited time and knowing mission control would not authorise a stop to collect it,
Scott cleverly used the pretext of fastening his seatbelt to make a quick stop and pick
up the rock—thus, earning it the name ”Seatbelt Rock” [84].

Evidence of lunar regolith wear on Apollo A7L and A7LB spacesuit models provided
baseline estimates of regolith mineral composition using scanning electron microscopy
(SEM) [85], as shown in Figure 2.13. These analyses reveal that lunar regolith comprises
a diverse array of minerals, with the most abundant being plagioclase, pyroxene, olivine,
ilmenite, and spinel. Minor minerals such as cristobalite, apatite, sulfides, and native

metals like iron (Fe) and nickel (Ni) are also present [86]. The composition of these
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a]

FIGURE 2.12: Rocks collected during the Apollo 15 and Apollo 16 missions. (a) ”Seat-
belt Rock” (Sample 15016), a vesicular basalt characterised by its porous structure.
(Adapted from NASA photo S71-46632.) (b) ”Genesis Rock” (Sample 15415), com-
posed of ferroan anorthosite, a primary component of the lunar crust. (Adapted from
NASA photo S71-44990.) (c) A 1.8 kg anorthosite sample, 60025, showcasing the min-
eralogy of the lunar highlands. (Adapted from NASA photo S72-42586.) (d) The top
surface of ”Big Muley” (Sample 61016), an 11.7 kg breccia, featuring numerous small
impact craters, or zap pits, from micrometeorite impacts. (Adapted from NASA photo
S98-01215, Ref. [8]).

minerals varies significantly by location. For instance, basaltic terrains in the lunar
mare regions are typically richer in ilmenite, olivine, and pyroxene, whereas the more
primitive highland regions are dominated by calcium-rich plagioclase [87]. Furthermore,
lunar soils exhibit localised compositions, often differing even within a few kilometers,

suggesting that lateral mixing of materials is relatively limited [80].

A review on the Apollo Lunar samples reveals that a typical mare soil has a CaO content
of nearly 12% by weight, highland soil 17%, basalt rocks 14% and anorthosite rocks, a
calcium-rich plagioclase in the feldspar group, almost 19%. The lunar rocks and soils
indicate that most lunar materials consist of sufficient amounts of silicate, alumina, and
calcium oxide for possible production of cementitious material. Table 2.4, taken from Lin
(1985) [88], shows the chemical compositions of some lunar samples studies by Morris
et al. (1983) [89], Ryder and Norman (1980) [90], and Fruland (1981) [91].
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FiGure 2.13: SEM backscattered images of particles of various mineralogical types
from the surface of Apollo 17 spacesuit fabric layers. (a) plagioclase feldspar, (b) py-
roxene, (c) ilmenite, (d) agglutinitic glass, and (e) impact glass spherules (Christoffersen
et al. 2008, Ref. [85]).

The data presented in the Table 2.4 reveals that oxygen (O) and silicon (Si) are the
most abundant elements on the Moon by atomic composition. Oxygen constitutes ap-
proximately 60% of the Moon’s crust by weight, making it the dominant element. This
is followed by significant quantities of Si, Al, Ca, Mg, Fe, and Ti. The concentrations of
O, Si, and Al on the Moon are comparable to their proportions in Earth’s crust (Kopal,
2020).

Among the compounds formed from these elements, silicon dioxide (SiOz) accounts
for 40-50% of the Moon’s crust by weight. Ferrous oxide (FeO) and calcium oxide
(Ca0) each contribute approximately 10-20% of the crust’s composition [92]. A deeper
understanding of lunar geomorphology and geochemistry will be crucial for advancing

both scientific research and industrial applications.
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TABLE 2.4: Chemical Compositions of Selected Lunar Samples

Elements, Mare Soil Highland Soil Basalt Rock Anorthosite Glass
wt % (10002) (67700) (60335) Rock (60015) (60095)
SiO3 42.16 44.77 46.00 44.00 44.87
Al,O3 13.60 28.48 24.90 36.00 25.48
CaO 11.94 16.87 14.30 19.00 14.52
FeO 15.34 4.17 4.70 0.35 5.75
MgO 7.76 4.92 8.10 0.30 8.11
TiO2 7.75 0.44 0.61 0.02 0.51
Cr203 0.30 0.00 0.13 0.01 0.14
MnO 0.20 0.06 0.07 0.01 0.07
Na2O 0.47 0.52 0.57 0.04 0.28

Silicate minerals are the most abundant minerals on the lunar surface, with the primary
groups being olivine ((Mg,Fe)2SiOy4), pyroxene ((Mg,Fe)2SiaOg — (Ca,Mg,Fe)2SiaOg),
and plagioclase (CaAlaSiaOg — NaAlSizOg). Plagioclase has a low albite component,
and K-feldspar (KAISi3Osg) is apparently a minor mineral on the Moon when compared
with the Earth. Some locations with high abundances of specific minerals have been
reported as endmembers of the Lunar Magma Ocean (LMO), which is the theorised
molten layer that once enveloped the early Moon, leading to the differentiation and
formation of its primary crust. These endmembers include the purest anorthosite (>98
vol% plagioclase) and olivine exposures with a dunite composition, as identified through

global remote-sensing data [93, 94].

Oxide minerals are the second most abundant rock constituents. Among them, ilmenite
(FeTiO3) occurs most frequently on the Moon, as discussed before. It is commonly

distributed in mare basalt, and its abundance varies largely from place to place [95, 96].

Silica (SiOz2) is generally rare in lunar materials when compared with lunar silicate and
ilmenite, as mentioned above. However, it remains a significant and promising resource
for building materials on the Moon. Although SiO, is often cited as a key component
of lunar materials, its availability in crystalline or amorphous form is extremely limited
on the Moon. While stoichiometrically SiOs may constitute 40-50% by mass of lunar
rocks and soils, the silicon and oxygen atoms are almost always tightly bound within
silicate minerals such as plagioclase and pyroxene [97]. Consequently, if SiO9 is to be
used as a structural material on the Moon, it would likely need to be extracted via
energy-intensive processing of these silicate minerals. More detailed discussion in this
context will be found in Papike et al. (1998) [97] and Taylor et al. (1993) [98].
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Silica found in lunar samples can be traced to three origins: igneous processes, shock
metamorphism due to impact events, and hydrothermal fluid activity. The first origin
leads to silica polymorphs of cristobalite, tridymite, and quartz; the second to coesite,
stishovite, seifertite, baddeleyite-type SiOg, and high-pressure (HP) silica glass; and the
third to moganite. There are many small granular inclusions with a size of 1-10 pym
in the silica grains under optical microscope (Figure 2.14 (a) (top right), adapted from
Ohtani et al. (2011) [99]). Raman spectroscopy demonstrated that most of the silica
grains were amorphous because of missing Raman peaks, and the inclusions were coesite
(522 em~!) (Figure 2.14 (a) (top left)) and quartz (464 cm~!) [100]. The SR-XRD

profile of the silica grain can be indexed into a seifertite structure (modified after [101]).

In addition to silicates, oxides of aluminium (AlyOs3), iron (FeO), magnesium (MgO),
calcium (CaQ), and titanium (TiOs). Oxides of sodium (NayO), potassium (K20),
phosphorus (P203), manganese (MnO), and chromium (CrpOg) occur in trace amounts
[102]. Ilmenite is especially important for resource extraction as it contains Fe, Ti, and
O. Studies, such as those by Brecher et al. (1975) [103], showed that heating lunar soil
containing ilmenite at 1073 K (800°C in the presence of hydrogen led to the formation of
metallic iron at the expense of ilmenite [103]. This reaction suggests that ilmenite could
be a prime candidate for oxygen extraction on the Moon. Lunar soil, which contains
around 45% oxygen by weight, represents a significant resource for oxygen production,

critical for sustaining human presence and space travel.

Lunar silica and other materials, such as Al, Ti, Mg, and Fe, are vital for constructing
lunar infrastructure. Silica is particularly important for making windows and solar cells,
while Ti’s strength-to-mass ratio makes it a valuable structural material. Large-scale
mining could extract millions of tons of ilmenite annually, supporting lunar operations

and broader space exploration [104].

Aluminium on the Moon is found primarily in plagioclase, and Apollo samples showed
aluminum content ranging from 4.5 - 14.4%. Although the Apollo missions did not
identify rich ore veins, Al can be extracted from lunar anorthosite through methods
such as the melt-quench-leach process. This process has successfully recovered over 95%
of the alumina from lunar ores, which can then be further refined through electrolysis

or other techniques to produce Al metal [104].

Titanium, another essential material, can be obtained through the reduction of ilmenite.
As mentioned before, when hydrogen is added to heated ilmenite, the reaction produces
iron, titanium oxides, and water. Further refinement can yield pure Ti [105]. Since Ti
production on Earth depends heavily on rutile, lunar titanium could enhance terrestrial

supply chains and reduce dependence on Earth-based mining.
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FIGURE 2.14: (a) Raman spectrum (top left), backscattered electron (BSE) image
(bottom left), and optical microscopy photograph (right) of a silica grain in Asuka-
881757. The amorphous silica grain (No. 1) is encased by glass with radiating cracks,
suggesting expansion during pressure release. Numerous coesite (Coe) inclusions, rang-
ing from 1-10 pm in diameter, are visible under optical microscopy, while the BSE
image shows the grain surrounded by feldspar (Fd). The Raman spectrum of the in-
clusion exhibits a characteristic coesite peak at 521 cm™!. (b) BSE image (top left),
transmission electron microscopy (TEM) image, and synchrotron angle-dispersive X-
ray diffraction (SR-XRD) pattern of a silica grain in NWA 4734. The grain contains
seifertite (a-Pb02), cristobalite (Cri), and stishovite (Sti), and is enclosed by olivine
(Olv), pyroxene (Pyx), and plagioclase (Plg), adjacent to a shock vein, as seen in the
BSE image. TEM reveals nano-fragments of seifertite, cristobalite, and stishovite em-
bedded in an amorphous silica glass (SiO2—Gla) matrix. The SR-XRD profile is indexed
to the seifertite structure. (Adapted from Ohtani et al. 2011, Ref. [99]).

Oxygen extraction from lunar materials has been studied extensively. Several methods,

including hydrogen reduction of lunar basalt and mare soil, have shown promise in

releasing oxygen. Experiments involving lunar basalt samples demonstrated that weight

loss from oxygen release can reach up to 1.92% after reduction at high temperatures
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[106, 107]. These techniques could be scaled up for future lunar missions, providing

oxygen for life support and spacecraft propulsion.

Lunar glasses also represent a valuable resource. At least 25 distinct types of glass
were identified in Apollo samples, with the iron- and titanium-rich varieties, such as
Apollo 17’s orange glass (22.0% FeO, 8.8% TiO3), offering particularly high oxygen
yields. Experiments by Brecher et al. (1975) [103] demonstrated that reducing lunar
orange glass in hydrogen resulted in the conversion of iron oxides to micrometer-sized

iron metal particles, along with the release of oxygen [108].

To summarise, the Moon’s surface offers a wide range of materials essential for support-
ing various aspects of lunar exploration, from oxygen extraction to the production of
construction materials. These local resources are invaluable in reducing the dependency
on Earth for raw materials, significantly cutting down transportation costs and logisti-
cal challenges. However, despite the abundance of raw materials available on the Moon,
the lunar environment is deficient in certain critical elements that are either scarce or

impractical to extract efficiently with current technologies.

To establish a sustainable lunar base and support advanced technological infrastructure,
the importation of specific resources becomes important. These imported materials not
only bridge the gaps in availability but also ensure the continuity of vital systems for
habitation, manufacturing, and scientific operations. The next section will elaborate on

that.

2.2.2 Imported Materials

The most critical imported materials include volatile compounds (such as water, ni-
trogen, and hydrogen), certain metals, and specialised components for technological
systems. Importing these materials poses both logistical and financial challenges, but
innovative solutions, such as ISRU and advanced space transportation technologies,

could mitigate these issues over time.

Findings from the LRO missions have shed light on how radiation alters HoO chemistry
across the Solar System [109]. Water is crucial for human survival, agriculture, and as
a source of oxygen and hydrogen for rocket fuel. In 2008, the first signs of water on the
Moon were discovered inside volcanic glass beads collected by the Apollo 15 and Apollo
17 missions in the 1970s. These beads formed when magma erupted and crystallised,
trapping small amounts of water within. Since then, satellite data has revealed that
these volcanic glass deposits are widespread across the lunar surface, hinting at a once

water-rich lunar environment [3]. While this discovery does not indicate the presence of
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F1GURE 2.15: Optical micrograph of pyroclastic glass beads containing water from an
Apollo sample. Left: Thin section of orange glass beads, showing olivine microphe-
nocrysts (oliv) within some beads, though no melt inclusions are visible in this image.
Right: Scanning electron microscope (SEM) images reveal olivine crystals containing
trapped melt inclusions (top), many of which are partially crystallised (bottom). These
melt inclusions provide insights into the volatile content and crystallisation history of
the pyroclastic glass (Robinson et. al. 2014, Ref. [110]).

liquid water, it strongly suggests that the Moon’s interior once held significant amounts
of water. This is evident from the water trapped in pyroclastic glass during volcanic
eruptions, as shown in Figure 2.15 (taken from [110]). Additionally, rocks from some
regions of the lunar interior contain much higher water content than those from other
areas [110].

The process of converting lunar ice into water and oxygen yields byproducts that can
support various life-sustaining and industrial activities. These byproducts can be utilised
for life-support systems (water and oxygen), crop fertilisation (carbon and nitrogen),
rocket refueling (hydrogen and oxygen), construction materials (aluminium, iron, and
silicon), and energy production (silicon solar cells and helium-3 nuclear fusion) [111].
Although water ice exists in permanently shadowed lunar craters, its availability may
not be sufficient to meet all lunar resource demands. Hydrogen, while scarce, remains

critical for many chemical processes, including water and fuel production.

The Moon is rich in Ti, Al, and Fe, but it lacks certain high-performance alloys and
specialised metals required for advanced technologies like spacecraft, solar panels, and
electronics. Until local lunar production capabilities advance, these essential materials

will need to be imported from Earth.

Carbon, essential for producing plastics, organic compounds, and various industrial pro-

cesses, is also scarce on the Moon. Importing carbon-based materials will be necessary to
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manufacture everyday items, from clothing and tools to life-support systems and energy
storage technologies. While micrometeorite impacts deliver some organic compounds to
the lunar surface, they are often destroyed by physical impacts and radiation [53]. To
investigate the effects of solar radiation on the preservation of abiotic and biotic organic
compounds in the presence of lunar minerals, Matthewman et al. (2016) [53] exposed
various organic materials to proton irradiation simulating solar energetic particles. Ta-
ble 2 lists the 12 irradiated samples, and Table 2.5 summarises the organic materials
used. These materials were categorised into three groups: (1) hydrocarbon biomarkers,
(2) polymers, and (3) amino acids. The study found that the presence of lunar regolith

simulants promoted the preservation of intermixed organic matter [112].

TABLE 2.5: Sample Information for Organic Material, Substrate, and Fluence

Sample Organic Ma- Substrate Total Mass of Mass of Fluence

Number  terial Organic Ma- Substrate (protons
terial (mg) (mg) cm™2)

1 PSDVBT Quartz wool 3.74 — 2 x 1014

2 Quartz wool 2.83 — 3 x 1013

3 JSC-1 0.97 19.79

4 MAC 88105 powder 0.99 18.85

5 H20O/quartz wool 2.46 —

6 Serpentinised mafic rock  1.03 19.62

7 hydrocarbons Quartz wool ~0.07 — 3 x 1013

8 JSC-1 ~0.07 21.24

9 MAC 88105 powder ~0.07 20.00

10 amino acids Quartz wool ~0.05 — 3 x 1013

11 JSC-1 ~0.05 21.81

12 MAC 88105 powder ~0.05 19.95

T poly(styrene-co-divinylbenzene)

Carbon compounds, in particular, could play a critical role in construction by serving as
a binder for lunar concrete. In experiments conducted by Chen et al. (2016) [113], they
explored the use of inorganic—organic hybrid (IOH) lunar ” cements”—building materials
created from locally sourced lunar regolith combined with polyethylene (PE). Figure
2.16 presents SEM images of fracture surfaces, which reveal a strong bond between the
simulant particles and binder phase, demonstrating the potential of this material for

lunar construction.

In addition to structural materials, light-transmitting polymers will be essential for
habitat construction on the Moon. These polymers allow natural light to penetrate
living spaces while providing protection from the harsh lunar environment, which is
crucial for the well-being of inhabitants and reducing energy consumption for light-
ing. Studies comparing lunar concretes have identified materials that are lightweight,
possess high tensile strength, do not require water for processing, and offer effective
radiation shielding [114, 115]. Indeed, a recent assessment by Razeto et al. (2024) ex-
amined various polymers suitable for creating lunar habitat components that facilitate
natural light transmission. The materials evaluated included versatile options such as

polyvinyl fluoride (PVF), polytetrafluoroethylene (PTFE, commonly known as Teflon),
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FIGURE 2.16: SEM images of three different lunar regolith simulant sample groups: (a)
Group A contains only simulant grains sized between 90-112 pm; (b) Group B consists
of as-received simulant with a natural, random grain-size distribution; (¢) Group C
features a two-step grain-size gradation, containing simulant grains of 90-112 pm and
20-25 pm in a weight ratio of 765:235. All samples have a binder content of 9.8% by
weight (Chen et al. 2016, Ref. [113]).

polymethyl methacrylate (PMMA), high-density polyethylene (HDPE), silica aerogel,
and biaxially oriented polyethylene terephthalate (BoPET). Although these polymers
are, as discussed, not available in situ on the Moon, they can be imported for use in the
early stages of lunar habitation. Their incorporation into habitat design could contribute
significantly to creating liveable environments that are both functional and conducive

to human health.

For protection against radiation, especially for astronauts, advanced shielding materials
are critical. A study by Ma et al. (2022) [116] focused on Kevlar fiber as a potential
protective material in a near-space simulated environment. Kevlar possesses excellent
properties such as high strength, high modulus, and high temperature resistance, mak-
ing it a strong candidate for reinforcing materials used in lunar habitats (Figure 2.17).
Additionally, Kevlar’s radiation-shielding capabilities were demonstrated in space tests
aboard the International Space Station (ISS) during the ALTEA-shield European Space
Agency (ESA)-sponsored programme (ALTEA: Anomalous Long-Term Effects in Astro-
nauts Central Nervous System), showing a significant reduction in radiation exposure

compared to polyethylene [117].

To further shield habitats from micrometeoroid impacts and direct solar radiation,
regolith-based shields are being considered. Technologies like 3D printing could enable
the use of lunar regolith to create protective layers for habitats, reducing the surface
area exposed to space debris and radiation [115]. Regolith utilisation for additive man-
ufacturing is becoming an intensely studied method for realising sustainable structures

on the lunar surface.

While importing these materials from Earth may be costly and logistically complex in the

short term, future advances in space transportation and resource extraction from other
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F1GURE 2.17: SEM image of Kevlar fiber showing a twisted bundle of microfibers. The
fibers are closely packed and exhibit fine surface detail. The scale bar indicates 500
pum, and the image was taken at 150x magnification with a 15.0 kV electron beam (Ma
et al. 2022, Ref. [116]).

celestial bodies, such as asteroids or Mars, could reduce reliance on Earth. Additionally,
improvements in ISRU technologies may eventually enable the production of many of

these essential materials directly on the Moon.

Ultimately, the efficient use of both lunar and imported resources will be critical in
establishing a sustainable human presence on the Moon. As we look toward the future,
developing the necessary infrastructure and technologies will support a continuous flow
of materials between Earth, the Moon, and beyond, paving the way for long-term lunar

habitation and exploration of other celestial bodies in our solar system.

2.3 Investigations of Thermal and Radiation Effects on

Space Materials

Before moving to the next chapter, it is essential to outline recent experiments on space

materials closely related to the computational studies conducted in this thesis. In April
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2024, Mr. Jonathan Cousins, a PhD student at the University of Kent, conducted
preliminary experiments at HUN-REN Atomki on high-density polyethylene (HDPE)
(CoHy)y, with a density of 0.95 kg/m3, and Kevlar (C14H14N2Oy), fabric samples.
HUN-REN Atomki, the Institute for Nuclear Research in Hungary, is a renowned re-
search institute dedicated to advancing nuclear physics, particle physics, and related
scientific fields. Known for its contributions to experimental and theoretical research,
Atomki collaborates with many international institutions to explore nuclear reactions,
fundamental particles, and applications in medical and environmental sciences. Since
2019, Atomki hosted two specially built beam lines, complete with experiment chambers
to simulate space and planetary environments, particularly the solar wind. The HDPE
sample measured 15 mm in diameter and 2 mm in thickness, while the Kevlar sample

had a diameter of 15 mm and a thickness of 0.47 mm.

2.3.1 Polyethylene Experiments

The polyethylene experiments were conducted in three phases. The first phase involved
irradiating a sample with a fluence of 2 x 10! ions/cm? at 10 keV protons at 300
K, simulating approximately 42 years of solar wind proton exposure. This irradiation
was performed in a vacuum chamber, as illustrated in Figure 2.18, with a pressure of
4.2 x 107% mbar.

FIGURE 2.18: Vacuum chamber with a pressure of 4.2x10~8 mbar, holding a polyethy-
lene sample for proton irradiation.
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FIGURE 2.19: Effect of proton irradiation on the polyethylene sample: (a) The sample
prior to irradiation, and (b) The sample after irradiation, exhibiting noticeable discol-
oration on the left side, likely corresponding to the area impacted by the proton beam.

The second phase subjected a separate set of samples to four temperature cycles ranging
from 200 K to 350 K, with a rate of 5 K/min, to simulate lunar surface temperature
variations. In the final phase, the samples were exposed to both temperature cycling
(200 K to 350 K) and proton irradiation, replicating 42 years of combined solar wind

and thermal cycling effects.

Post-experiment observations of the polyethylene sample under an optical microscope
revealed notable changes. In the first phase, the simulated 42-year proton irradiation
resulted in visible surface degradation due to ionisation and excitation from radiation
interactions, which induced structural modifications. The most immediate visual change
was discolouration, as shown in Figure 2.19, likely caused by chemical transformations,
such as free radical formation and oxidation state changes affecting the sample’s surface
composition [118]. Additionally, a crack with a depth of 9.41 pm was detected (Figure
2.20), possibly due to increased material hardness from cross-linking between polymer
chains [119]. Surface deposits up to 11.52 pm in height were also observed, likely origi-
nating from interactions between the ion beam and the mesh in the sample holder, which

melted and transferred onto the sample during irradiation.

In the second phase, involving thermal cycling between 200 K and 350 K, the surface
changes were less pronounced than in the first phase. Figure 2.21 shows minor sur-
face scratches, with a depth of 4.07 pum, and deposits up to 9.74 pum in height, though
no significant cracking occurred. Large circular impression marks were also observed,
likely caused by pressure during the cutting process. These marks remained unchanged

throughout the temperature cycling. The HDPE sample, with a melting point of 403 K,
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FIGURE 2.20: Optical microscope images (500x magnification) showing surface changes
on the polyethylene sample after proton irradiation: (a) The irradiated sample display-
ing surface scratches and cracks, (b) Surface deposition with a measured height of 11.52
pum, (¢) Another deposition on the surface with a height of 19.83 pm, and (d) A crack
on the surface with a depth of 9.41 pm.
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FIGURE 2.21: Optical microscope images (500x magnification) showing surface changes
on the polyethylene sample after temperature cycle between 200 K and 350 K: (a) The
sample after the temperature cycle displaying surface scratches, (b) A crack on the
surface with a depth of 4.05 pm (c) Surface deposition with a measured height of 1.22
pm, and (d) Another deposition on the surface with a height of 9.74 pm.
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demonstrated strong resistance to amorphisation, which is consistent with its crystallisa-
tion behaviour [120]. Although extended exposure could lead to plastic deformation, the

material maintained good stability under the temperature cycles applied in this phase.

In the final phase, combining temperature cycling and proton irradiation, similar sur-
face changes were observed. As shown in Figure 2.22, surface deposits of 6.49 um
and 68.36 pm were measured, along with a crack depth of 13.23 pm. This crack was
deeper than those observed in the separate proton irradiation or temperature cycling
phases, likely due to the compounded effects of temperature and radiation. During the
high-temperature portion, approaching HDPE’s melting point, the concurrent proton
irradiation likely exacerbated surface damage. Upon cooling, thermal cycling partially
closed some of the surface cracks, though deeper cracks persisted, indicating incomplete
healing. This self-healing potential of polyethylene during thermal cycling highlights its
suitability for withstanding combined temperature and radiation exposure over extended

periods, such as the simulated 42-year duration.

1000.000m|
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FIGURE 2.22: Optical microscope images (500x magnification) showing surface changes
on the polyethylene sample after a simultaneous combination of both temperature cy-
cling (200 K to 350 K) and proton irradiation: (a) The sample after irradiation and
temperature cycle displaying surface scratches and cracks, (b) Surface deposition with
a measured height of 6.49 pm, (c) A crack on the surface with a depth of 13.23 um,
and (d) A large deposition on the surface with a height of 68.36 pm.
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2.3.2 Kevlar Experiments

Experiments similar to those conducted on polyethylene were also performed on the
Kevlar fabric sample. To maintain the fabric’s integrity, the sample was secured with
cellophane tape on both sides to preserve its shape during testing. The sample under-
went proton irradiation with a fluence of 2 x 10'® ions/cm? at 10 keV protons at 300
K, simulating approximately 42 years of solar wind exposure within a vacuum chamber,
as shown in Figure 2.23, at a pressure of 4.2 x 10~® mbar. Unlike many polymers that
experience significant mechanical and chemical alterations under high-energy proton ex-
posure, Kevlar exhibited exceptional resistance to irradiation. Although the cellophane
tape melted under the proton beam, the Kevlar fabric remained completely unaffected,
as illustrated in Figure 2.24. This resistance aligns with findings by Narici, Casolino,
and Di Fino [117], who, using the ALTEA silicon detector units (SDUs) particle tele-
scope, highlighted Kevlar’s superior impact resistance and flexibility, particularly in
deep-space-like radiation environments, which underscores its potential for integrated

shielding applications.
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FIGURE 2.23: Vacuum chamber with a pressure of 4.2x10~8 mbar, holding a Kevlar
fabric sample for proton irradiation.

These findings underscore Kevlar’s potential in radiation shielding applications, while
polyethylene, despite being a versatile polymer, exhibits notable surface degradation un-
der similar conditions. These experiments establish a foundational benchmark for further

analysis and modelling. By comparing the molecular changes induced in polyethylene
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FIGURE 2.24: Optical microscope images (500x magnification) illustrating the effects
of proton irradiation on the Kevlar sample: (a) The irradiated Kevlar fabric showing
no visible damage or structural changes, and (b) The Kevlar sample with melted cello
tape coating, which liquefied during irradiation while the fabric remained unaffected.

and Kevlar under proton irradiation and temperature cycling, predictive models could
be developed to better understand the mechanisms of degradation at the molecular level,
providing a deeper understanding of how polymers respond to space-like conditions and

guiding the development of more resilient materials for aerospace applications.



Chapter 3

Theoretical Framework

To achieve the objectives of this research, a multiscale modelling approach has been
employed, bridging the gap between detailed atomistic simulations and practical, real-
world applications. Through the integration between experimental data and advanced
computational tools, this study aims to provide a comprehensive understanding of ma-
terial performance under lunar conditions. The use of multiscale techniques allows for
the investigation of complex physical phenomena across different length and time scales,

uncovering key points that are potentially both fundamental and application-driven.

The chapter begins with an overview of the computational tools used, followed by a
detailed exploration of multiscale molecular dynamics (MD) simulations. The Meso-
Bio-Nano (MBN) Explorer software is introduced as a key platform for conducting these
simulations, and its capabilities are discussed in terms of their application to lunar
material studies. The chapter also describes the simulation parameters used, with a
focus on the specialised technique of Irradiation-Driven Molecular Dynamics (IDMD),
a method crucial for understanding how radiation affects material properties. Finally,
previous works utilising IDMD will be reviewed to contextualize the contributions of

this research to the field.

3.1 Multiscale Molecular Dynamics

Multiscale modelling has emerged as a powerful and promising computational paradigm,
gaining recognition across various scientific disciplines, including the broad field of pro-
cess engineering [121-123]. Unlike traditional single-scale models, which operate within
a single level of detail, multiscale modelling combines simulations at different resolution

scales, from the atomic to the macroscopic, to capture the full complexity of a system

48
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[124]. Through the integration of multiple scales, this approach has the potential to
offer a high-quality characterisation of complex systems at an enhanced computational
efficiency. It enables to address phenomena occurring at different levels of granularity,
making it especially valuable in disciplines where interactions between scales are crucial,

such as in chemical processes, materials design, and biological systems.

In process engineering, for instance, multiscale modelling sheds light on intricate pro-
cesses that occur at both the molecular and system levels. It allows for the detailed
analysis of microscopic phenomena, such as chemical reactions, and their larger-scale
impacts, such as production efficiency or process optimisation [124]. They can capture
fine-grained details while maintaining computational feasibility for large-scale simula-

tions.

Computational modelling is becoming increasingly essential as the power and capabilities
of modern computers continue to advance. Today, engineering and scientific problems
can be thoroughly investigated through numerical simulations, whether at the atomic
scale or within a continuum framework, thereby minimising many of the inherent lim-
itations of experimental approaches. The range of scales at which systems, such as
nano-lubricated films, can be analysed is broad, and as a result, a variety of simulation
techniques have been developed. However, each scale brings its own set of challenges
that must be addressed during the modelling process. Figure 3.1, taken from Ewen et
al. (2018) [125], illustrates some common simulation methods applicable across different

time and length scales.

At one end of the spectrum, long time and length scales are handled using macroscopic
continuum methods, such as finite element analysis (FEA), finite difference analysis
(FDA), or computational fluid dynamics (CFD). These methods rely on solving govern-
ing equations, like conservation laws, which are coupled with constitutive relationships
to describe the material properties. While these techniques are well-suited for most
engineering applications, they come with specific limitations. For instance, the validity
of continuum models hinges on the assumption that material properties remain con-
stant across the entire volume represented by the elements, which may not always hold,

particularly in complex or heterogeneous materials.

Moreover, macroscopic models often oversimplify real-world phenomena, relying heavily
on empirical data. As a result, they are typically only accurate under narrowly de-
fined conditions. These limitations are further compounded by the need to incorporate
transport coefficients—such as thermal conductivity or viscosity—into the model, which
can vary significantly under different operational conditions. Despite these challenges,
macroscopic continuum methods remain indispensable for studying large-scale systems,

provided that their assumptions and constraints are carefully considered [126].
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FIGURE 3.1: Simulation through the different scales, from first principle simulations
(quantum) to continuum simulations (Ewen et al. 2018, Ref. [125]).

Many of the limitations associated with macroscopic simulations can be mitigated by
employing smaller-scale approaches, such as Molecular Dynamics (MD) simulations.
Originally introduced in the late 1950s by Alder and Wainwright, the MD method was
devised as a way to solve Newton’s equations of motion for systems consisting primar-
ily of particles modelled as hard spheres. Initially developed to study phase transitions
and the interfacial behaviour of simple molecular systems, MD simulations have since ex-
panded their scope, becoming indispensable for investigating complex phenomena across
various fields, including physics [127-130], chemistry [131-133] and biology [134-137],

and any system where molecular-scale effects play a critical role [138-140)].

What makes MD simulations particularly powerful is their ability to calculate structural,
chemical, and dynamic parameters that are inaccessible through larger-scale methods,
such as mesoscale coarse-graining techniques or continuum models. To illustrate, one
field where these methods prove particularly relevant is tribology, where MD simula-
tions provide unparalleled insights into the configuration traits of highly confined liquid
films. These films, which are notoriously difficult to study experimentally, are critical in

applications involving lubrication at the nanoscale [141].

However, despite their versatility, MD simulations come with their own set of challenges.
One significant hurdle is the validation of MD results against experimental data. MD and

experiments operate in very different time and length scales, which complicates direct
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comparison. For example, MD simulations typically analyse lubricant film thicknesses
of just a few nanometers (comprising only a few molecular layers) and cover timescales
of only a few nanoseconds. This results in deformation rates that are several orders
of magnitude higher than those found in experiments [142]. Furthermore, MD simula-
tions are confined to small nano-sized patches, typically just a few square nanometers,
and assume constant pressure and temperature conditions. This contrasts sharply with
real-world elastohydrodynamic lubrication, where pressure and temperature vary across

gradients.

Despite these challenges, MD simulations remain invaluable for studying nano-confined
fluids. They not only offer precise control over variables such as temperature and pres-
sure [143], but also allow the capture of phenomena like phase transitions, which are crit-
ical to understanding molecular-scale interactions in confined environments [129, 144].
This makes MD a crucial tool in bridging the gap between atomic-scale understanding

and practical, real-world applications.

MD is a powerful, explicit computational technique that simulates the time evolution of
a system of interacting particles by solving Newton’s equations of motion directly [127].
At any given time t, the position r; of every particle ¢ within the system is known. The
system’s potential energy, denoted by U, is defined as a function of interatomic distances
and various particle interactions, governed by force fields. These force fields describe
the relationships between a particle and its neighbouring particles, incorporating forces

such as van der Waals, electrostatic, and covalent bonding.

The total force f; acting on each particle in the system is derived from the gradient
of the potential energy U, following the principles of classical mechanics [127]. The

relationship is expressed as:

fi=-V,U (3.1)

This formulation enables the calculation of how each particle moves over time by inte-
grating the equations of motion, thereby providing a detailed, dynamic picture of the
system’s characteristics at the molecular level. MD simulations thus offer the ability to
investigate the complex interactions and emergent properties of materials and systems

across a wide range of scientific disciplines.

Once the force f; acting on particle i is determined, the particle’s acceleration @; can
be directly calculated using Newton’s second law of motion. This law relates the force

acting on a particle to its acceleration, with m; representing the particle’s atomic mass:
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==L (32)
Generally, the Verlet algorithm [145] is used to compute the new position of a particle
at an updated time t + 0t by performing a double integration, where dt represents the
time step length. For the algorithm to function effectively, the particle’s position at the

previous time step ¢ — 0t must also be known:

ri(t 4 6t) = 2r(t) — 15t — 6t) + 0% (1) (3.3)

This method is straightforward to implement, time-reversible, and does not require
initial velocity input, simplifying the computation. If velocities are needed, they can be

estimated through finite differences:

’f’i(t) _ T‘i(t + (5t)2gt7’i(t — (St) (3'4)

The accuracy of these calculations relies on the choice of the time step dt. Equation
3.3 has an associated error of order 6t*, while the error in Equation 3.4 is of order 6t
[127, 142]. Therefore, selecting an appropriate dt is crucial to maintaining the stability

of the algorithm and conserving the system’s total energy over time.

While the classic Verlet algorithm is effective, two enhanced variants are commonly
employed in MD to improve the accuracy of position and velocity calculations: the
Velocity Verlet and Leapfrog algorithms. The Velocity Verlet algorithm modifies the
classic Verlet method by calculating both positions and velocities at each time step,
which allows direct computation of velocity-dependent properties and improves energy

conservation in MD simulations. The Velocity Verlet update equations are:

rit 4 68) = ri(E) + 74(£)5t + %h(t)étQ (3.5)
Filt + 0t) = 74() + % (Filt) + 75(L + 08)) ot (3.6)

The Leapfrog algorithm, on the other hand, calculates velocities at half time steps,
t+4dt/2, rather than at full time steps. In this method, velocities and positions ”leapfrog”
over each other, with positions updated at ¢ and velocities at t + §t/2, improving nu-

merical stability and energy conservation.

In MD simulations, these algorithms are used iteratively to model atomic motion over

very short time steps, typically on the order of femtoseconds (10715 s), to accurately
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FiGURE 3.2: Flow chart of the Molecular Dynamics method during a time step of the
simulation (Sonavane et al. 2014, Ref. [146]).

capture atomic interactions. The small time scale ensures that the positions and forces
on atoms remain stable between consecutive steps, which is essential for conserving the
system’s total energy. Figure 3.2 [146] illustrates the steps involved in a single MD

simulation time step.

Force fields characterise the behaviour of molecules by modelling all interactions be-
tween the constituent atoms of a molecule, as well as between atoms of neighboring
molecules, based on their positions within the system [147, 148]. They encompass both
the mathematical representation of potential energy associated with these interactions
and a corresponding set of parameters for their coefficients. Selecting an appropriate
force field is essential for accurately predicting material properties, leading to a wide
variety of force fields available in the literature, derived from either experimental data

or quantum-mechanical calculations.

The potential energy function defined by the force field can be divided into two com-
ponents [127], as shown in equation 3.7. The first component addresses intramolecular
interactions, representing the bonded interactions among atoms within a single molecule
linked by covalent bonds. The second component accounts for intermolecular interac-

tions, or non-bonded interactions, where atoms are not covalently connected.

Utotal = Ubonded + Unon—bonded (37)



Theoretical Framework 54

!
\
Bond stretchmg Angle Torsion

bending

FIGURE 3.3: Schematic representation of bonded interactions in a simple linear n-
alkane molecule using the all-atom (AA) force field formulation. The diagram illustrates
the three primary types of bonded interactions: (1) bond stretching, which depicts the
elongation of covalent bonds between adjacent atoms; (2) angle bending, representing
the variation in angles between bonded atoms; and (3) dihedral interactions (torsion),
showcasing the rotational dynamics around the bonds. These interactions collectively
define the molecular flexibility and structural properties of the n-alkane (Gunsteren et
al. 1990, Ref. [131]).

Bonded interactions

In classical force field formulations, the bonded interactions between atoms within the
same molecule are modelled as harmonic springs. This approach effectively captures
the flexibility and degrees of freedom of the molecule. These bonded interactions can
be categorised into three types: bond stretching, which accounts for the elongation of
covalent bonds; angle bending; and dihedral interactions, or torsion [127]. Figure 3.3
[131] illustrates these bonded interactions using the all-atom (AA) formulation for a

simple linear n-alkane molecule.

Ubonded = chmd + Uangle + Udihedral (38)

Bond stretching

Bond stretching interactions are modelled as harmonic springs to account for both elon-
gations and compressions of covalent bonds. In Figure 3.3, these interactions are repre-

sented by atoms 1 and 2, and are described by the following equation:

1
Ubond = ik(r —rp)? (3.9)
where k represents the stiffness of the bond, r is the current bond length, and rq is the
equilibrium bond length.

Angle bending interactions are similarly modelled using harmonic springs. In Figure

3.3, these interactions are illustrated by atoms 4 to 6, and are defined by the equation:
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1
Uangle = 5]{9(0 - 00)2 (310)

where kg denotes the angle stiffness, 6 is the current angle, and 6y is the equilibrium an-
gle. In this study, the stiffness values for both bond stretching and angle bending follow
the classic factor of % derived from Hooke’s law, ensuring an accurate representation of

the molecular dynamics.
Dihedral torsion

Finally, the last type of bonded interaction considers proper dihedrals formed by groups
of four atoms that define two planes of the same molecule. In Figure 3.3, this interaction

is represented by atoms 5 to 8 and described by the following formula:

N
Ugihedral = Y _ [1 4 cos(n¢ — )] (3.11)

n=1

where N is the multiplicity, ¢ is the angle created during torsion, « is the phase angle,
and n is the term number in the series, representing the periodicity of each term in the
dihedral interaction. For increased precision in describing dihedral interactions, torsion
can be represented as a sum of N terms. For example, the OPLS (optimised potentials
for liquid simulations) dihedral potential [147] is defined by the first three to four terms

of the series in equation 3.11:

Udibedsal(OPLS) = %Dl 1+ cos(¢)] + %DQ 1 — cos(26)] + %Dg, 1+ cos(30)]  (3.12)

In some cases, to account for the effects of improper dihedrals, additional terms may
be incorporated into equation 3.12. These terms help enforce the planarity of molecular

groups or prevent the molecules from flipping across boundary conditions.
Non-bonded Interactions

Non-bonded interactions consist of two main components: a Lennard—Jones (LJ) po-
tential term that combines Pauli repulsive forces and van der Waals attraction, and an

electrostatic term described by Coulomb’s law. These interactions are expressed as:

Unon—bondod = ULJ + UCoulomb (313)
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where Ur,y accounts for both repulsive and attractive forces, and Ucoulomb represents

electrostatic interactions.

Lennard—Jones Interaction

The LJ potential models the attraction (van der Waals) and repulsion (Pauli) forces
between two atoms [127]. For distances shorter than a predefined cutoff, the interaction

between an atom ¢ and its neighbour j is given by:

ULy (rij) = e [(Zj)lz - (2)61 (3.14)

where € is the depth of the potential well, dependent on the nature of the two interacting
atoms, and o;; is the distance at which the potential equals zero. Atoms ¢ and j are
in equilibrium when the distance between them is r;; = 21/ 607;]-. The first term in
equation 3.14 represents the repulsive contribution of the LJ potential, while the second
term represents the attractive contribution. This formula is referred to as the 12-6

Lennard—Jones potential, named after the exponents used (Figure 3.4 taken from [149]).
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FIGURE 3.4: Lennard—Jones Potential Energy Curve Showing Interaction Energy Vari-
ation with Interatomic Distance. The plot illustrates the potential energy U(r;;) as a
function of interatomic distance r;; for different values of the depth of the potential
well e (black: € = 1, red: € = 0.5, blue: € = 0.3). The graph highlights the effect of
€ on the strength of the attractive interaction, with larger ¢ values indicating deeper
and more stable minima, thereby reflecting stronger attractive forces between particles
(Solov’yov et al. 2017, Ref. [149]).

Values for € and o are assigned to each atom ¢. The Lorentz—Berthelot mixing rules

define the coefficients epsilon;; and o;; as follows:
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Eij = GZ'EJ' (3.15)
o= 2 ;(’j (3.16)

To reduce computational costs, the LJ potential can be truncated at a specific cutoff

distance (7 > reutoff), beyond which interatomic interactions become negligible.
Coulomb Interaction

The Coulomb interaction potential accounts for electrostatic interactions between two
bonded or non-bonded partially charged atoms. The long-range Coulomb potential is

expressed as:

qi4qj
UCoulomb (Tij) = 47r;0;“ (317)
ij

where ¢; and ¢; are the partial charges of atoms 4 and j, respectively, r;; is the distance
between the two atoms, and &g is the vacuum permittivity constant, equal to 8.85 x
10712 F/m.

As indicated by equation 3.17, long-range Coulomb interactions decrease with increasing
distance between atoms as r~! (Figure 3.5, taken from Solov’yov et al. (2017) [149]).
In contrast, the Van der Waals attractive interactions from equation 3.14 decrease as
r~9. Therefore, it is evident that electrostatic interactions can become significant even
at larger distances, necessitating their consideration beyond the cutoff distance. When
this occurs, electrostatic interactions can be approximated using the particle-particle
particle-mesh (PPPM) algorithm [150, 151]. This algorithm is particularly useful for
systems with periodic boundary conditions (PBCs), as it allows for the efficient calcu-
lation of electrostatic interactions among the infinite particles of the periodic images of

the simulation box.

The PPPM method addresses long-range electrostatic interactions by creating a three-
dimensional mesh that overlays the simulation cell. This mesh allows the system to
account for periodic boundary conditions (PBCs) by treating the simulation cell as
part of an infinite lattice of repeating images. The core of the PPPM method involves
calculating the electrostatic potential across this mesh, which is achieved by solving

Poisson’s equation:

_r
€0

(3.18)
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FiGURE 3.5: Coulomb Interaction Energy Between Two Charged Particles as a Func-
tion of Distance. The plot illustrates the Coulomb potential energy U(r;;) between two
particles with charges ¢; = g; = 1 as a function of interparticle distance r;;. The energy
curves are plotted for different values of the permittivity e (black: e = 1, red: € = 4,
blue: € = 80). As the value of € increases, the potential energy decreases, indicating a
weaker electrostatic interaction at larger e values, which corresponds to a lower energy
barrier at larger distances (Solov’yov et al. 2017, Ref. [149]).

where ¢ is the electrostatic potential and p is the charge density. Poisson’s equation
relates the spatial distribution of charge within the simulation cell to the resulting elec-
trostatic potential. To solve this equation efficiently, the PPPM method employs the
Fast Fourier Transform (FFT), a mathematical technique that quickly transforms spatial
data into frequency space. The FFT method significantly accelerates the computation of
convolution operations required for the potential by working in frequency space, reducing

the computational cost associated with long-range interactions.

Once the potential is calculated, it is transformed back to real space, where the force
on each particle due to Coulomb interactions is obtained by interpolating the potential
from the mesh points to the actual positions of the particles. This approach ensures
that each particle experiences a smooth and accurate approximation of the long-range

electrostatic forces, allowing for efficient calculations even in systems with PBCs.
Intramolecular Non-Bonded Interaction Scaling

In molecular simulations, it is often advantageous to only partially include or completely
exclude certain non-bonded interactions within the same molecule. Indeed, many force
fields simplify calculations by neglecting non-bonded interactions between atoms sepa-
rated by one or two bonds within a molecule (e.g. interactions between atoms 1 and 2,

or 1 and 3, in Figure 3.3). For atoms separated by more than two bonds (e.g. atoms
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1 and 4 and beyond in Figure 3.3), non-bonded interactions are typically included but

scaled by a factor to better align with experimental properties.

For instance, the OPLS potential and its variants [147, 152] apply a scaling factor of
0.5 to both Lennard—Jones and Coulomb interactions for atoms separated by three
or more bonds, reducing the overestimation of these forces within the molecule. This
scaling method enhances the accuracy of intramolecular interactions, yielding a closer

alignment with experimentally observed molecular properties.

Having established the theoretical framework for multiscale molecular dynamics, it is
essential to implement these principles within a computational environment that can ef-
ficiently handle complex molecular systems. In this work, we utilised the MBN Explorer
software, a versatile and robust platform specifically designed for simulating molecu-
lar structures, dynamics, and interactions. The next section provides an overview of
the capabilities of MBN Explorer and details how it will be employed to simulate the

molecular systems of interest in this study.

3.2 Meso-Bio-Nano (MBN) Explorer

MBN Explorer is a software designed to model molecular systems with varying degrees
of complexity. It excels at calculating the system’s energy, optimising molecular struc-
tures, and simulating molecular and random walk dynamics. MBN Explorer supports a
wide variety of interatomic potentials, enabling the modelling of diverse molecular sys-
tems, such as atomic clusters [153-156], fullerenes, nanotubes [157], proteins, composite
systems [158-160], nanofractals [161], and more. Figure 3.6 [162] illustrates the range

of molecular systems that can be simulated using MBN Explorer.

What sets MBN Explorer apart from other molecular simulation codes is its universality
and applicability to a broad range of problems, whether they involve biological or non-
biological systems. Unlike many existing codes that are limited to specific molecular
systems, MBN Explorer overcomes these constraints, providing a comprehensive tool
for studying an array of molecular systems. The software offers several key features that

enhance both its flexibility and performance, as outlined below.

Universality of Systems: MBN Explorer can be applied to a broad spectrum of
physical systems, ranging from individual atoms and molecules to complex biomolecular
assemblies. A unique feature of the software is its ability to simulate arbitrary com-
binations of different systems, such as interactions between metallic nanoparticles and

biomolecules, which is often outside the scope of other molecular dynamics packages.
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FIGURE 3.6: Variety of molecular systems that can be simulated using MBN Ex-
plorer: a) encapsulated clusters, b) deposited nanoparticles, ¢) nanofractals, d) com-
posite nanowires, e) proteins, f) biomolecules (e.g., DNA in solution). MBN Explorer
allows the study of the structure and properties of these systems and their combinations
(Solov’yov et al. 2012, Ref. [162]).

Broad Range of Interaction Potentials: Designed to study various molecular sys-
tems, MBN Explorer incorporates a wide selection of interatomic potentials. A distinc-
tive feature is the ability to combine different potentials and assign specific interactions

to individual atoms or groups of atoms, providing enhanced modelling accuracy.

Rigid Body Dynamics: MBN Explorer allows particles in the system to be grouped
into rigid bodies, significantly reducing the degrees of freedom and simplifying the equa-
tions of motion. This feature is particularly useful in the study of complex systems con-
sisting of large interacting building blocks, such as proteins or fullerene-based nanowires
[158-160]. Unlike many other molecular dynamics codes (such as MALDY [163] and
LAMMPS [164]), MBN Explorer enables flexible interaction interfaces between individ-
ual particles and rigid bodies, making it a valuable tool for studying composite systems,

such as bio-nano objects.

Computational Efficiency: Despite its versatility, MBN Explorer remains computa-
tionally efficient, often comparable to, and in some cases faster than, existing programs.
While it may be slower than certain specialised codes like NAMD [165] in some scenarios,
it can perform orders of magnitude faster than alternatives like GULP [166], depending

on the system and simulation requirements.
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Force Field Compatibility: MBN Explorer utilises the same molecular mechanics
force field as CHARMM [167], X-PLOR [168], and NAMD [165], which includes local
interaction terms for bonded interactions (2, 3, and 4 atoms) and pairwise interactions
(electrostatic and van der Waals forces). This compatibility simplifies the comparison of

simulations across these programs, providing a valuable tool for practical applications.

Input and Output Compatibility: In addition to its native input/output formats,
MBN Explorer supports a range of standard formats. It can read Protein Data Bank
(PDB) files, X-PLOR PSF structure files, and energy parameter files from CHARMM or
X-PLOR. Output formats include XYZ coordinate files, which can be visualised using
popular programs like VMD [169].

Example Database: MBN Explorer comes with an extensive database of examples
covering molecular systems of various complexities. These examples illustrate the imple-
mented algorithms and serve as a helpful starting point for users to familiarise themselves

with the software.

The following part of this section provides an overview of the implementation of MD

techniques in MBN Explorer.
As discussed previously, MBN Explorer is designed to simulate a wide range of atomic
and molecular systems. The main assumptions are as follows:

(i) The system consists of assemblies of rigid molecules, atoms, or biological polymers.

(ii) Interatomic interactions and forces within the system are described by continuous

functions and applied to each atom.
(iii) The dynamics of the system are governed by classical Newtonian and Euler equa-
tions, or relativistic equations of motion, where applicable.
Let us consider a molecular system consisting of N atoms, where N,; atoms have three
degrees of freedom, and N — N, atoms are constrained within N, rigid bodies.

Newton’s Equations of Motion:

Newton’s second law of motion is applied to each atom in the system, which possesses
three degrees of freedom. Consider an arbitrary atom labeled with the index ¢, where

i1 =1,2,..., Nat. The equation of motion for this atom is expressed as:

Lo F (3.19)
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Here, m; is the mass of atom i, @; is its acceleration, and F; represents the total force

acting on the i-th atom, generated by the interactions with all other atoms in the system.

The force F‘Z is determined by interatomic potentials, which can be either pairwise or
many-body in nature. Equation 3.19 is a second-order differential equation. To solve it
numerically, initial conditions must be provided, including the positions and velocities

of all atoms at time ¢ = 0.
Relativistic Equations of Motion:

MBN Explorer also allows for simulations of relativistic dynamics. This is achieved by
solving the relativistic equations of motion for particles experiencing relativistic effects.

The equations of motion in this case are:

. M (3.20)
;= 171
where
1
Vi = ——— (3.21)
1 — Yili
C2

In these equations, ~; is the Lorentz factor for the i-th atom, and c is the speed of light.
The relativistic equations 3.20 are highly nonlinear, making their numerical integration
more challenging. For accurate results, MBN Explorer employs a fourth-order Runge-

Kutta method [170] with adaptive step size to integrate these equations.

Similar to the Velocity Verlet algorithm discussed in the previous section, the Runge-
Kutta method requires specifying initial conditions at the start of each simulation step.
For each particle undergoing relativistic motion, at a given time ¢, the initial condition

is represented as:

yi(t) = i (3.22)

where y;(t) denotes the state vector of the i-th particle, which includes its position
and velocity (or momentum) at time ¢. These initial conditions allow the system to be

propagated forward in time.

For each relativistic particle, a set of intermediate variables is is computed to update

the state vector. These terms are given by:
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kil =At- fi(t7yi)

1 1
ki, = At - fi (t + ALy + 2k>
(3.23)

1 1
ki = At - f; (t + §At7?]z‘ + Qki2)

These intermediate steps are used to compute the velocities #; and positions 7; of the

relativistic particles at time ¢ + A¢. This is done by evaluating y;(t + At) as:

1
yi(t + At) = Yy; (t) + g(k}“ + 2k‘i2 + Qki3 + k‘i4) (3.24)

The updated values y;(t + At) are then used to compute the velocities #;(t + At) and
positions 7;(t + At). These results serve as the initial conditions for the subsequent

simulation step.

To maintain computational accuracy, energy conservation is monitored at each step. If
the relative difference in the total system’s energy exceeds a pre-defined threshold, the
simulation step is repeated with the timestep reduced by half. This procedure continues

until the desired precision is achieved or the timestep reaches its minimal allowable value.
Euler Equations:

Rigid body molecular dynamics focuses on the motion of rigid molecules or rigid frag-
ments, where the internal distances between any two atoms within the rigid fragment
remain fixed. In this framework, the dynamics of a molecule can be separated into two
components: the translational motion of the centre of mass and the rotational motion
of the molecule. These motions are described in a fixed reference frame, known as the
lab-frame, and in a rotating reference frame attached to the molecule itself, called the

molecular-frame (Figure 3.7).

The translational motion of a rigid molecule is governed by Newton’s equations, which
describe the motion of the centre of mass. The rotational motion is more complex and is
governed by Euler’s equations. To fully describe the dynamics of a rigid molecule, both
the position of the centre of mass and the orientation of the molecule must be specified.
These are represented by three spatial coordinates (for the centre of mass) and three
angular coordinates (for orientation). Thus, the equations of motion for a rigid molecule

consist of:

e Newton’s equations for the translational motion of the centre of mass.
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F1GURE 3.7: Two coordinate frames used to describe the motion of a rigid molecular
object: (z, y, z) represents the fixed laboratory frame, while the non-inertial coordinate
frame (2, 3', and 2’) is the object frame, in which its tensor of inertia is diagonal.

e Euler’s equations for the rotational motion around the centre of mass.

The rotational motion of a rigid molecule is described by the following equation [171]:

=

dL a

d—t"‘:Ta, a=1,...,Nmm (3.25)
Here, L, represents the total angular momentum of the a-th rigid molecule about the
origin of the lab-frame, and T,, is the total torque acting on the molecule. N, refers

to the total number of rigid molecules in the system. This equation expresses the fact

that the rate of change of angular momentum is equal to the applied torque.

The description of rigid body dynamics in molecular simulations is fundamental for
understanding the rotational and translational features of complex molecules. By using
the lab-frame and molecular-frame (Figure 3.7), the rotational dynamics of a molecule

can be expressed more simply in terms of its principal moments of inertia.

Equation (3.25) is valid in an inertial reference frame (the lab-frame), but for simplicity,
it is often convenient to describe rotational motion in the molecular-frame, where the
coordinate axes are aligned with the principal axes of rotation of the molecule. To fully

describe the motion in both frames, we introduce two coordinate systems:

e The lab-frame with coordinates (z,y, z), which is fixed in space.

e The molecular-frame with coordinates (2', v/, z’), which rotates with the molecule
such that the 2/, ¢/, and 2’ axes always align with the molecule’s principal axes of

rotation.
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Since the molecular-frame corotates with the molecule, the angular velocity of the
molecular-frame is the same as that of the molecule. In the molecular-frame, the angular

momentum is expressed as:

dL,, _ dr’,

pr s W X L'y (3.26)

In this equation, u?’a is the angular velocity vector of the molecule, and E’a is the
angular momentum vector, both expressed in the molecular-frame. The second term on
the right-hand side, W X L «, represents the change in angular momentum due to the

rotation of the molecular-frame itself.

In the molecular-frame, the angular velocity and angular momentum are expressed in
terms of the principal moments of inertia of the molecule. We define the following

quantities:

T/Oé = (T(;zl ’ Tééy/ ) T(;Z/ )7 (327)
J/Oé = (w:lz/ ’ w/Oty/ ’ wg{z/ )’ (328)
L'y = (I, w;m, , Iay,y,w'ay/ , Iazfsz:xz/) (3.29)

where I, , ,, Iay,y,, and I,_, , are the principal moments of inertia of the rigid molecule.
Using these quantities, we can express the components of the angular momentum equa-

tion (3.25) in the molecular-frame as follows:

/! _ W
Ta ;T Iax/x/w o7 (Ia

T

y Ioéz,z,)wéy W, (3.30)

!
1 Y z

Yy /

This equation describes how the angular velocity of the molecule changes due to torques
acting on it. The same form holds for the ¥’ and 2’ components of the motion, with

cyclic permutations of the variables.

3.3 Software Capabilities and Applications

In this section, we explore how the principles discussed above are implemented in MBN
Explorer. Figure 3.8, taken from Solov’yov et al. (2012) [162], presents a general work-
flow diagram outlining the four core task types in MBN Explorer: calculation of system

energies, optimisation of molecular structures, and simulation of molecular and random



Theoretical Framework

66

define interaction scheme

store intaratomic interactions

Reader i . " ———
InteractionBuilder PatentialLibrary
. PotReader es—
Options == g‘;;‘tRF;Zad‘i?rE PrmReader — BasicintScheme = MolecularPotentialLibrary
parse task LinkedCellintSch MolecularTopologyLibra
file PsfReader e n~ S pology &/
r,) struct molecular l
f— functions
Systlem Interaction, Potential, Coulomb,
Pgrpcle Ewald, ConstantElectricField,
ﬁ!lt?;graacl:':l’gl}bject construct a grid giswuéioroe‘;' Brer;:‘i:‘ GIUpta1
; i . uttonChen, Tersoff, Angle,
ge:ﬁi?nlglgbjted MonoCellGrid Bond, Dihedral, Improper,
ulerianObjec

random walk

dynar

simulation

Dzugutov, ExponentialPotential,
Girifalco, LennardJones, Morse,
PowerPotential, QuasiSuttonChen

VelocityVerietintegrator ||| VelocityVerletOptintegrator

minimize the energy
of the system

)
-

i)

OutputWriter LogWriter

write output data to files

TrajectoryWriter

program

< EnergyTask | MDTask | OptTask| RandomWalkTask| .
Dounagry conanions
M PeriodicBoundaryConditions
e ReflectingBox
0
BasicIntegrator : ;
Leapfrogintegrator ConjugateGradientintegrator FEiaTaRiE Sariy

BasicThermostat
BerendsenThermostat
LangevinThermostat

external manipulation
on the system

Device
Antirotator
SystemManipulator

F1GURE 3.8: Generalised schematic illustration of MBN Explorer workflow for single-
point energy calculation (red line), molecular system optimisation (blueline), molecular
dynamics (green line), and random walk dynamics simulation (purple line). The most
essential modules of MBN Explorer are shown asboxes while lines define links between

classes (Solov’yov et al. 2012, Ref. [162]).

walk dynamics. The figure highlights the essential modules that form the computa-

tional backbone of MBN Explorer, showing which modules are required for each type of

computational task.

All four task types in MBN Explorer share a common input interface. After loading the

necessary information from configuration files, the system is prepared for simulations.

The results of the simulations are then written by three output modules: Output Writer,

LogWriter, and TrajectoryWriter, all of which are employed in similar ways across dif-

ferent tasks.
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The modular structure of MBN Explorer’s code makes it highly adaptable. For example,
it is possible to add new thermostats and barostats by implementing a single additional
module, as reflected in Figure 3.8. Operations that impose constraints on equations of
motion and affect particle trajectories are structured within the so-called devices. One
notable example is the Periodic Boundary Conditions module, which modifies particle
coordinates when particles cross the simulation box boundary, translating them to the
opposite side of the box. The device concept is central to introducing new features into

the code.

A critical set of modules within MBN Explorer are the integrators, which are responsi-
ble for advancing the system according to the equations of motion. In MD simulations,
an integrator advances the system in time, whereas in structure optimisation, it drives
particles toward configurations with lower potential energy. These integrators calcu-
late new particle velocities based on the forces acting on them and update positions
based on the computed velocities. Key integrator modules are Leapfroglntegrator and

Velocity VerletIntegrator, depicted in Figure 3.8.

MBN Explorer accepts input information from up to six different file formats, as illus-
trated in Figure 3.9: (i) the MBN Explorer structure file, (ii) Protein Data Bank (PDB)
file, (iii) topology file, (iv) MBN Explorer potential file, (v) CHARMM force field file,
and (vi) optional system manipulation files. The input structure of atoms can be spec-
ified in Cartesian coordinates, and MBN Explorer supports the standard elements of
the periodic table. Additionally, ”non-standard” particles can be defined with specific

properties, such as custom masses or charges.

The PDB format, commonly used in biomolecular simulations for storing coordinate
data, is also supported by MBN Explorer for molecules like proteins and DNA. The
PDB file can be used in conjunction with other input files to provide a comprehensive
description of the molecular system. While the PDB format focuses on atomic coordi-
nates, it can be combined with the MBN Explorer structure format to fully specify the

system.

For simulations involving molecular mechanics (MM) potentials, a topology file is re-
quired, containing molecular-specific information such as atomic types, charges, and
details on molecular bonds, angles, and dihedral angles. MBN Explorer is fully compat-
ible with the CHARMM/NAMD topology file format.

The potential file used by MBN Explorer allows the definition of a wide variety of
interatomic potentials, including pairwise, many-body, and external potentials. Unique
cutoff distances can be specified for each potential, allowing for the efficient handling of

long-range interactions without significant loss of accuracy.



Theoretical Framework 68

topology file

PDB file

MBN Explorer
potential file

N, coordinates

N, L system
= manipulation
N,+1 file P
CHARMM
force field file
MBN Explorer
structure file
N-N, coordinates
velocities
N- L non-standard masses

atom ID

FIGURE 3.9: Schematic diagram illustrating the interlink of input files in MBN Explorer
(Solov’yov et al. 2012, Ref. [162]).

The topology file is necessary for MBN Explorer calculations involving MMpotentials,
as given by equation 3.31. The form of the MM potential differs significantly from the
pairwise and many-body potentials mentioned earlier because it requires the explicit
definition of the system’s topology, which outlines the chemical bonding structure. The

total energy of a molecular system interacting via the MM potential is expressed as:

Utot = Ucov + UvdW + UCoul: (331)

Here, U,qw represents the van der Waals interactions in the system, which are mod-
elled in MBN Explorer through the Lennard—Jones potential, and Ucgy accounts for
Coulombic interactions between charged particles. The topology file contains detailed
molecular information, such as atom types, partial charges, molecular bonds, angles, and
dihedrals. MBN Explorer is fully compatible with the CHARMM /NAMD topology file

format, which specifies these properties for biomolecules and other molecular systems.

Finally, MBN Explorer produces three primary output files: the output file, the log file,
and the trajectory file. The output file stores task-related information, including input
data, final system configuration, and computational parameters such as CPU time. The
log file records system properties like energies, momenta, and temperatures at user-
defined intervals during MD and optimisation simulations. The trajectory file, which
logs the evolution of atomic coordinates over time, can also include additional data such
as velocities and forces upon request. The trajectory data is saved in the XYZ format,

compatible with visualisation tools such as VMD [169].
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With this modular and flexible structure, MBN Explorer enables the simulation of di-
verse molecular systems and processes, offering advanced customisation options for a
wide range of computational tasks. In the next section, we will explore specific capa-
bilities of MBN Explorer, along with its various applications in molecular dynamics,

nanoscience, and beyond.

3.3.1 Simulation Parameters

In order to run the simulation on MBN Explorer, the main required files are: Task
File; Initial coordinate of the system, and Potential File, describing interatomic
interactions. Additional files such as topology and chemistry rules may be required for
some calculations. A discussion of some of the key simulation parameters commonly
employed in MBN Explorer, with a particular focus on the specific parameters relevant

to the simulations conducted in this study, can be found in Appendix A.

In this study, thermostat parameters were primarily employed to control the tempera-
ture cycle, along with other relevant simulation parameters. Depending on the specific
requirements, various task types and associated parameters are available, which can be
referenced in detail in the MBN Explorer User Guide [149].

To simulate radiation-induced transformations in the system, the Irradiation Driven
Molecular Dynamics (IDMD) method [172] was utilised. The details of this approach

are discussed in the subsequent section.

3.3.2 Irradiation Driven Molecular Dynamics (IDMD)

Despite its numerous advantages, standard classical MD simulations cannot adequately
model irradiation-driven processes. Classical MD typically does not account for the
coupling between the system and incident radiation, nor does it capture the quantum
transformations within a molecular system induced by irradiation. Examples of such
processes include: (i) the inactivation of living cells by ionising radiation, which causes
complex DNA strand breaks [173-175]; (ii) the formation and composition of cosmic ices
in the interstellar medium and planetary atmospheres due to the interplay of molecular
surface adsorption and irradiation [176]; and (iii) the formation of biologically relevant

molecules under extreme irradiation conditions [177].

To overcome these limitations, the IDMD methodology has been developed. This new
approach enables atomistic simulations of irradiation-driven chemistry (IDC) in complex
molecular systems. The IDMD method has been implemented in the MBN Explorer
software package [149, 178, 179].
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IDC is now widely used in modern nanotechnologies, such as focused electron beam-
induced deposition (FEBID) [180-182] and extreme ultraviolet (EUV) lithography [183,
184], both of which are discussed in the next section. These techniques represent the
next generation of nanofabrication, allowing for the controlled creation of complex three-
dimensional nanostructures with nanometer resolution. Additionally, IDC plays a crucial
role in nuclear waste decomposition technologies [185] and medical radiotherapies [173,
174, 186].

IDC explores transformations in molecular systems caused by irradiation with photons,
neutrons, or charged-particle beams. It is also relevant for molecular systems subjected
to external fields, mechanical stress, or plasma environments. While quantum mechani-
cal methods such as time-dependent density functional theory (TD-DFT) can rigorously
describe irradiation-driven processes, they are feasible only for relatively small molecular
systems, typically containing a few hundred atoms at most [187-190]. This limitation
restricts the applicability of TD-DFT in studying the complex supramolecular systems

and materials involved in IDC.

Classical MD offers an alternative theoretical framework for modelling large and complex
molecular systems. For example, the classical MM approach allows for the simulation of
molecular systems containing millions of atoms [191, 192] and evolving on timescales of
hundreds of nanoseconds [193-195]. In this framework, the system is treated classically,
with atoms interacting through parametric, phenomenological potentials that depend on
the network of chemical bonds in the system. This bond network defines the molecular
topology, which imposes constraints on the system, maintaining its natural shape and

preserving its mechanical and thermodynamic properties.

Within the IDMD framework, quantum collision processes such as ionisation, electronic
excitation, and bond dissociation (via electron attachment or charge transfer) are in-
corporated into classical MD simulations in a stochastic manner. These processes are
modelled as fast, local transformations, with probabilities derived from quantum me-
chanics. The probability of each quantum process is proportional to the product of its
cross section and the flux density of incident particles [196]. Cross sections for collision
processes can be obtained from (i) ab initio calculations, (ii) analytical estimates and
models, (iii) experimental data, or (iv) atomic and molecular databases. The flux den-
sities depend on the specific system and problem under investigation. The properties
of atoms and molecules, such as energy, momentum, charge, and interaction potentials,

are adjusted according to their final quantum states after the collision.

During quantum processes, the energy transferred to the system through irradiation is
absorbed by the electronic and ionic degrees of freedom, creating chemically reactive

sites in the system. The subsequent dynamics of these reactive sites are handled by
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classical MD until further irradiation-driven transformations occur. These reactive sites

may also undergo chemical reactions, forming stable and neutral species.

IDMD also captures the dynamics of secondary electrons and the energy and momentum
transfer from the excited electronic subsystem to the system’s vibrational modes, leading
to heating. For small gas-phase systems, ejected electrons can be decoupled and excluded
from post-irradiation dynamics. In extended or condensed systems, secondary electron
interactions can be modelled using electron transport theories, such as diffusion [174, 197]
or Monte Carlo (MC) methods [198], providing spatial distributions of energy deposition.
Immobilised electrons and excitations transfer energy to the system’s heat via electron-
phonon coupling, which occurs on picosecond timescale [199]. IDMD accounts for these
relaxation processes, determining their temporal and spatial characteristics, and how

much energy is converted to heat.

IDMD enables the computational analysis of physicochemical processes in radiation-
exposed systems across time and spatial scales far beyond the reach of quantum me-
chanical methods like DFT, TD-DFT, nonadiabatic MD, and Ehrenfest dynamics. The
analysis is rooted in the atomistic approach, similar to traditional MD, and relies on
input parameters such as bond dissociation energies, molecular fragmentation cross sec-
tions, energy transfer rates, and spatial regions for energy relaxation. These parameters
can be obtained through quantum mechanical calculations or, when computationally
prohibitive, from experimental data or analytical models. A similar approach is em-
ployed in Monte Carlo particle transport models, where cross sections serve as inputs

for simulating particle interactions in various materials [172].

Due to its relatively few input parameters and the vast range of output characteris-
tics accessible for analysis, IDMD offers unique capabilities for modelling irradiation-
driven modifications and chemistry in complex molecular systems. By linking outputs
from Monte Carlo codes that simulate radiation and particle transport (e.g., Geant4
[200, 201], SEED [202], and others) to the inputs of IDMD, a multiscale description of
irradiation-driven chemistry and structure formation can be achieved in various Meso-
Bio-Nano systems. This capability has been demonstrated in the recent FEBID case
study [203] and can be applied to many other systems exposed to different radiation

fields, geometries, and temporal profiles.

The IDMD methodology is suitable for any molecular system exposed to radiation,
accounting for major dissociative transformations, such as topological changes, redistri-
bution of atomic partial charges, changes in atomic valences, bond multiplicities, and
interatomic interactions, as well as further reactive transformations [203]. These trans-
formations can be simulated using MD with reactive force fields, particularly the reactive
CHARMM (rCHARMM) force field [204], which is implemented in MBN Explorer.
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rCHARMM enables the modelling of bond rupture events and the formation of new
bonds by chemically active atoms, while continuously tracking changes in the system’s
topology during its transformations. As an extension of the widely used CHARMM force
field [167, 205], rCHARMM is directly applicable to organic and biomolecular systems.
Its combination with other force fields [206, 207] facilitates simulations of a broader range
of molecular systems undergoing chemical transformations, while monitoring changes in

molecular composition and topology [203, 206, 208-211].

Compared to the standard CHARMM force field, rCHARMM requires the specification
of two additional parameters for bonded interactions: the bond dissociation energy and
the cutoff radius for bond breaking or formation. By defining these parameters, MBN
Explorer treats all molecular mechanics interactions (bonded, angular, and dihedral)
using an alternative parametrisation. If the distance between two atoms exceeds the
cutoff radius, the bonded interaction is removed from the system’s topology and is not

considered in subsequent calculations.

The standard CHARMM force field [167] employs a harmonic approximation to describe
interatomic interactions, which limits its applicability to small deformations of molec-
ular systems. For larger perturbations, the potential should approach zero as valence
bonds rupture. To account for covalent bond rupture, MBN Explorer uses a modified
interaction potential for atoms connected by chemical bonds. The standard CHARMM

force field for covalent bonds is defined as:

{7 (bond) (rij) = kfj(rij _ 7“0)2 (3.32)

where kﬁ?j is the bond stretching force constant, r;; is the distance between atoms 7 and
7, and rg is the equilibrium bond length. This parametrisation accurately describes the
bond stretching regime for small deviations from rg, but becomes inaccurate for larger

distortions.

To better model covalent bond rupture, it is more appropriate to use the Morse potential,
which requires an additional parameter—the bond dissociation energy—compared to the

harmonic potential in equation 3.32. The Morse potential for a pair of atoms is expressed

as:
Utond) (y..) = Dy |e~2Pisria—ro) _ Qefﬁij(ﬁ'rro)] (3.33)

b N\ 1/2
where D;; is the bond dissociation energy, and 3;; = < DZ‘ determines the steepness

of the potential. Figure 3.10 [204] illustrates the Morse potential for the CN7T-CN8B
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FIGURE 3.10: Pairwise carbon-carbon interaction potential (CHARMM types CN7-
CN8B) shown using harmonic (1) and Morse (2) approximations. The van der Waals
interaction between the two atoms is depicted by the blue line labeled as (3) (Sushko
et al. 2016, Ref. [204]).
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FIGURE 3.11: Structure of a complementary adenine—thymine nucleobase pair, repre-
senting a segment of a DNA molecule. Solid spheres highlight specific atoms in the
DNA backbone, classified by CHARMM atom types CN7, CN8B, ON2, and P. The
bonded, angular, and dihedral interaction potentials involving these atoms are illus-
trated in Figure 3.10 and 3.12 (Sushko et al. 2016, Ref. [204]).

bond, one of the covalent bonds in the DNA backbone (see notations in Figure 3.11
[204]). For small deviations from rp, the Morse and harmonic potentials are nearly

identical.

The rupture of covalent bonds during simulations automatically utilises an improved
potential for valence angles. This potential increases rapidly with larger angular dis-
tortions, potentially leading to non-physical results when modelling bond rupture. In
the CHARMM force field, the potential associated with the change of a valence angle

between bonds with indices ¢j and jk is given by:

U9t (G5x) = ki (Bigr, — 60)? (3.34)
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FIGURE 3.12: (A) The CN8B-ON2-P angular potential calculated using equation

3.37 with account for the ON2-P bond rupture. (B) The CN7-CN8B-ON2-P dihedral
potential calculated using equation 3.39 with account for the CN8B-ON2 bond rupture.
See the atom-type notations in in Figure 3.11 (Sushko et al. 2016, Ref. [204]).

where kfjk and 6y are parameters of the potential, and 6;;; is the actual angle formed
by the atoms. This potential grows rapidly with increasing angle, which may lead

to non-physical results when simulating covalent bond rupture. To avoid such issues,

the harmonic potential in equation 3.34 is replaced in rCHARMM with the following
alternative parametrisation:

U @n9e) (0;51,) = 2k%1.[1 — cos(0y5, — 0o)] (3.35)
For small variations in the valence angle, this parametrisation is equivalent to the har-
monic approximation (equation 3.34) used in the standard CHARMM force field. How-

ever, for larger angles, the parametrisation in equation 3.35 introduces an energy thresh-
old, which is critical for accurate modelling of bond rupture.

When a covalent bond breaks, the associated angular interactions are also disrupted. The

effect of bond rupture on the angular potential is modelled by a smooth step function:

U(’I”ij) = % [1 — tanh (,Bij(T'ij — 7’:}))] (3.36)

RYIW 4r . . . . . .
where 17, = —45——. This function introduces a correction to the angular interaction

potential by taking into account the distance r;; between atoms involved in the angular

interaction, which transitions from the equilibrium bond length r¢ to the van der Waals
contact distance RVIW,

Since angular interactions involve two bonds between atoms with indices ij and jk, the

potential energy for the valence angle interaction subject to bond rupture is parame-
terised as:
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U (G) = o (rig)o (1)U (B) (3:37)

As seen in equation 3.37, the angular potential decreases as the bond length between
any pair of atoms ij or jk increases. Figure 3.12A [204] illustrates the CN8B-ON2-P
angular potential in the context of DNA modelling (see notations in Figure 3.11 [204]).
The angular potential is calculated using equation 3.37 while considering the rupture of
the bond between the oxygen and phosphorus atoms, with the CN8B—ON2 bond length

taken as its equilibrium value rg.

Dihedral interactions arise in molecular mechanics due to changes in the dihedral angle
between every set of four connected atoms. Consider a quadruple of atoms with indices
i, j, k, and [, where the dihedral interaction depends on the angle between the planes
formed by atoms 4, j, k, and atoms j, k, [. In the harmonic approximation, the dihedral

energy contribution is expressed as:

y (dihedral) (Xijkt) = 2k:fljkl[1 + cos(nijriXijri — Oijkt)] (3.38)

where kfjkl, n;jki, and 0;5%; are potential parameters, and x;;; is the angle between the

planes formed by atoms ¢, j, k and j, k, [.

Dihedral interactions are also affected by bond rupture. Therefore, equation 3.38 must
be adjusted to account for bond breakage. The dihedral interaction involving atoms 4,
7, k, and [ depends on three bonds, and the dihedral potential energy considering bond

rupture is given by:

{7 (dihedral) (xijh) = U<rij)0(7ajk)a(7akl)U(dz’hedral) (xijht) (3.39)
Here, U(dthedral) (v, 1)) from equation 3.38 describes the dihedral interaction within the
standard CHARMM force field. The step functions o(ri;), o(rjx), and o(ry) (as defined
in equation 3.36) are used to limit the dihedral interaction as the corresponding bond
lengths increase. Figure 3.12 B illustrates the profile of the CN7-CN8B-ON2-P dihedral
potential, accounting for the rupture of the CN8B—ON2 bond. This dihedral interaction

is crucial for e.g. modelling strand breaks in the DNA sugar-phosphate backbone [172].

While the primary focus of this study is on thermal cycling and its effects on material
stability, it is important to emphasise that the simulation framework developed here
is inherently designed to incorporate radiation effects through the use of Irradiation-

Driven Molecular Dynamics (IDMD). This consideration is essential, as materials used
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on the lunar surface will inevitably be subjected to simultaneous exposure to temperature

extremes and radiation from solar wind and galactic cosmic rays.

The MBN Explorer software and associated simulation setup detailed in this chapter
have been selected not only for their robustness in handling thermal stress simulations,
but also for their capability to model radiation-induced phenomena at the atomistic level.
Although radiation simulations are not included in the present work, they represent a
critical component of the research programme and are planned for future implementa-
tion. By establishing this dual-purpose framework, the present thesis serves as both a
standalone investigation of thermal effects and a foundational reference for continued

studies on the synergistic impact of lunar environmental stressors.

We now proceed to review several key studies that have employed IDMD to investigate
complex molecular systems. These examples showcase the methodology’s effectiveness
in simulating chemical transformations, biomolecular processes, and radiation-induced
effects under various conditions. A comprehensive overview of simulations for condensed
matter systems exposed to radiation, including case studies using the IDMD code, is
provided in Solov’yov et al. (2024) [212].

3.3.3 Previous works on IDMD

The IDMD methodology is applicable to any molecular system exposed to radiation,
effectively capturing the key dissociative transformations of irradiated systems. It ac-
counts for topological changes, redistribution of atomic partial charges, variations in
atomic valences, bond multiplicities, and interatomic interactions, along with potential

pathways for further reactive transformations [203].

This advanced IDMD framework enables multiscale modelling of IDC processes, which
are crucial for emerging technologies. These range from the precise fabrication of nanos-
tructures with nanometer resolution [182-184, 213] to cancer treatment via radiotherapy

[173, 174], both of which are discussed further in this thesis.

The IDMD algorithm has been validated in numerous case studies involving collision
and radiation processes, such as atomistic simulations of the FEBID process and related
IDC [203, 207], collision-induced multifragmentation of fullerenes [206], electron impact-
induced fragmentation of the organometallic molecule W(CO)g [209], thermal splitting
of water [204], radiation chemistry of water near ion tracks [208], and ion-induced DNA
damage of varying complexity [178, 210]. Some of these case studies are discussed in

detail in this section.
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Multi-fragmentation of carbon fullerenes upon collision

Irradiation- and collision-induced processes involving carbon fullerenes have been ex-
tensively investigated over the past few decades, both experimentally and theoretically
[214-217]. In particular, collisions involving neutral and charged Cgo and Crq fullerenes

have been the subject of numerous studies [214, 218-222].

Verkhovtsev et al. (2017) [206] explored the collision-induced fusion and fragmentation
of Cgo fullerenes through classical MD simulations using the rCHARMM force field,
implemented in MBN Explorer. The many-body Brenner potential (REBO) [223] was
used to model interactions between carbon atoms, and combined with rCHARMM to
monitor changes in molecular topology and the yields of atomic and molecular fragments

produced during the process.

Two thousand simulations of Cgg+Cgo collisions were conducted to account for the sta-
tistical nature of fusion and fragmentation. Each simulation lasted 10 ps, with the
fullerenes randomly oriented with respect to one another. Initial geometries were pre-
pared using MBN Studio [224], and quantitative data on fragment production (i.e. the
number of fragments of each type) were extracted from the simulation outputs. The
ensemble-averaged fragment size distribution was calculated for each collision energy by
summing the data from all trajectories and normalising the results by the total number

of fragments.

Figure 3.13 from Verkhovtsev et al. (2021) [172] presents the average size of the molec-
ular system at the end of the simulations as a function of the centre-of-mass collision
energy. The average system size is defined as the total number of atoms divided by the
total number of molecular species at a given collision energy. The data from various
trajectories were combined and normalised, accounting for molecular fragments, non-
fragmented Cgg molecules, and fused Cig9 products. The results, represented by open
circles, were obtained at zero initial fullerene temperature. The maximal average molec-
ular size, indicating the highest fusion probability, was observed at collision energies
around 200 eV—significantly higher than experimental results for Cgfo + Cgo collisions
219, 225].

In experiments, the average temperature of colliding fullerenes was estimated to be
around 2000 K [219]. To better replicate experimental conditions, additional simula-
tions were performed with initial fullerene temperatures set to 2000 K. Each thermally
excited molecule had an internal kinetic energy of approximately 30 eV. Initial struc-
tures and velocities for these simulations were derived from a 10 ns constant temperature
simulation of a single Cgg molecule at 2000 K. These simulations showed that Cgy main-

tains its cage-like structure up to T & 2300 K, after which a transition, often referred
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FIGURE 3.13: The average size of molecular products produced in C60—-C60 collisions
as a function of the centre-of-mass collision energy. The collision products, including
different molecular fragments as well as non-fragmented C60 molecules and fused C120
compounds, were recorded after 10 ps of the simulations. Open and filled circles describe
the simulations performed at the fullerene initial temperature of 0 K and 2000 K,
respectively. In the experiments, an average temperature of the colliding fullerenes was
estimated around 2000 (Verkhovtsev et al. 2021, Ref. [172]).

to as fullerene melting, occurs. This melting involves the opening of the fullerene cage

and the formation of a highly distorted, non-fragmented structure [226, 227].

The thermally excited simulations aligned more closely with experimental findings. Ac-
counting for a statistical uncertainty of around 10%, the calculated average product sizes
agree well with experimental data. The largest average product size, and thus the high-
est probability of fusion, was found for collisions with energies between 90 and 120 eV
significantly lower than the 200 eV observed in simulations at zero initial temperature.
This reduction in the fusion barrier is attributed to the thermal energy stored in the

fullerenes.

To further investigate the effect of initial fullerene temperature on fragmentation dynam-
ics, fragment size distributions for clusters containing up to 10 carbon atoms were anal-
ysed after 10 ps of simulation. As shown in Figure 3.14 from Verkhovtsev et al. (2021)
[172], simulations with zero temperature fullerenes (Figure 3.14A) revealed minimal
fragmentation at 225 eV, while at 270 eV, a phase transition led to multifragmentation
and the formation of numerous small fragments. This phase transition is consistent with
the energy difference between a Cgg fullerene and a gas of 30 Cy dimers, AE(Cgo—30Cs)
= 233 eV, calculated using the Brenner potential. At 225 eV, the energy is below the

threshold for multifragmentation, resulting in limited fragment production. However,
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FIGURE 3.14: Number of C,,(n < 10) fragments, normalised to the total number of
fragments produced after 10 ps, for the centre-of-mass collision energies of 225, 270 and
315 eV. Panels A and B show the results obtained at the 0 K and 2000 K temperature
of colliding fullerenes, respectively (Verkhovtsev et al. 2021, Ref. [172]).

at 270 eV, the collision energy surpasses the multifragmentation threshold, enabling the
formation of numerous small carbon fragments. In contrast, simulations with an initial
fullerene temperature of 2000 K (Figure 3.14B) show the phase transition occurring at
a lower collision energy of approximately 185 eV. Notably, thermally excited fullerenes
produce a larger number of Co and Cs fragments. At 315 eV, the relative number of
larger fragments is around 3-6% of the total number, regardless of the initial internal

energy.

It is well established that the size distribution of small fragments, C,, produced in
fullerene collisions follows a power law n~* [228, 229]. Fitting the simulated fragment
distributions for n > 2 yielded a power law exponent A = 1.47 £+ 0.04, which closely
matches the value of 1.54 obtained in earlier MD simulations at 500 eV centre-of-mass

collision energy [230].
Atomistic simulation of the FEBID process:

One of the innovative applications of IDC is in focused electron beam-induced deposition
(FEBID), an advanced nanofabrication technique that enables precise construction of
metal nanostructures with nanometer resolution [180-182]. The process of FEBID in-
volves irradiating precursor molecules (mostly organometallics) [231] with keV electron
beams as they are deposited onto a substrate. This electron-induced dissociation re-
leases the metallic component of the precursor, forming a deposit on the substrate with
a size comparable to the incident electron beam, typically a few nanometers [213]. A

common class of precursor molecules used in FEBID includes metal carbonyl compounds
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of the form M,,(CO), [182, 232], where one or more metal atoms (M) are bonded to
several carbon monoxide (CO) ligands. These compounds have been extensively stud-
ied over the years, with a wealth of data available on their thermal decomposition and
electron-induced fragmentation [233-239]. The unique structure of metal carbonyls,
which feature strong C—O bonds and weaker M—C bonds, has drawn significant interest;
the weaker M—C bonds tend to break readily under sufficient internal energy, typically

resulting in the sequential loss of CO ligands.

The FEBID process operates through repetitive cycles of precursor deposition, diffu-
sion, aggregation, and desorption on the substrate, followed by irradiation from a finely
focused electron beam. This irradiation drives the dissociation of metal-free ligands
and initiates the growth of metal-enriched nanostructures. modelling FEBID involves
addressing a variety of complex phenomena occurring on different spatial and temporal
scales, requiring both theoretical and computational approaches [162]. These phenomena
include: (i) the deposition and diffusion of precursor molecules on the substrate, (ii) the
transport of primary, secondary, and backscattered electrons, (iii) electron-induced dis-
sociation of the adsorbed molecules, (iv) subsequent chemical reactions, and (v) energy
relaxation into electronic and vibrational modes, which can lead to thermo-mechanical

effects.

Traditionally, simulations of FEBID and nanostructure growth have been based on
Monte Carlo (MC) methods and diffusion theory, which allow for the prediction of
average process characteristics but lack molecular-level detail. The IDMD method ex-
tends beyond these limitations, enabling atomistic-level simulations of the nanostruc-
tures formed during FEBID, while accounting for quantum and chemical transformations
in the adsorbed material [203].

In a prior study [203], atomistic IDMD simulations of the FEBID process were performed
for tungsten hexacarbonyl, W(CO)g, on a hydroxylated SiOy surface, using the MBN
Explorer software. The results were validated through comparison with experimental
data [240]. The simulations employed the rCHARMM force field to describe the struc-
tural and dynamic properties of irradiated W(CO)g molecules on the SiOy substrate.
The rCHARMM approach requires several parameters to be specified, including equilib-
rium bond lengths, bond stiffness, and dissociation energies. Moreover, the dissociative
chemistry of the precursors, involving molecular fragments and atomic valences, must
be defined. In the model considered, only the dissociation and formation of W—C and
W-W bonds were allowed, while the C—O bonds were treated harmonically according

to equation 3.32, preventing their breakage.

Figure 3.15 from Sushko et al. (2016) [203] illustrates the results of MD simulations

during the initial phase of irradiation, where a cylindrical electron beam irradiates the
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FIGURE 3.15: Snapshot from MD simulation of W(CO)g precursor adsorption onto
Si04 surface during the initial stages of electron beam irradiation (green cylinder). Frag-
mentation of precursors and formation of tungsten clusters (blue) are visible (Sushko
et al. 2016, Ref. [203]).

system. Only precursor molecules within the beam were exposed to irradiation, result-
ing in their dissociation. The dissociation rate of the precursors was estimated from

experimental data [240].

The FEBID process was simulated [203] using rescaled irradiation parameters such as
beam current and exposure time. These parameters may differ from experimental con-
ditions but were chosen to correspond to the number of electrons (N.) impacting the
system, thus ensuring that irradiation-induced effects occur on a similar scale as ob-
served in experiments. In IDMD simulations, irradiation times are typically shortened

compared to experimental values.

The probability of W—C bond dissociation in W(CO)g due to electron collisions per unit

time is given by:

P=oxJy (3.40)

where o represents the bond dissociation cross section, and

Iy
6><S()

Jo = (3.41)
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FIGURE 3.16: Time evolution of (A) size of the largest W-enriched island, (B) number
of W atoms, (C) number of W(CO)g molecules, and (D) number of CO molecules
during irradiation. Irradiation periods are indicated by numbers, with each period
lasting 10 ns (Sushko et al. 2016, Ref. [203]).

is the electron flux density, with Iy being the electron beam current, e the electron
charge, and Sy = mR? the cross-sectional area of the beam, where R is the beam radius.

Substituting equation 3.41 into 3.40, we obtain:

_IoO'

py= 220
0 e Sy

(3.42)
With Iy = 4uA and 0 = 1.2 x 1072 nm? [240], the dissociation probability is calculated
as Py = 3.8 x 1079 fs~!. This analysis can be further refined by more accurately
calculating the fragmentation cross section, as well as the yield and spatial distribution
of secondary electrons, which depend on the energy of the primary beam [208]. These
findings illustrate the potential for linking IDMD inputs with outputs from MC codes
simulating radiation transport, thereby enabling multiscale modelling of the FEBID

process.

Figure 3.16 A depicts the time evolution of the size of the largest W-enriched island,
while panels B, C, and D show changes in the numbers of W atoms, W(CO)g, and CO
molecules during irradiation, respectively. The irradiation periods are marked sequen-

tially, with each period lasting 10 ns.

During the irradiation phases, dissociation of W—C bonds in the precursors leads to the
formation of CO molecules, which evaporate into the vacuum chamber over time. Figure
3.16D illustrates the nonlinear increase in CO molecules during each irradiation period.
After each phase, CO molecules are removed from the simulation box, and new W(CO)g

molecules are deposited on the surface in preparation for the next cycle.
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The results demonstrate that the IDMD approach has proven to be a powerful tool
for simulating the growth of W-granular metal structures during FEBID at an atomistic
level [203]. The simulations reveal details into the morphology, composition, and growth
mechanisms of these structures, which are in good agreement with experimental data.
This methodology holds great potential for wider application in various irradiation-
driven processes, where detailed understanding of molecular transformations is essential
[172].



Chapter 4

Computational Methods

This chapter outlines the computational strategies used to model material characteristics
under lunar conditions, focusing on multiscale simulation techniques. By using advanced
computational tools, this study aims to accurately replicate the harsh lunar environment

and provide a detailed understanding of material performance.

Key aspects of this methodology include the use of MD simulations using MBN Explorer,
which allows for the analysis of atomic-scale interactions. These simulations are essential
in capturing complex phenomena that occur under lunar conditions, such as extreme

temperatures, and vacuum.

In the following sections, the specific computational tools, software, and methodologies
are detailed, starting with the materials selected to model and progressing to multiscale

molecular dynamics simulations and the parameters used.

4.1 Selection of Materials

The selection of appropriate materials for lunar applications is critical, as discussed in
detail in section 2.2. Materials choice extends beyond merely withstanding the physi-
cal stresses of launch and landing; it also involves ensuring long-term resilience to the
extreme environmental conditions of the Moon. As previously discussed, the lunar en-
vironment presents unique challenges, including high radiation levels, extreme tempera-
ture fluctuations, low gravity, and the abrasive nature of lunar dust. Consequently, the
materials selected for lunar structures and systems must not only survive these condi-
tions but also perform efficiently in terms of thermal regulation, durability, and resource

management.

84
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In the following sections, we discuss the two key materials selected for this study, provid-
ing detailed reasoning for their choice based on both their properties and the practical
challenges posed by the lunar environment. The materials chosen—silicon dioxide (SiOaq,
Figure 4.1) and polyethylene (PE, (CyHy),, Figure 4.2)—bring distinct advantages in
their structural, thermal, and mechanical properties. Their significance in space explo-
ration, electronics, and industrial applications further underscores their suitability for

this study. The following subsections elaborate on the rationale for their selection and

their relevance to this study.

FIGURE 4.1: Schematic representation of the SiO5 alpha crystal structure, visualised
using Avogadro software. This structure serves as the basis for generating systems used
in calculations.

FIGURE 4.2: Schematic representation of the polyethylene structure, visualised using
Avogadro software.
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4.1.1 Silicon Dioxide (SiO)

Silicon dioxide, found abundantly in lunar regolith, is pivotal for its chemical stabil-
ity, mechanical robustness, and versatility. This study investigates its crystalline and
amorphous forms to understand how atomic structure influences thermal and mechan-

ical performance under extreme conditions.

4.1.1.1 Crystalline SiO,

e Structure: The ordered lattice of crystalline silica, such as quartz, makes it an

ideal benchmark for studying thermal stability and mechanical resilience.

e Applications: Crystalline SiOs is extensively used in optical devices, sensors,
and piezoelectric components, where structural precision is critical. Its use in
lunar construction aligns with ISRU strategies, enabling the creation of robust,

thermally stable structures from local resources.

e Research Objective: The study focuses on crystalline SiOs’s behaviour under
extreme thermal fluctuations, mimicking lunar day-night cycles, to evaluate its

reliability in high-performance and extraterrestrial applications.

4.1.1.2 Amorphous SiOs

e Structure: Unlike its crystalline counterpart, amorphous silica lacks long-range

atomic order, which affects its thermal and mechanical properties.

e Applications: Amorphous SiO, is a key material in glass, coatings, and insula-
tion. Its thermal insulation capabilities and ease of fabrication make it a candidate

for extraterrestrial habitats and protective structures.

e Research Objective: By examining the molten-to-amorphous transition during
rapid heating and quenching while making glass, this study illuminates aspects
into how the material may behave under rapid heating and cooling. It will assess
its resilience under cyclic thermal stress and evaluate its potential for advanced

manufacturing techniques, such as 3D printing in space environments.

Relevance to Study Goals:

The dual-phase approach—analysing both crystalline and amorphous SiOs—provides a
comparative framework for understanding how atomic arrangements influence material
properties. These findings are critical for applications in extreme environments, such as

lunar surfaces, where temperature swings and mechanical loads are significant.
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4.1.2 Polyethylene (PE), (CyH,),

Polyethylene, a lightweight and chemically versatile polymer, was selected for its unique
properties, including radiation shielding, thermal insulation, and mechanical flexibility.
Its amorphous nature makes it ideal for evaluating structural dynamics under non-ideal

conditions.

4.1.2.1 Amorphous PE, (CoHy),

e Structure: Amorphous polyethylene consists of disordered polymer chains, offer-

ing intrinsic flexibility and resilience.

e Applications: PE’s low density and insulating properties make it indispensable
for space equipment, ranging from lightweight protective layers to inflatable struc-

tures.

e Research Objectives: The research will focus on investigating the molecular
dynamics of polyethylene chains under cyclic thermal stress to simulate the tem-

perature fluctuations experienced on the lunar surface.

Relevance to Study Goals:

The disordered structure of amorphous PE allows for a detailed examination of its con-
formational flexibility and thermal response. This understanding is crucial for designing

polymers tailored to withstand dynamic stresses in practical applications.

4.2 Computational Simulations

The simulations were carried out using MD techniques, with atomistic models con-
structed from experimental crystallographic data (for SiO2) and polymer chain config-
urations (for polyethylene). Using these computational tools, we investigate how these
materials behave at the atomic and molecular levels when subjected to various tempera-
ture cycles, according to lunar surface conditions. All MM /MD simulations were carried
out with MBN Explorer [162].

This chapter is divided into two main sections, each covering the simulations of the
respective materials. SiO2 was modelled in its a-quartz crystalline form as a slab,
representing a key structural component that could be used in lunar construction. In
turn, polyethylene, a widely used polymer with excellent mechanical properties and
flexibility, was modelled as an amorphous system to explore its potential as a flexible

material for lunar applications, such as habitat construction or radiation shielding.



Computational Methods 88

4.2.1 SiO, - Slab/Crystal Simulations

Preparation of the Input File

The input file for the SiO2 crystal simulations was prepared using Avogadro [241], an
open-source molecular editor and visualiser. Avogadro allows users to import crystal
structures and generate geometries suitable for computational studies. In this case,
the initial a-quartz crystal structure of SiOy was obtained from a Crystallographic In-
formation File (CIF) [242], which contains precise atomic coordinates and symmetry

information based on experimental data.

After loading the CIF file into Avogadro, the structure could be manipulated and visu-
alised, as shown in Figure 4.3. MBN Explorer was then used to replicate the unit cell,
maintaining the periodic boundary conditions required for crystal simulations. This
created a larger simulation cell, essential for computational studies of the crystalline

structure.

Lattice Type: Heenond
pacegroup; Unknawn

Unit cellvoiurre: 112 92067 B3

FIGURE 4.3: The initial CIF structure of SiO visualised in Avogadro, used to extract
the cell dimensions and lattice vectors for further computational modelling.

To prepare the input file for MBN Explorer, the lattice vectors and atomic coordinates of
a-quartz (the most thermodynamically stable crystalline polymorph of SiOy at ambient
conditions) were extracted from the CIF file. The lattice parameters used were a =
491239 A, b = 4.91239 A, and ¢ = 5.40358 A, with 9 atoms per unit cell (Si3Og).
These parameters were used to construct a periodic supercell that accurately reflects

the crystal symmetry.
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FI1GURE 4.4: A SiOs supercell containing 36,200 atoms is generated using the crystal
generator tool of MBN Explorer.

In MBN Explorer, the crystal was replicated using translation vectors specified in the
input file, with 10 x 20 x 20 repetitions along the z, y, and z directions, respectively. This
corresponds to a supercell of 4,000 unit cells, or 36,000 atoms in an ideal case. However,
the final structure contained 36,200 atoms, likely due to additional atoms introduced
at the boundaries by the crystal generation algorithm or adjustments made to resolve

overlapping atoms during the build process.

The SiOs supercell was translated in space according to the translation vectors specified
in the input file. The translational symmetry parameters were defined using the *tr

commands, as depicted in Figure 4.4.
Defining Simulation Box Geometry

The geometry of the system was critical for ensuring accurate simulation results. The
simulation box dimensions were based on the unit cell structure, with sufficient space
added around the slab to avoid interactions between periodic images. The final SiO9
structure was centered at the origin and set within a rectangular simulation box with
dimensions of 49.1240 A x 85.0850 A x 108.0770 A, calculated as shown in Figure 4.4

and equation 4.1:

lz:%x%, ly=ys x 20, L. =z %20 (4.1)



Computational Methods 90

Force Field and Potentials Setup

To model the interactions between atoms in the SiO9 crystal, potentials were selected
based on prior research. In this study, the Tersoff potential, originally used for atomic
simulations of Si and O systems [243, 244], was applied to balance computational ef-
ficiency and accuracy. While less accurate than bond-order or ab initio calculations,
the Tersoff potential is well-suited for large-scale simulations of SiOs. The potential
excludes Coulomb interactions and uses parameters derived from Munetoh et al. [245],
which are well-validated for Si—O systems. The parameter setup for the Tersoff potential

is illustrated in Figure 4.5.

The results from Munetoh et al. (2007) [245] showed good agreement with both exper-
imental data and numerical predictions from ab initio calculations, indicating that this
potential accurately captures the structural and dynamical properties of SiO», including

phase stability in a-quartz and a-cristobalite.
Optimisation of the System

After preparing the input geometry and setting the potentials, the first stage of the
simulation was optimisation. The goal of optimisation was to find the lowest energy
configuration of the system before conducting dynamic simulations, by minimising the
potential energy. The method used for this process was the velocity quenching algorithm,
a standard energy minimisation technique. This method relaxes the atomic positions by
gradually reducing the system’s kinetic energy, effectively ”quenching” the system into
a low-energy configuration, thus eliminating any artificial stresses or strains that may

have been introduced during the creation of the simulation cell.

The velocity quenching was performed with a time step of 1 fs. Key parameters such
as force tolerance, torque tolerance, displacement tolerance, and maximum particle dis-
placement were all set to 1 x 107% eV/ A, ensuring precise control over the relaxation
process. These tolerances were critical to ensure that the system reached a physically
meaningful minimum energy state. The optimisation parameters specified in the MBN

Explorer task file are shown in Figure 4.6.
Equilibration of the System

Once the system was optimised, the output file was used as the input for the next stage
of the simulation: thermal equilibration. The equilibration process aimed to stabilise
the system at the target simulation temperature, ensuring a representative atomic con-
figuration for subsequent analyses. A molecular dynamics simulation was carried out,
applying a thermostat to gradually bring the system to the desired temperature of 300

K. The Velocity Verlet algorithm was used for integrating the equations of motion.
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FI1GURE 4.5: Tersoff potential parameters used for modelling the SiO5 system in MBN
Explorer.

The system was equilibrated over a period of 20 ps, with a time step of 1 fs. Trajectory
and log steps were set at 0.1 ns, allowing for periodic recording of the atomic positions
and other physical properties throughout the simulation. The temperature parameters,

as specified in the MBN Explorer task file, are presented in Figure 4.7.
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FIGURE 4.6: Optimisation parameters used for modelling the SiOy system in MBN
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FIGURE 4.7: Thermal Equilibration parameters used for modelling the SiO5 system in
MBN Explorer.

Temperature Cycling

After the system was equilibrated, it was subjected to temperature cycling to simulate
the extreme thermal variations of the lunar day-night cycle. The temperature was gradu-
ally increased to represent daytime conditions on the lunar surface, followed by a cooling
phase to simulate nighttime. To automate this process, a Python script (see Appendix
B) was developed to perform MD simulations using the MBN Explorer software. The
script executed a sequence of MD simulations involving system optimisation, equilibra-
tion, and repeated heating and cooling cycles between defined temperature limits. The
objective of this temperature cycling process was to investigate the material’s behaviour
under cyclic thermal stresses. The workflow of the simulation can be summarised as

follows:
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(i) System Optimisation: The initial configuration of the system underwent
an energy minimisation process to eliminate any artificial stresses or strains that
may have been introduced during the setup phase. This ensured that the system

achieved a stable low-energy state before commencing the dynamic simulations.

(ii) Thermal Equilibration: Following optimisation, the system was equili-
brated at a standard temperature of 300 K. This step utilised a thermostat to
regulate the system’s temperature, allowing it to reach a state of thermal equi-
librium. Simulations were conducted over 20 ps with a 1 fs time step, ensuring

sufficient time for the system to stabilise before proceeding to the next phase.

(iii) Initial Heating: After equilibration, the system was gradually heated from
the equilibration temperature of 300 K to a peak temperature of 400 K, mimicking
the onset of high-temperature conditions. The heating rate was set at 10 K/ps
(faster than reality), and the total simulation time for this phase was 10 ps. This
initial heating phase served to transition the system into conditions that mimic

the extreme thermal environments experienced during the daytime.

(iv) Temperature Cycling: Once the system was heated to 400 K, it was sub-
jected to controlled heating and cooling cycles designed to mimic extreme thermal
stresses. Eight complete temperature cycles were performed, with each cycle con-
sisting of cooling and heating phases. Each phase lasted for a defined period,
providing a total simulation time of 20 ps per cycle. This cyclic approach enabled
an investigation into the material’s structural and thermodynamic responses under

repeated thermal stress. The cycling protocol consisted of the following phases:

— Cooling Phase: The system was gradually cooled from 400 K to 110 K at

a controlled rate of 10 K/ps, simulating low-temperature conditions.

— Heating Phase: After cooling, the system was reheated to 400 K at the same
rate of 10 K/ps. This phase simulated the recovery from low-temperature

conditions.

(v) Final Equilibration: Upon completing the temperature cycling, the system
underwent a final equilibration phase at 300 K. This step was critical for allowing
the relaxation of any residual thermal stresses, ensuring that the system reached

a stable state for subsequent analyses.

It is important to acknowledge that the thermal cycling simulations in this study were
conducted over timescales on the order of picoseconds, whereas a full lunar day or night
spans approximately 14 Earth days. This discrepancy reflects a known limitation of MD

simulations, which require femtosecond integration time steps to maintain numerical
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stability and are therefore restricted to short total simulation durations. Despite this,
the use of accelerated thermal cycling is a well-established approach in computational
materials science and has been successfully applied to investigate structural responses
under extreme temperature variations. For example, Bruns and Varnik employed deep
cryogenic cycles in a model glass and observed intermittent enhancements in atomic
mobility and shear-band formation [246], while Shang et al. studied ultrafast heating and
cooling in a Cu—Zr metallic glass and reported local non-affine rearrangements associated
with rejuvenation and relaxation phenomena [247]. In the present context, although the
applied temperature gradients and rates are higher than those encountered under lunar
conditions, they are sufficient to trigger representative structural and energetic changes.
Nevertheless, limitations remain: the current approach may not adequately capture
slower kinetic processes such as long-range diffusion, defect migration, or rare-event
nucleation. Addressing these effects would require the integration of MD with coarse-
grained or mesoscale methods capable of spanning longer timescales and broader spatial

domains.
Analysis and Data Output

Upon concluding the simulation, an in-depth analysis of both structural and thermody-
namic properties was undertaken to assess the stability and response of the material.
For structural properties, the radial distribution functions (RDFs), changes in lattice
parameters, and atomic displacement values were evaluated. The RDF, ¢(r), describes
the probability of finding an atom at a distance r from a reference atom, relative to
the probability expected for a completely random distribution. Mathematically, it is
expressed as [248]:

g(r) = pé;“) = 47T7“12p0 <§ o(r —[ri — I'j|)> (4.2)

where p(r) is the local atomic density at a distance 7, pg is the average atomic density,
r; and r; are the positions of atoms ¢ and j, and the sum is taken over all pairs of atoms.
Here, §(z) is the Dirac delta function, which is defined to be zero for all values except
x = 0, where it is infinite, and integrates to 1 over its entire range. The delta function
effectively ”selects” the distance between atoms i and j that equals . The RDF provides

information about the structural organisation of atoms within the material.

In order to determine thermodynamic properties, the total energy, temperature fluctu-

ations, and any phase transitions observed during the simulation were also analysed.
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4.2.2 SiO, - Glass/Amorphous

To model the SiOg glass/amorphous structure, we began by optimising the SiO2 crystal
file while maintaining all initial parameters and force field potential values unchanged.
This optimisation step is crucial as it ensures a reliable starting point for the subsequent

simulations of the amorphous phase.
Simulations

The SiO4 glass structure was generated through MD simulations utilising the Tersoff
potential, with the same parameters employed in the SiOg slab/crystal simulation. The
dimensions of the MD cell were set to 49.1240 A x 85.0850 A x 108.0770 A, as calcu-
lated in earlier analyses. To produce the SiOs glass, the material was first heated to a
temperature of 5,000 K, effectively melting the structure, and subsequently quenched
to 300 K at a cooling rate of 1 x 10* K/s. This rapid cooling process is essential for

achieving the amorphous state, preventing the formation of crystalline structures.
Analysis and Data Output

At the end of the simulation, a thorough analysis of various structural and thermody-
namic properties was performed to assess the stability and performance of the mate-
rial in its glassy state. For structural properties, the RDFs both before and after the
quenching process were computed, along with variations in lattice constants and atomic
displacement values. These calculations bring clarity the local structural arrangement
and overall stability of the SiO» glass, revealing critical information about the material’s

properties and response under different conditions.

While temperature cycling was not included on the SiOs glass during this initial set
of simulations due to computational limitations and the focus on achieving the glassy
phase, the current system is well-suited for such analyses in the future. Given the ma-
terial’s now well-characterised structure and stability, it is expected that conducting
temperature cycle simulations would provide valuable information into its thermal re-
silience and structural integrity under repeated thermal stress, which could be crucial for
performance evaluation in space exploration and extraterrestrial environments. Future
simulations could explore this aspect to further assess the material’s operational profile

under lunar-like conditions.

4.2.3 Polyethylene, (CyH,), - Amorphous

The simulation of polyethylene (PE), (C2Hy),, was initiated by creating a simulation box
using CHARMM-GUI [249]. CHARMM-GUI was developed to facilitate and standardise
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FIGURE 4.8: Polymer chain setup for polyethylene (PE) using CHARMM-GUI Polymer
Builder.

the use of common and advanced simulation techniques primarily within the biomolec-
ular simulation program CHARMM [250] (Chemistry at HARvard Macromolecular Me-
chanics). CHARMM is a widely used academic research tool for molecular mechanics
and dynamics, with potential energy functions designed for proteins, nucleic acids, lipids,
and carbohydrates. Additionally, CHARMM can be employed for various chemical and
conformational free energy calculations with different types of restraints. It also pro-
vides a versatile set of tools for analysing atomic coordinates and dynamics trajectories.
By leveraging web-based environments, CHARMM-GUI offers a graphical user interface
(GUI) to generate diverse input files and molecular systems for CHARMM interactively,

streamlining the process for users.

In the initial phase of the simulation, the positions of the polymer chains were equili-
brated, treating each chain as a single entity or sphere. This simplification allows for
more efficient calculations during the early stages of the simulation, facilitating the setup
of the polymer system. For PE, which has the chemical formula (CoHy),,, CHARMM-
GUTI utilises predefined molecular building blocks (monomers), with each building block
representing a repeating unit of the polymer. The Chain Assembly algorithm constructs
the polymer chain by sequentially linking these monomeric units, ensuring proper atomic

connectivity by following the rules of chemical valency.

In this study, PE was generated using the CHARMM-GUI Polymer Builder, selecting
the system type as “melt,” and specifying 8 repeating units per chain as shown in Figure
4.8. Since each monomer unit is CoHy, a chain of 8 units corresponds to CigHsg (16
carbon and 34 hydrogen atoms), resulting in 50 atoms per chain. With 160 such chains
in the system, the total number of atoms is 160 x 50 = 8000 atoms, consistent with the

system description.

The box type was set to cubic, and the box generation algorithm created a periodic

simulation box around the constructed polymer structure. This involved calculating the
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FIGURE 4.9: Simulation box setup and system environment for PE.

box dimensions based on user-defined criteria such as desired density or volume. The
box dimensions (XY) were determined based on the number of polymer components,
with a ratio of X/Z equal to 1. The volume and mass were computed to be 422.96 A3
and 197.39 g, respectively. The setup panel is shown in Figure 4.9.

Following the initial setup, a detailed atomistic equilibration was performed on a sys-
tem of dimensions X = 46.3 A, Y = 46.3 A, Z = 46.3 A. During this phase, each
individual atom in the polymer chains was considered as a bead. This stage is essential
for accurately capturing the interactions and conformational dynamics of the polymer
chains at the atomic level. To prepare the structure for simulation, CHARMM-GUI
performs an energy minimisation step using optimisation algorithms such as steepest
descent or conjugate gradient, which help relieve steric clashes and bring the system to
a local energy minimum. The initial equilibration conditions involved a Lennard—Jones
potential, with temperature, pressure, and simulation time set to 300 K, 0.91 Pa, and

10 ns, respectively, as illustrated in Figure 4.10.

After constructing the polymer and setting up the environment, CHARMM-GUI gener-
ated the necessary output files, including PDB and PSF files. These files contain all the
structural and topological information required for running molecular dynamics simula-

tions. Once the PDB and PSF files were generated, a thermal cycle was performed on
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F1GURE 4.10: Equilibration setup for PE using Lennard-Jones potential.

this system using the same code applied to the thermal cycling of SiOy crystal. During
this cycle, the temperature of the system was systematically varied to achieve thermal
equilibrium, allowing us to observe how the polymer chains responded to temperature
fluctuations. This step is crucial for mimicking realistic conditions that polyethylene

might experience in practical applications.

Finally, to analyse the structural and thermodynamic properties, RDF's were calculated
both before and after the thermal cycle. These calculations provide an understanding
of the local structural arrangement and overall stability of the PE, revealing critical

information about the material’s properties and performance under varying conditions.

In addition to these methods, validation and force field checks were performed. The
isolated molecule’s geometry obtained from MM optimisation was compared to that
derived from a quantum mechanics (QM) optimisation using density functional theory
(DFT) calculations via the Gaussian software package [251], and further optimised using
MBN Explorer. This comparison was essential for validating the force field employed
in our simulations. Specifically, we assessed whether the force field could reproduce the
geometry determined by DFT calculations. Such validation is critical to ensure that the
force field effectively captures the key structural and dynamic features of polyethylene,

confirming its reliability for future studies.
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Although the present simulations focus exclusively on thermal cycling to assess material
response to temperature fluctuations, the simulation framework (using MBN Explorer)
has been designed to later include radiation effects as well. This is essential for capturing
the full range of environmental stressors experienced on the lunar surface. Details of
irradiation-driven molecular dynamics (IDMD) approaches, relevant to this future work,

are outlined in Section 3.3.2.



Chapter 5

Results and Discussion

In this chapter, the results of MD simulations for SiO2 and polyethylene under lunar
environmental conditions are presented and analysed. The simulations focus on un-
derstanding the structural, thermodynamic, and mechanical features of these materials
when subjected to temperature fluctuations characteristic of the lunar surface, ranging
from 110 K to 400 K.

The study explores both crystalline and amorphous phases of SiO», evaluating the struc-
tural integrity and energy dynamics of these materials. The crystalline SiO9 slab is as-
sessed for its stability and atomic arrangement over multiple temperature cycles, while
the amorphous SiO2 phase, created through rapid quenching, is analysed for its disor-
dered atomic structure and overall stability. Polyethylene, modelled in its amorphous

form, is examined for its mechanical flexibility and temperature response.

This section provides a detailed discussion of key findings, including radial distribution
function (RDF) analyses, energy profiles, and lattice parameter variations. The implica-
tions of these results are discussed in terms of material suitability for lunar applications,
such as construction and radiation shielding, highlighting the potential for both silica

and polyethylene materials to withstand extreme thermal conditions.

5.1 Crystalline SiO,

5.1.1 Simulations of the molecular structures

The SiOs crystal structure was equilibrated over a period of 20 ps, using a time step
of 1 fs. The purpose of equilibration was to bring the system to a stable thermody-

namic state before conducting further simulations, ensuring that any residual stresses or

100
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non-equilibrium forces introduced during the system setup were eliminated. This step is
essential to achieve a realistic configuration for the crystalline structure that accurately
represents its characteristics under real-world conditions. During equilibration, the ve-
locity of atoms was adjusted to stabilise the temperature at 300 K, representative of a

typical intermediate temperature in lunar cycles.

The trajectory and log steps were set at intervals of 0.1 ns, enabling periodic recording
of atomic positions, velocities, and other physical properties throughout the simulation.
These recordings provided detailed snapshots of the atomic configuration, allowing for a
precise assessment of how the system evolves over time and how the atoms interact under
different temperature conditions. The structure of the SiOs crystal after equilibration

is shown in Figure 5.1.
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F1cURE 5.1: A figure showing the SiO lattice structure, emphasising the tetrahedral
arrangement of Si (blue) and O (orange) atoms in a stable configuration after the
thermal equilibration.

After equilibration, the SiOy crystal exhibits a highly regular, ordered structure, char-
acteristic of crystalline solids. The arrangement of Si atoms surrounded by O atoms in
a tetrahedral coordination is typical of the SiOq crystal lattice, specifically the a-quartz
phase, which was chosen for its relevance to lunar surface applications due to its high
structural stability. The arrangement seen post-equilibration (Figure 5.1) is a result
of both the inherent properties of SiOs and the force field parameters, particularly the
Tersoff potential used in the simulation. This potential, known for accurately modelling
Si—O interactions, ensures that the bond lengths and angles reflect those observed in

experimental crystal structures.

Equilibration was performed to allow the system to relax to a state of minimum energy,

where the forces on atoms are balanced, and the system has achieved thermodynamic
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FIGURE 5.2: A graph showing Potential Energy (eV) on the y-axis and Time (ps) on
the x-axis. After an initial decrease, the energy should fluctuate slightly but stay within
a consistent range.

equilibrium. Without equilibration, the material could exhibit unphysical dynamics,
such as excessive atomic vibrations or unnatural configurations, which could distort the

results of subsequent analyses.

To confirm that the system had reached equilibrium, several physical properties were
monitored throughout the simulation. Potential energy vs. time was recorded, and the
plot (Figure 5.2) shows an initial rapid decrease, followed by stabilisation where the
energy fluctuated around a constant average. This indicates that the system reached
an energetically favourable configuration, eliminating any excessive forces or stresses.
Additionally, temperature vs. time was plotted (Figure 5.3), showing that the system
temperature stabilised at the target 350 K after initial fluctuations. This stability con-
firms that the system reached a consistent thermal state, ensuring realistic kinetic energy

distributions.

For further validation, the pressure vs. time plot was generated (Figure 5.4), which
remained stable around 4000 bar, indicating that no excessive external stresses were

acting on the system, a crucial requirement for simulating an idealised SiO9 crystal.

The reported pressure value of approximately 4,000 bar in the simulations corresponds
to the instantaneous internal pressure calculated via the virial theorem. This approach
relates the system’s average kinetic energy to the interatomic forces and positions, cap-
turing the internal mechanical state of the atoms. It is important to clarify that this
pressure is not a result of any externally applied constraint, but rather reflects the in-
trinsic structural stress present within the confined simulation volume. Given the high

atomic density and rigidity of the crystal lattice under periodic boundary conditions,
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elevated internal pressures are a typical outcome. Therefore, the pressure should not be

interpreted as a direct analogue to experimentally applied pressure, but as a reflection

of the local atomic interactions within the simulated system. Instead, their relative sta-

bility over time confirms that the system has equilibrated and is free from large internal

stresses or instabilities.

The radial distribution function (RDF) of Si—O bonds was also analysed, showing sharp,

well-defined peaks corresponding to the known bond lengths in SiO9 (Figure 5.5). This

consistency in bond lengths and angles confirms that the local atomic arrangement is in

line with the experimental crystalline structure.
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FIGURE 5.5: A plot showing the RDF probability (%)on the y-axis and the radius (A)
on the x-axis. The clear, sharp peaks that indicate a well-ordered atomic structure.
For Si—O bond, the first is observed at 1.62 A, which is typical for the quartz phase of
SiO4. Vertical offsets were applied to the RDF curves for visual clarity, which is why
the functions do not reach zero at small interatomic distances, despite the theoretical
expectation.

The equilibrated SiO5 crystal appears as a well-ordered atomic arrangement, maintaining
its crystalline symmetry and repeating unit cell. This stability is a result of the suc-
cessful application of the velocity quenching algorithm during the optimisation phase,
which reduced kinetic energy and eliminated artificial stresses. The lattice vectors were

preserved, and atomic positions relaxed into an energetically favourable configuration.

The mean squared displacement (MSD) of atoms was also computed during equilibra-
tion. The plot (Figure 5.6) showed minimal changes, indicative of atoms vibrating
around fixed positions rather than diffusing, as expected in a solid crystal. This lack
of diffusion is another key marker of a stable, equilibrated system, where atoms remain

bound to their equilibrium positions in the crystal lattice.

For the SiO4 crystal, equilibration not only stabilised the temperature but also allowed
the lattice structure to adjust naturally in response to the simulation conditions. This
process eliminated any initial artifacts from the simulation setup, such as non-physical
overlaps between atoms or misaligned bonds, providing a reliable starting point for
further investigation into its structural and thermodynamic properties under varying

thermal conditions.
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FIGURE 5.6: A plot of Mean Squared Displacement MSD (A?) on the y-axis vs. Time
(ps) on the x-axis, showing a relatively flat curve after equilibration.

5.1.2 Temperature Cycle

After completing the equilibration phase, the SiOs slab was subjected to repeated cycles
of temperature fluctuations, ranging from high temperatures (400 K) to low tempera-
tures (110 K), mimicking the extreme thermal environment experienced on the lunar
surface. The goal of these simulations was to assess the structural integrity and stability
of the SiO4 slab under conditions of thermal cycling, which can introduce significant

mechanical and thermal stress to the system.

To evaluate how well the SiO5 structure withstands these temperature cycles, the radial
distribution function (RDF) was calculated before and after the thermal cycling. The
RDF provides a measure of the short-range ordering of atoms in the structure, allowing

us to assess any changes in the atomic arrangement due to thermal stresses.

As shown in Figure 5.5, the initial RDF for the Si—O exhibits a sharp peak, characteristic
of a well-ordered crystalline structure. The most prominent peak for the Si—O pairs
occurs around 1.62 A, which is consistent with the known Si—O bond length for silicas
and silicates [252]. This peak, along with other distinct features in the RDF, confirms

the highly ordered arrangement of atoms in the slab before thermal cycling.

After eight cycles of temperature fluctuations, the RDFs were recalculated to detect any
potential structural changes. Figure 5.7 illustrates that the positions of the RDF peaks
for Si—O remained largely unchanged after the temperature cycles, indicating that the

SiO9 slab retained its crystalline order throughout the simulation.
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FIGURE 5.7: Plot of Radial distribution functions (RDF) of SiOs before and after the
temperature cycle. The sharp peaks in the crystalline phase reflect the well-ordered
atomic structure. The persistence of the first Si—O peak at 1.62 A confirms the RDF
after completing eight cycles of temperature fluctuations highlight that the positions
of the RDF peaks remain largely unchanged, suggesting that the crystal structure
remained intact.

Note: Vertical offsets were applied to the RDF curves for visual clarity, which is why
the functions do not reach zero at small interatomic distances, despite the theoretical
expectation.

In addition to the RDF analysis, the mean squared displacement (MSD) of the atoms
was computed to measure atomic mobility throughout the temperature cycling process
as shown in Figure 5.8. The MSD results show that atomic displacements remained
low, indicating that the atoms are confined to their lattice positions even after repeated
heating and cooling cycles. This further supports the conclusion that the SiO; slab does

not undergo significant atomic rearrangements or damage during thermal cycling.

The system’s temperature vs. time profile (Figure 5.9) shows the distinct temperature
cycles applied during the simulation, with sharp transitions between high (400 K) and
low (110 K) temperatures. Despite these large temperature swings, the SiO9 structure

remained stable, as evidenced by both the RDF and MSD analyses.

Furthermore, the potential energy vs. time plot (Figure 5.10) demonstrates that while
the potential energy fluctuated with temperature during each cycle, the system returned
to a stable energy state after each cycle, showing no signs of accumulating stress or energy
imbalances over time. This strongly suggests that the SiO9 slab can withstand cyclic

thermal stress without suffering from structural degradation.

Visual comparisons of the atomic arrangement before and after thermal cycling (Fig-

ure 5.11) further illustrate that the crystal structure remains visually intact, with no
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FIGURE 5.8: Plot of Mean Squared Displacement MSD (A2%) vs. Time (ps) of atoms
before and after thermal cycling. The lower MSD values post-thermal cycling indicate
that atoms remain largely confined to their lattice sites, suggesting minimal structural
damage or amorphisation as a result of thermal stress.
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FIGURE 5.9: Plot of Temperature (K) vs. Time (ps) illustrating repeated heating and
cooling cycles applied to the SiOy system. The system was initially equilibrated at
300 K, followed by a heating phase. Subsequently, 8 cooling and heating cycles were
performed between 110 K and 400 K, reflecting the extremes of lunar temperature.
After each cycle, the system was re-equilibrated at 300 K, with a final equilibration
at 350 K after the last cycle. The graph depicts the transitions between high and low
temperatures, confirming the system’s exposure to rigorous thermal cycling.

apparent defects or amorphisation. These visualisations provide an additional layer of
confirmation that the SiOg slab preserves its structural integrity even under extreme

and repetitive temperature fluctuations.
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FIGURE 5.10: Plot of Potential Energy (eV) vs. Time (ps) showing the effect of
repeated thermal cycling on the system. The stepwise pattern reflects the fluctuations in
potential energy as the system undergoes alternating heating and cooling phases. Each
plateau represents periods of energy stabilisation, corresponding to the equilibration
stages between cycles. The overall trend demonstrates the controlled energy changes
induced by the thermal cycling process.

FIGURE 5.11: Figure showing the atomic structure of the SiO5 system before and after
temperature cycling. (a) The initial crystalline structure at 300 K before cycling, and
(b) the final atomic arrangement at 300 K after cycling. The preservation of long-
range order in both images confirms that the crystal structure remains intact, with no
significant amorphisation occurring due to thermal cycling.

5.2 Amorphous SiO; (Glass)

In this section, we present and discuss the results of the molecular dynamics simulations
conducted to model the transformation of SiOy from its crystalline phase to an amor-
phous glassy state. The SiOy crystal was heated to 5000 K and rapidly quenched to 300

K at a cooling rate of 1x 10! K /s, simulating the formation of amorphous SiOy. Through
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F1GURE 5.12: Figure of the SiO5 system showing the transition from crystalline to
amorphous structure. (a) The initial crystalline structure at 300 K before heating, (b)
the disordered atomic arrangement at 5000 K during melting, and (c) the final glassy
structure after quenching to 300 K. The loss of long-range order in the final figure
confirms the formation of an amorphous SiO3 network.

detailed structural analyses, including radial distribution functions (RDFs), atomic dis-
placement, and potential energy evaluations, we examine the changes in atomic ordering
and stability of the material. These results provide crucial information about the lo-
cal atomic environment, bonding characteristics, and overall structural integrity of the

glass, highlighting its suitability for applications in extreme thermal conditions.

5.2.1 Simulations of the molecular structures

The transition from crystalline SiO3 to its amorphous form was successfully modelled
through rapid quenching. During the heating phase, the ordered atomic structure of the
crystal was disrupted as the high temperature allowed atoms to overcome their bonding

forces, resulting in a molten state where atomic positions became highly disordered.

As the system was quenched, the rapid reduction in temperature prevented the atoms
from reordering into a crystalline structure, instead forming a glassy state. This pro-
cess is shown in Figure 5.12, where snapshots of the atomic configuration reveal the
transformation from a well-ordered crystal lattice to a disordered atomic arrangement
characteristic of amorphous SiOs. The structure after quenching exhibits no long-range
order, as evidenced by the lack of a repeating unit cell, confirming the successful forma-

tion of an amorphous network.

The quenching process also preserved the short-range ordering within the structure,
particularly the Si—O bonds. This short-range order is vital for maintaining the funda-

mental tetrahedral SiOs units, even in the absence of long-range periodicity. Overall,



Results and Discussion 110

the rapid cooling effectively transitioned the system into a stable glassy state, as shown

by the stable atomic positions at 300 K.

The structural transformation from crystalline to amorphous SiOg is further quantified
using the RDF analysis. Figure 5.13 shows the RDFs for Si—O before and after the
amorphisation process. As previously discussed, in the crystalline phase, the Si—O
RDF exhibits a sharp peak around 1.62 A, corresponding to the typical Si—O bond
length, with well-defined secondary peaks representing long-range ordering. The O—0O
RDF similarly displays distinct peaks that correspond to the regular arrangement of

oxygen atoms in the crystal lattice.
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FIGURE 5.13: Plot of Radial distribution functions (RDF) of SiOy before and after the
amorphisation process. The sharp peaks in the crystalline phase reflect the well-ordered
atomic structure, while the broadened peaks in the amorphous phase indicate the loss
of long-range order. The persistence of the first Si—O peak at 1.62 A confirms that the
short-range Si—O bonds remain intact in the glassy state.

Note: Vertical offsets were applied to the RDF curves for visual clarity, which is why
the functions do not reach zero at small interatomic distances, despite the theoretical
expectation.

After quenching, the RDF shows significant broadening of the peaks, particularly be-
yond the first-neighbour interactions, reflecting the loss of long-range order in the glass
structure. However, the first peak in the Si—O RDF remains at approximately 1.62 A,
indicating that the short-range Si—O bonds are retained in the glassy state, even as the
longer-range periodicity is disrupted. This RDF analysis confirms that the fundamen-
tal local tetrahedral coordination of silicon atoms remains intact in the glass structure,
while the overall atomic arrangement loses its crystalline symmetry, as expected in an
amorphous material. The retention of short-range ordering while long-range periodicity

is lost is a hallmark of glass formation [253].
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FIGURE 5.14: A plot of Mean Squared Displacement (MSD) of Si and O atoms as
a function of time during the quenching process, transition to an amorphous SiOs
structure. Initially, the steep rise in MSD reflects high atomic mobility, consistent
with a disordered, high-energy phase. As time progresses, the MSD levels off, forming
a plateau that signifies the stabilisation of atomic positions in a glassy, amorphous
structure.

The MSD values of atoms were calculated throughout the quenching process to assess the
extent of atomic mobility during the transition from a disordered, high-mobility phase
to a stable, glassy state (Figure 5.14). At the start of the plot, the steep initial rise in
MSD reflects a period of high atomic mobility, indicative of a phase where atoms possess
significant energy and are moving freely. This phase corresponds to the early stages of
the quenching process described in the text, where the high-temperature molten state

allows for substantial atomic displacement as bonds are disrupted.

As the simulation progresses, the curve gradually flattens, indicating a decrease in atomic
movement. This transition aligns with the quenching process, during which the system
rapidly cools and atomic motion is progressively restricted. The gradual leveling of the
MSD suggests that atoms are settling into more stable, fixed positions as the temper-
ature decreases, eventually forming a disordered but rigid network characteristic of an

amorphous structure.

The plateau observed in the MSD at later times is particularly significant, as it implies
that atomic mobility has nearly ceased. This stabilisation in MSD values indicates
that the system has reached a glassy state, where the atoms are effectively ”locked” in
place, exhibiting only minimal thermal vibrations. In this glassy phase, atomic positions
remain stable over time, reflecting the thermodynamic stability of an amorphous solid

at low temperatures.
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FI1GURE 5.15: Volume of the SiO5 system as a function of time during the quenching
process. The stable volume indicates that the density of the system remained steady and
the amorphous structure has reached a thermodynamically stable, glassy configuration.

In terms of lattice dimensions, the MD cell experienced slight fluctuations in size during
the heating and quenching processes due to thermal expansion and contraction. How-
ever, the overall volume change was minimal and almost constant as shown in Figure
5.15, suggesting that while the atomic arrangement transformed from an ordered crys-
tal to a disordered glass, the density of the material remained relatively steady. This
stability in volume is consistent with experimental observations of SiO4 glass, where the

amorphous structure typically retains a similar density to the crystalline phase.

The stability of the amorphous SiOs structure was evaluated by tracking the system’s
potential energy throughout the simulation. As shown in Figure 5.16, at the start of
the simulation, the potential energy is relatively high, reflecting the ordered crystalline
phase. During the early stages of the quenching process, the potential energy drops
sharply, signifying the rapid cooling and loss of long-range order as the crystal transitions
to a disordered molten state. This phase corresponds to the disruption of the Si—O

network as atomic positions become more random.

As the simulation progresses, the rate of potential energy decrease slows, and the curve
begins to stabilise, indicating that the system is settling into a glassy, amorphous state.
By the end of the simulation, the potential energy reaches a plateau, suggesting that the
structure has achieved thermodynamic stability. This stabilisation reflects the successful
formation of an amorphous network, where atomic positions are locked into place, with

only minimal thermal vibrations remaining.

The stable potential energy at later times provides evidence that the amorphous SiO9

structure is robust and resistant to further structural rearrangements. The absence of
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FIGURE 5.16: Potential energy profile of the SiO4 system as a function of time during
quenching. The sharp drop in energy corresponds to the rapid cooling from the molten
state, and the subsequent stabilisation indicates the formation of a thermodynamically
stable amorphous structure.

significant energy fluctuations confirms that recrystallisation was effectively suppressed

during the rapid quenching process.

The amorphous SiO structure sometimes exhibits a disordered network of SiO4 tetra-
hedra (shown in Figure 5.17 at the bottom right), with silicon atoms remaining fourfold
coordinated with oxygen atoms, despite the overall loss of long-range order. The persis-
tence of this local atomic environment is crucial for the material’s structural integrity

in the glassy state.

The Tersoff potential used in the simulation, which accurately models Si—O interac-
tions, plays a significant role in preserving the short-range bonding patterns. The force
field ensures that bond lengths and angles remain consistent with those observed in ex-
perimental glass structures, providing a realistic representation of the amorphous SiO»
network. Figure 5.17 illustrates the local tetrahedral coordination in the glassy phase,
highlighting the preservation of Si—O bonds even as the overall structure becomes dis-

ordered.

Although temperature cycling was not performed in this set of simulations due to com-
putational constraints, the current results suggest that the system is well-suited for such
analysis in future work. The stability of the amorphous SiOs under static conditions
indicates its potential to withstand thermal fluctuations typical of extraterrestrial en-
vironments, such as the lunar surface. Future simulations could explore its properties
under cyclic thermal stress, providing comprehensive knowledge of its durability and

performance in space applications.
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FIGURE 5.17: Local atomic coordination in the amorphous SiOs structure. Silicon
atoms remain mostly in tetrahedral coordination with oxygen atoms (triangular ar-
rangement of O around Si) even in the disordered glassy state.

5.3 Polyethylene (PE), (CyHy),

After completing the analysis of the SiOs crystalline and amorphous structures, the focus
shifted to an organic compound—polyethylene (PE). Polyethylene, a widely used poly-
mer in various applications, was selected for molecular dynamics simulations to assess its
structural and thermal characteristics under different conditions. The simulations aimed
to evaluate how the polymer chains respond to equilibration and temperature cycling,
particularly in terms of local atomic arrangements and overall stability. By utilising a
polymer melt model, constructed through CHARMM-GUI, we analysed the structural

and thermodynamic properties of PE and investigated its resilience to thermal stress.

5.3.1 Simulations of the Molecular Structures

The molecular dynamics simulations of PE were initiated using CHARMM-GUI, where
160 polymer chains were constructed and equilibrated within a periodic cubic simulation
box. The initial equilibration process, performed with a Lennard—Jones potential at a
temperature of 300 K, brought the polymer system to a stable thermodynamic state.
The equilibration was essential to eliminate any non-physical configurations or steric
clashes introduced during the polymer chain assembly process. For instance, if two
hydrogen atoms from adjacent polymer chains were positioned too close, they could
overlap or interfere with each other, leading to an unreasonably high repulsive force
and a non-physically stable configuration. This would be corrected during equilibration,

allowing the system to reach a more realistic and stable state.
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During equilibration, the system’s potential energy decreased and stabilised after approx-
imately 20 ns, indicating that the polymer chains had reached an energetically favourable
conformation. The final dimensions of the simulation box were X,Y,Z = 46.3 A. The
stable energy profile, shown in Figure 5.18, confirms that the system has reached equi-
librium, with minimal fluctuations observed in both energy and pressure. This suggests
that the simulation accurately captured the interactions between polymer chains, laying

the foundation for reliable analysis in subsequent stages.
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FIGURE 5.18: A plot of Potential Energy (eV) vs. Time (ps) showing the potential en-
ergy stabilisation of the PE system during the equilibration phase. The graph indicates
a rapid decrease in potential energy followed by stabilisation, confirming successful en-
ergy minimisation and thermodynamic stability.

After equilibration, RDFs were computed for the carbon-carbon (C—C) bond to assess
the local structural arrangement (Figure 5.19). The radial distribution function (RDF)
for C—C pairs exhibited a prominent peak at approximately 1.54 A, aligning with the
C—C bond length of 1.54 A determined experimentally through X-ray scattering in
polyethylene [254]. The RDF peak suggest that the polymer system retains its expected
local structural characteristics, confirming the accuracy of the force field used in the

simulation.

5.3.2 Temperature Cycle

Following the equilibration phase, the polyethylene system underwent a series of thermal
cycling steps to simulate how the polymer responds to temperature fluctuations. The
temperature was systematically varied between 100 and 400 K, over a simulation time
of 20 ps per cycle, as illustrated in Figure 5.20. To allow the system to relax and adapt

to these temperature changes, the simulation box size was increased to X,Y,Z = 100
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FIGURE 5.19: A plot showing the RDF probability (%) on the y-axis and the radius
(A) on the x-axis. The sharp RDF peak was observed at 1.54 A that indicate a well-
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Plot of Temperature (K) vs. Time (ps) plot illustrating the gradual

heating and cooling phases experienced by the PE system during thermal cycling. The
system was initially equilibrated at 300 K, followed by a heating phase. Subsequently,
8 cooling and heating cycles were performed between 110 K and 400 K, reflecting the
extremes of lunar temperature. After each cycle, the system was re-equilibrated at
300 K, with a final equilibration at 350 K after the last cycle. The smooth transitions
indicate the system’s ability to maintain thermal equilibrium throughout the cycling

process.

A, enabling the observation of any structural rearrangements or bond breakages under

thermal stress.

The temperature (K) vs. time (ps) plot in Figure 5.20 shows smooth transitions during

the heating and cooling phases, with the system maintaining equilibrium throughout.

Importantly, no significant temperature spikes or deviations were observed, suggesting
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FIGURE 5.21: Figure showing the atomic structure of the amorphous polyethylene
system before and after temperature cycling. (a) The initial amorphous structure at
300 K before cycling, and (b) the final atomic arrangement at 300 K after cycling. The
polymer chains exhibit noticeable expansion and increased mobility due to thermal
energy gained during the cycles. Despite the morphological change, no chain scission
or loss of structural coherence was observed, indicating preserved molecular integrity.

that the polyethylene system was able to respond predictably to the imposed thermal

stress.

Visual comparisons of the atomic arrangements before and after the thermal cycling
process (Figure 5.21) reveal distinct changes in the morphology of the PE structure. In
the pre-cycled state, the polymer chains appear compact and densely packed, indicative
of a relatively rigid and constrained configuration. After undergoing thermal cycling, the
polymer chains exhibit a more expanded and relaxed arrangement, reflecting a possible
increase in thermal energy and enhanced chain mobility. This expansion suggests that

the material becomes softer and more flexible due to the thermal cycling process.

To assess the structural integrity of the polyethylene chains, RDFs were calculated be-
fore and after the thermal cycling process (Figure 5.22). The RDF for the pre-cycled
system (red line) shows a sharp, well-defined peak at 1.54 A, corresponding to the C—C
bond length in polyethylene, along with additional peaks indicative of the ordered local
structure. After the thermal cycling (blue line), the primary peak remains prominent
at 1.54 A, but its intensity decreases, and additional peaks show a reduction in sharp-
ness. Minor broadening of the peaks was observed, which could indicate slight thermal
distortions caused by increased atomic vibrations during the higher temperature phases
of the cycle. However, the lack of significant peak shifts confirms that the polyethy-
lene structure remained stable and did not undergo any phase transition or significant

degradation under the thermal cycling conditions.



Results and Discussion 118

20.0 Radial Distribution Function for Polyethylene (PE)

1 —— Before Temperature Cycle
1757

15,0

1257

—
=
<

Probability (%)

25

00 ~

. Radius (A)

FIGURE 5.22: Plot of Radial distribution functions (RDF) of amorphous PE (CoHy),,
before and after the temperature cycle. The persistence of the first peak at 1.54 A
confirms the RDF after completing eight cycles of temperature fluctuations highlight
that the positions of the RDF peaks remain unchanged, suggesting that polyethylene
structure remained stable.

Note: Vertical offsets were applied to the RDF curves for visual clarity. As a result,

the functions do not reach zero at small interatomic distances, despite the theoretical
expectation.

Additionally, the pressure was monitored throughout the temperature cycles, revealing
a steady profile with only minor fluctuations around a stable average, as shown in
Figure 5.23. This consistent pressure trend indicates that, although the polymer chains
expanded and became more mobile during thermal cycling, the system did not experience

degradation or significant structural failure.

The elevated pressure observed in the PE simulations—approximately 1,000 bar—can
be understood using the same reasoning outlined previously for the SiOy system. Specif-
ically, the reported pressure reflects the instantaneous internal pressure calculated from
atomic interactions and kinetic energies via the virial theorem. This value arises from
the system’s molecular configuration and density under periodic boundary conditions,
and should be interpreted as an intrinsic measure of internal structural stress rather than
an externally applied condition. Such high internal pressures are typical in molecular
dynamics simulations and do not indicate any physical instability or inaccuracy in the

simulation setup.

The observed morphological changes reflect increased flexibility and thermal motion
rather than instability. Combined with the unshifted RDF peaks, these results confirm
that polyethylene retained its molecular integrity and remained structurally resilient

under thermal stress conditions.
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FI1GURE 5.23: Pressure profile of PE over time during thermal cycling, showing a stable
and consistent pattern with minimal fluctuations. This stability indicates polyethylene’s
strong resilience to thermal stresses, confirming its structural integrity and reliability
in thermally dynamic environments.

The results presented here demonstrate the structural and thermal stability of both
SiOs9 crystal and amorphous polyethylene structures under varying conditions, provid-
ing valuable information regarding their properties. The next step in this research
will involve applying IDMD simulations to evaluate the response of these systems to
radiation-induced effects, providing a deeper understanding of their structural and ther-

modynamic behaviour under extreme conditions.

The findings provide insights into the structural and thermal stability of selected ma-
terials under rapid thermal cycling. However, it is recognised that radiation from solar
wind and galactic cosmic rays constitutes another significant challenge for long-term
material performance on the Moon. Although not included in the current simulations,
the programme is prepared for future inclusion of IDMD (see Section 3.3.2) modelling
to assess combined effects. As such, this thesis establishes a foundation for subsequent

studies that will incorporate simultaneous thermal and radiation stressors.



Chapter 6

Conclusions

This chapter summarises the key findings and insights gained from the MD simulations
performed in this study, focusing on the structural dynamics and resilience of materi-
als under lunar-like conditions. The goal was to assess the stability of both inorganic
and organic materials, specifically SiOs and polyethylene, under extreme temperature
fluctuations characteristic of the lunar environment, with proton irradiation reserved
for future investigation. Additionally, we examine the study’s limitations, highlighting
areas where future research can expand upon the groundwork established by these sim-
ulations. These findings contribute to a deeper understanding of material behaviour
in space, which is essential for developing sustainable lunar habitats and other space

infrastructure.

6.1 Summary of Findings

The quest for durable materials capable of withstanding the Moon’s extreme environ-
ment is essential for the future of lunar exploration and habitation, as envisioned by
NASA’s Artemis program. Through molecular dynamics simulations, this study fo-
cused on evaluating the thermal and radiation stability of two critical materials—SiOq
and PE. These materials were chosen based on their relevance to lunar construction:
silica as a primary component of lunar soil and potential construction material, and

polyethylene as a polymer binder in lunar concrete.

The MD simulations revealed several key findings:

1. Crystalline SiO> Stability: The molecular dynamics simulations of crystalline
SiO9 revealed its impressive stability under the extreme temperature cycling con-

ditions typically found on the lunar surface, where temperatures can fluctuate

120
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between 110 K and 400 K. Crystalline SiO2, with its highly ordered atomic struc-
ture and inherent high melting point, showed remarkable resilience throughout the
thermal cycling process. Despite being subjected to repeated heating and cool-
ing phases, the simulations indicated that the lattice structure remained intact
without significant deformations or disruptions. This robustness underscores the
potential of crystalline SiOy for structural applications in environments like the

Moon, where materials must withstand extreme thermal stresses.

Detailed analyses, including the RDF and MSD analyses, temperature vs. time
plots, and potential energy profiles, all converged to confirm the stability of the
SiOg slab. The RDF's showed only minimal broadening of peaks, indicative of slight
thermal distortions due to atomic vibrations at higher temperatures. However, the
key peaks, particularly those corresponding to Si—O bonds, remained sharp and
well-defined, confirming that the local atomic arrangement was largely preserved.
This consistency highlights the system’s ability to maintain its crystalline order

even under fluctuating thermal conditions.

The MSD results further reinforced the stability of the material, showing low
atomic mobility throughout the simulations. Atoms remained confined to their
lattice positions, demonstrating that there was no significant atomic diffusion or
displacement, which would have indicated structural degradation. Additionally,
the temperature vs. time plots revealed smooth transitions during both heating
and cooling phases, with the system effectively equilibrating between temperature
cycles. This smooth response indicates that the material can handle rapid thermal

changes without experiencing stress-induced damage.

Finally, the potential energy profile exhibited controlled, stable fluctuations in
response to the temperature cycles, with the system consistently returning to a
low-energy, stable state after each cycle. This tendency suggests that the SiO4 slab
absorbed and released thermal energy efficiently without accumulating mechanical

stress or internal defects.

In conclusion, the combined results of the RDF, MSD, temperature, and potential
energy analyses illustrate that crystalline SiOy is highly resilient to the extreme
thermal cycling encountered in lunar environments. Despite minor thermal dis-
tortions, the material maintained its structural integrity and crystalline order,
affirming its suitability for use in thermally demanding applications, such as lunar
surface structures. Its ability to resist significant deformation or phase changes
under repeated thermal stress positions SiO2 as a highly promising material for

future lunar exploration and construction efforts.
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2. Amorphous SiO; Glass Resilience: The resilience of amorphous SiOy was
investigated by subjecting a crystalline SiOy structure to a melting process at
high temperatures (5000 K) followed by a rapid quenching to 300 K, producing a
glassy state. While this amorphous structure exhibited a higher susceptibility to
thermal distortions compared to its crystalline form, it demonstrated remarkable
stability throughout the temperature cycling. Notably, the RDF analysis showed
only minor broadening of peaks, suggesting that the local atomic arrangement
remained largely intact. This resilience suggests that amorphous SiO2 could be a

promising candidate for lunar structures, where thermal stability is crucial.

The molecular dynamics simulations effectively captured the transition from a
crystalline to an amorphous phase, with the rapid cooling process eliminating the
long-range periodicity characteristic of the crystal. The RDF analysis confirmed
the loss of long-range order, a hallmark of the glassy state, while preserving the
short-range Si—O bonds, essential for maintaining structural integrity. Despite the
structural transition, the MSD values remained low, indicating that atoms were
not freely diffusing but remained confined to their local positions. Additionally,
the potential energy analysis revealed a stable profile at room temperature, with

no signs of recrystallisation or instability.

These results highlight the efficacy of rapid quenching in producing a stable amor-
phous SiOs structure, which retains its essential bonding network despite the ab-
sence of crystalline order. The inherent stability of this amorphous form, even
under thermal cycling, positions it as a material of great interest for construction
in extreme environments such as the lunar surface. Its ability to withstand thermal
fluctuations without significant structural degradation underscores its potential for

long-term performance in extraterrestrial applications.

3. PE Stability: In the simulations, a system consisting of 160 polyethylene poly-
mer chains was constructed and equilibrated within a periodic cubic simulation
box. The equilibration phase was critical in ensuring that the polymer chains
reached a stable thermodynamic state before undergoing further analysis. The
use of a Lennard—Jones potential at 300 K helped to eliminate any non-physical
configurations, ensuring an accurate representation of the polymer’s natural con-

figuration.

During equilibration, the system’s potential energy stabilised, indicating that the
polymer chains adopted an energetically favorable conformation. The final dimen-
sions of the simulation box were approximately 46.3 A in each direction, and a
stable energy profile was observed, confirming that the system had reached equi-
librium. RDF values for the C—C bond, computed after equilibration, revealed

peaks at 1.54 A, which correspond to the expected bond lengths in polyethylene.
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This data indicates that the polymer retained its local structural characteristics,

validating the accuracy of the force field parameters.

Following equilibration, the PE system was subjected to a series of thermal cycling
steps, where the temperature was varied between 110 K and 400 K over a simula-
tion time of 20 ps per cycle. This process was designed to simulate the temperature
fluctuations that polyethylene might encounter in various practical applications,
particularly in harsh environments such as lunar habitats, where temperature ex-

tremes can pose significant challenges to material stability.

The results of the thermal cycling simulation showed minimal structural deviations
in the polymer chains. The RDFs for both C—C and C—H bonds, recalculated
after the thermal cycling process, exhibited only slight broadening of the peaks,
with no significant shifts observed. This suggests that the polymer structure re-
mained largely intact, despite the thermal stress imposed during the cycles. The
broadening of the peaks can be attributed to increased atomic vibrations at higher
temperatures, but this did not lead to any noticeable degradation or phase tran-

sitions.

Moreover, the potential energy and pressure profiles during thermal cycling re-
mained stable, with no drastic fluctuations, further indicating the polymer’s re-
silience to repeated heating and cooling. The temperature vs. time plot showed
smooth transitions between the different temperature phases, and the system
maintained equilibrium throughout the process. This predictable thermal re-
sponse, with no major spikes or deviations, highlights polyethylene’s ability to
withstand thermal cycling without undergoing significant structural or thermody-

namic changes.

The implications of these findings are significant for the potential use of polyethy-
lene as a binder in composite materials, such as lunar concrete. In such applica-
tions, where materials are exposed to extreme environmental conditions, flexibility
and durability are paramount. Polyethylene’s ability to maintain its structural in-
tegrity under fluctuating temperatures suggests that it could play a crucial role in
enhancing the performance of polymer-based materials. Its resilience to thermal
stress makes it a strong candidate for use in construction materials designed for
harsh, thermally dynamic environments like the lunar surface, where temperature

extremes could otherwise cause materials to crack or degrade over time.

Overall, the MD simulations confirm that polyethylene exhibits strong resistance
to thermal stress, retaining its local atomic arrangement and thermodynamic sta-

bility even under challenging conditions. This reinforces its potential as a durable
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material for various industrial applications, including as a key component in con-
struction materials designed to endure thermal cycling, ensuring long-term perfor-

mance and reliability.

The findings of this study underline the potential of both crystalline and amorphous
forms of SiOq, as well as polyethylene, to serve as core materials in lunar construc-
tion. Their ability to withstand extreme temperatures and radiation without significant

degradation makes them strong candidates for sustaining the integrity of lunar habitats.

The findings from this study underscore the robustness and stability of both amorphous
SiO2 and polyethylene systems, bringing a deeper understanding of their structural and
thermal behaviour under various conditions. The amorphisation process of SiOy demon-
strated that while long-range order is disrupted, the fundamental short-range Si—O
tetrahedral bonds are preserved, a hallmark of glassy materials. The stabilisation of
mean squared displacement and potential energy during the quenching process further
confirmed the thermodynamic equilibrium of the amorphous structure. For polyethylene,
the thermal cycling simulations showed that the polymer chains exhibit exceptional re-
silience to temperature fluctuations, with minimal distortion in bond arrangements and
consistent thermodynamic stability. Collectively, these results validate the use of molec-
ular dynamics simulations for accurately modelling the transition to and responses of
amorphous and polymeric systems, reflecting their suitability for real-world applications

in dynamic environments.

6.2 Limitations of Study

Despite the promising insights derived from the molecular dynamics (MD) simulations,
this study presents several limitations that should be acknowledged. These limitations
highlight areas where future research can build upon the groundwork established here

to further refine our understanding of material performance under lunar-like conditions.

1. System Size and Scale:
The simulations in this study were conducted on relatively small-scale systems
containing a limited number of atoms. While such system sizes are appropriate
for capturing atomistic-level mechanisms and thermodynamic trends, they may
not fully represent the macroscopic properties of materials in real-world applica-
tions. In particular, phenomena such as grain boundary behaviour, porosity ef-

fects, and large-scale mechanical responses cannot be adequately captured within
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these constrained system sizes. Future studies should consider scaling up simula-
tions or employing multiscale modelling frameworks to incorporate mesoscale and
continuum-level features that influence material performance in structural appli-

cations.

2. Number of Temperature Cycles:
The thermal cycling conducted in this study consisted of a relatively small num-
ber of heating and cooling cycles due to computational cost constraints. However,
materials intended for lunar habitats must endure thousands of such cycles over
their operational lifetime, given the Moon’s month-long diurnal cycle and long-
term mission timelines. While the current simulations reveal short-term structural
resilience, they may not fully capture the cumulative effects of prolonged cyclic
stress, such as fatigue, microcracking, or progressive densification. Future simula-
tions with extended cycling protocols will be necessary to more accurately model

long-term behaviour and predict lifecycle degradation of candidate materials.

3. Timescale Limitations of Thermal Cycling Simulations:
It is important to acknowledge that the thermal cycling simulations were con-
ducted over timescales on the order of picoseconds, which are significantly shorter
than the actual lunar day-night cycle that spans approximately 14 Earth days per
phase. This discrepancy is a recognised limitation of MD simulations, which are
inherently constrained by computational demands and the stability requirements

of femtosecond-level time steps.

Although the accelerated thermal cycling applied in this study is widely used
in computational materials science to investigate fundamental thermomechanical
responses, the imposed temperature gradients and rapid rates—while exagger-
ated—are sufficient to induce representative structural behaviours. However, cer-
tain kinetic processes, such as defect migration, phase separation, or long-range
atomic rearrangements, may not fully manifest within these limited timescales.
Future work could benefit from coupling MD simulations with higher-level mod-
elling approaches such as kinetic Monte Carlo, phase-field methods, or finite el-
ement modelling to bridge the gap between atomistic insights and macroscopic

time-dependent phenomena.

4. Simplification of Environmental Factors:
This study was intentionally focused on evaluating the effects of thermal cycling
and, to a limited extent, radiation damage through proton irradiation simula-
tions. However, the lunar environment presents a multifaceted set of challenges
that extend beyond these two stressors. Realistic lunar surface conditions involve

complex radiation spectra including alpha particles, gamma rays, cosmic rays, and
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solar wind plasma, as well as micrometeorite impacts and prolonged exposure to
vacuum and abrasive lunar regolith. These environmental factors can induce syner-
gistic damage mechanisms, such as sputtering, radiation-assisted creep, or erosion,
which are not accounted for in the current simulations. Future research should aim
to develop more comprehensive simulation environments that incorporate multiple

concurrent stressors to better reflect actual lunar surface conditions.

5. Material Scope and Generalisability:
The present study focused exclusively on two material systems: SiOs and PE.
While these materials are highly relevant for potential lunar construction—due to
silica’s abundance in lunar regolith and polyethylene’s radiation-shielding proper-
ties—the range of viable materials for lunar infrastructure is considerably broader.
Advanced composites, metal alloys, geopolymers, and other polymeric systems
may offer superior performance or synergistic properties when used in tandem.
Expanding the material portfolio in future simulations will not only help identify
more optimal materials but also enable the design of hybrid systems that combine

the benefits of multiple constituents for enhanced durability and resilience.

6. Lack of Experimental Validation:
As with many computational studies, the findings presented here rely solely on sim-
ulation data. While molecular dynamics simulations offer powerful insights into
atomistic behaviour, they are ultimately models that depend on the accuracy of
interatomic potentials and simulation parameters. Experimental validation under
controlled conditions—such as thermal cycling in vacuum chambers, proton irradi-
ation tests, or mechanical performance measurements—is necessary to confirm the
predictions made in this study. Integrating computational and experimental ap-
proaches will be essential to develop robust, space-qualified materials and validate

their behaviour under extreme environmental stresses.

This study’s findings highlight the potential of these materials for long-term use on the
Moon, but they also emphasise the need for further investigation. While the simula-
tions provided valuable data on thermal resilience, additional studies, including long-
term irradiation simulations and experimental validation under real-world conditions,
are crucial to confirm these results. Thermal cycle experiments on PE (as discussed in
2.3.1) have already shown promising outcomes demonstrating temperature resistance.
However, the effects of prolonged radiation exposure and other environmental factors

like micrometeorite impacts and lunar dust should be examined in future research.

In conclusion, this study lays a solid foundation for understanding how key materials

like SiO2 and polyethylene behave under lunar-like conditions. The results provide
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a starting point for the continued development of robust materials tailored for space
exploration and lunar habitation. Moving forward, more complex simulations involving
larger system sizes, additional environmental factors, and expanded material testing
will be essential to fully realize the potential of these materials in building long-lasting,

resilient structures on the Moon and beyond.



Chapter 7

Future work and Contributions to
the Field

The findings of this study lay a solid foundation for understanding the stability and
properties of materials, particularly SiOs and polyethylene, under lunar environmental
temperature. However, several avenues for future research are essential to fully optimise

these materials for long-term space applications. Future work would focus on:

Irradiation Studies to Validate Material Stability: While this study has
provided significant insights into the thermal response and structural transforma-
tions of SiOg and PE, their behaviour under radiation exposure remains to be ex-
plored. A critical next step involves applying irradiation-driven molecular dynam-
ics (IDMD) simulations to investigate how these materials respond to high-energy
radiation. Such simulations will enable the examination of radiation-induced phe-
nomena, including bond scission, defect formation, and structural rearrangements

in both amorphous SiOs networks and PE polymer chains.

These studies are essential for assessing the materials’ long-term durability and
adaptability in harsh space environments, where exposure to cosmic and solar
radiation is inevitable. Conducting IDMD simulations with high-energy protons

representative of lunar conditions will help validate the materials’ resilience.

Moreover, comparing simulation outcomes with real-world irradiation experiments,
such as those conducted by Mr. Jonathan Cousins and described in Section 2.3,
will provide a valuable benchmark for accuracy. This integration of computational
and experimental approaches will strengthen model validation and support the
refinement of material design strategies for lunar infrastructure and other high-

radiation environments.
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Refining Molecular Models through Experimental Comparison: The
molecular models employed in this study, while robust, would benefit from fur-
ther refinement through comparison with additional experimental data. Future
research would focus on integrating more empirical data—such as neutron scat-
tering or X-ray diffraction results—into the simulation frameworks to enhance the
accuracy of the MD models. This process will allow for better characterisation
of material behaviours and further alignment between computational and experi-

mental findings.

System Size Optimisation for Practical Applications: The scale of the
computational models used in this study was limited to meet the constraints of
available computational resources. To bridge the gap between simulation and
practical application, future research should explore optimising system sizes to
match real-world engineering applications. Scaling up these models will be crucial
in predicting the performance of larger structures, such as habitats or radiation

shields, that are integral to lunar infrastructure.

Expanding the Database of Suitable Materials: While this study focused
on SiO2 and PE, lunar construction requires a wider range of materials to meet
various functional demands, such as strength, thermal insulation, and radiation
protection. Future research should expand the database of potential materials,
examining their response under lunar conditions through both computational and
experimental methods. This will contribute to the growing knowledge base and
identify materials that can be used in composite structures or as alternatives to

the materials currently considered.

7.1 Potential for New Materials and Methods

Beyond SiO2 and PE, the future of lunar material science stands to benefit significantly
from the exploration of other high-performance polymers and composite materials, as
discussed in Section 2.2. Two materials of particular interest for future investigation
are polychlorotrifluoroethylene (PCTFE) and Kevlar and an initial geometry has been
started for further simulations. Both materials have demonstrated exceptional properties
in terrestrial applications, including high thermal stability, radiation resistance, and
mechanical strength—qualities that make them promising candidates for the extreme

conditions of lunar construction.
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7.1.1 Polychlorotrifluoroethylene (PCTFE)

Polychlorotrifluoroethylene (PCTFE) is a high-performance polymer widely recognised
for its outstanding chemical resistance and thermal stability, making it ideal for applica-
tions in harsh environments. Its ability to withstand extremely low temperatures further
enhances its suitability for space and cryogenic applications. Additionally, PCTFE’s
thermal properties can be enhanced by reinforcing it with glass fibers, which improve
its performance at higher temperatures and increase its structural integrity under chal-

lenging conditions.

To facilitate future simulations and analyses, preliminary structure of PCTFE with
a chain length of 9.611 A was generated. Initial input files were prepared using the
molecular modelling software Avogadro, followed by structural optimisation performed
in MBN Explorer, which yielded a stable molecular configuration. Figure 7.1 presents
the optimised visual structure of PCTFE that was generated using VMD [169]. This

initial setup establishes a foundational model for advanced simulations.

FIGURE 7.1: Optimised molecular structure of polychlorotrifluoroethylene (PCTFE)
visualised using VMD. The visualisation highlights the arrangement and stability of
the molecular structure after optimisation with MBN Explorer.

Future research would focus on refining PCTFE’s molecular structure evaluating its re-
silience under thermal cycling and radiation conditions similar to those on the lunar sur-
face. Additionally, assessing the mechanical and thermal properties of PCTFE through
both computational and experimental approaches will be crucial to understanding its

full potential as a material for lunar infrastructure.

7.1.2 Kevlar

Kevlar is a well-known high-performance polymer celebrated for its remarkable tensile
strength and lightweight properties, making it an ideal candidate for a wide range of
protective and structural applications. Its exceptional durability and resistance to wear
and tear allow it to perform effectively in demanding environments, which is particularly

relevant for the challenges posed by lunar habitation.
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FIGURE 7.2: Optimised molecular structure of Kevlar visualised using VMD. This visu-
alization illustrates the arrangement and stability of the molecular structure following
optimization with MBN Explorer, showcasing the polymer’s unique tensile strength
properties and potential for structural applications in lunar environments.

Preliminary experiments on Kevlar, conducted by Mr. Jonathan Cousins (see Section
2.3.2), offer a critical foundation for correlating computational simulations with empirical
data. This integration of computational models with experimental findings will enhance
our ability to accurately predict material characteristics under lunar conditions, paving

the way for informed material selection and design.

In preparation for future simulations, input files for Kevlar were generated using Avo-
gadro, followed by molecular optimisation performed in the MBN Explorer software
suite. Figure 7.2 presents the optimised visual structure of PCTFE with a chain length
of 64.288 A that was generated using VMD [169]. The unique properties of Kevlar,
including its capacity to withstand high-impact forces and its inherent resistance to

radiation-induced degradation, make it particularly promising for lunar applications.

Further research would focus on exploring Kevlar’s performance in lunar environments,
specifically its potential uses in radiation shields or as a reinforcement material in lunar
concrete. Investigating the interactions between Kevlar and other materials, as well as
its response under extreme temperature fluctuations and radiation exposure, will provide
key information into its suitability for lunar construction. Ultimately, by combining both
computational and experimental approaches, we can better understand how Kevlar can

contribute to the creation of a safe and sustainable habitat on the Moon.
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Appendix A

MBN Simulation Parameters

The Task File in MBN Explorer contains a set of options and their corresponding
values, determining the behaviour of the program. These options control which features
are active, how long the simulation runs, and more. The key required parameters include
Task_Type, Input_File (or PDB_File), Potential File (or Molmech Potential File),
and Output_File. These are described in detail below:

Task _Type = (Type of calculation)
Acceptable values: SP, Energy, MD, Molecular_Dynamics, Opt, optimisation, RW,
Random_Walk, Spectrum.
Description: Specifies the type of calculation to be performed:
1. Single point energy calculation (SP or Energy),

Molecular dynamics simulations (MD or Molecular Dynamics),

Structure optimisation (Opt or optimisation),

L

Random walk dynamics simulation (RW or Random_Walk),

5. Radiation spectrum calculation (Spectrum).

Input File parameters:

Input_File = (File with coordinates in MBN Explorer format)
Acceptable values: UNIX filename.

Description: This file contains the initial position coordinates of the system, for-
matted according to MBN Explorer’s specifications (see Section 3.1). Only one

value may be specified, and file paths can be absolute or relative.
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PDB_File = (File with coordinates in PDB format)

Acceptable values: UNIX filename.

Description: For certain simulations, especially when using molecular mechanics
potentials, it is convenient to specify initial coordinates in the standard PDB
format. This file may also include other molecular information. The structure of
the PDB file is described in Section 3.1.2. Users may combine PDB and MBN

Explorer formats for different parts of the system.

Topology_File = (PSF file)
Acceptable values: UNIX filename.
Description: A topology file (PSF format) that describes the molecular system

being simulated. Only one value may be specified.

Potential_File = (Potential file in MBN Explorer format)
Acceptable values: UNIX filename.
Description: A file defining all or part of the interaction parameters in MBN Ex-

plorer format. It describes the molecular interactions necessary for the simulation.

Molmech_Potential File = (Potential file in CHARMM format)
Acceptable values: UNIX filename.

Description: A CHARMM parameter file required for molecular mechanics simu-
lations. It defines the interaction parameters for the molecular system, including

bonded interactions and optionally non-bonded van der Waals interactions.

Manipulation File = (File describing user-defined manipulations)
Acceptable values: UNIX filename.

Description: A file specifying user-defined manipulations of particles and rigid
objects in the system. It allows displacement of particles with constant velocity or
acceleration, and rotation of rigid bodies with a specified angular velocity around

a defined axis.

Chem _Rules_File = (File with chemistry rules for simulations)
Acceptable values: UNIX filename.

Description: A file used for simulating chemical reactions in MBN Explorer. It
contains information about possible reactants and products, bond multiplicities,

and partial charges of atoms involved in the reactions.

Output File Parameters:

Output_File = (Output file name)
Acceptable values: UNIX filename.
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Description: The output file is written after each completed simulation and con-
tains task-related information. It stores all information read from the input files,
which can be used to resubmit the task. Additionally, it includes the final config-
uration of the system, i.e., the positions and velocities of all atoms. The output
file also stores the names of the potential files used in the calculation and the CPU

time consumed. See Section 3.2 for more details on the output file structure.

Output_File_ Coords = (Print coordinates of particles in the output file)
Acceptable values: on, off.

Default value: on.

Description: If set to off, MBN Explorer will exclude the coordinates and veloci-
ties of particles from the output file, reducing its size. In this case, the trajectory

file must be used to read the coordinates of atoms.

Output_PDB _File = (File for the final configuration in PDB format)
Acceptable values: UNIX filename.

Description: This keyword instructs MBN Explorer to save the final configura-
tion of the system in PDB format, which is especially useful for macromolecular

systems.

Output_Topology_File = (File for the final topology)

Acceptable values: UNIX filename.

Description: Saves the final molecular topology of the system in the PSF format,
including all bonds, angles, and dihedrals. This is particularly useful for macro-
molecular systems undergoing chemical reactions and is recommended to be used

with OQutput_PDB_File.

Log File Parameters:

Log_File = (Filename for logging information)

Acceptable values: UNIX filename.

Description: Required for molecular dynamics and optimisation tasks (see Section
3.2). In molecular dynamics, the log file stores system characteristics such as po-
tential energy, kinetic energy, total energy, momenta, and temperature at intervals
determined by the Log_Steps keyword. In optimisation tasks, the log file records

the total energy of the system at given intervals.

Log_Steps = (Periodicity of log file update)
Acceptable values: Positive integer.
Default value: 1.

Description: Controls how often the log file is updated during molecular dynamics
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or optimisation simulations. Smaller values result in more frequent logging but

increase computation time.

Log Parameter = (Characteristics to be printed in the log file)

Acceptable values: Step, Time, T _Energy (Total Energy), DT Energy (Delta_Total Energy),
K_Energy, P_Energy, CP_Energy, MP_Energy, AMP_Energy, BMP_Energy, DMP _Energy,
IMP _Energy, PP_Energy, MBP _Energy, EP_Energy, M (Momentum), AM (Angu-

lar Momentum), T (Temperature), Max_Torque, Max_Force, Max_Disp.

Default value: Step, Time, T_Energy, K_Energy, P_Energy.

Description: Defines the system characteristics that will be logged. By default,

MBN Explorer logs the time step, current simulation time, total energy, kinetic

energy, and potential energy. Additional characteristics can be specified to obtain

more detailed outputs.

Trajectory File Parameters:

Trajectory File = (System’s trajectory file)

Acceptable values: UNIX filename.

Description: Required for molecular dynamics, random walk dynamics, and opti-
misation tasks (see Section 3.2). The file records the system’s time evolution or
optimisation process, including atom coordinates and optionally velocities, writ-
ten at intervals determined by the Trajectory_Steps keyword. The format is

determined by Trajectory_Format.

Trajectory_Format = (Trajectory file format)

Acceptable values: Auto, XYZ, DCD, DCD+XYZ.

Default value: Auto.

Description: Specifies the format of the trajectory file. If set to Auto, MBN
Explorer deduces the format from the file extension (.xyz for XYZ, .dcd for DCD).
DCD+XYZ is a hybrid mode where the initial step is saved in XYZ format, and
subsequent steps in DCD format.

Trajectory_Steps = (Periodicity of trajectory file update)

Acceptable values: Positive integer.

Default value: 1.

Description: Controls how often the trajectory file is updated during simulations.

A smaller value results in more detailed output but increases the simulation time.

Trajectory _Parameter = (Characteristics to be printed in the trajectory
file)

Acceptable values: coordinates, velocities, accelerations, forces.
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Default value: coordinates.

Description: Specifies what characteristics to store in the trajectory file. For XYZ
format, this keyword controls the output, while for DCD format, only coordinates
and velocities are stored. Other parameters like accelerations and forces are only

relevant for XYZ format.

Trajectory_Selection = (Selection criteria)

Acceptable values: Nofixed, fixed.

Default value: All particles.

Description: Controls which particles are included in the trajectory file. By de-
fault, all particles are recorded, but this keyword can reduce the file size by ex-

cluding fixed particles.

Trajectory_Precision = (Precision of atomic coordinates)

Acceptable values: Positive integer.

Default value: 8.

Description: Defines the number of decimal places used for printing coordinates

and velocities in the trajectory file. Relevant only for XYZ format.

Trajectory_Size Limit = (Maximum size of the trajectory file)
Acceptable values: Positive real number (in megabytes).

Default value: Maximal storage capacity.

Description: Limits the size of the trajectory file. When the file exceeds the spec-
ified size, MBN Explorer creates a new file and continues the output. Successive
files are named using a numerical index (e.g., Trajectory File001.xyz). See

Section 3.2 for more details on the trajectory file structure.

Parameters for some general molecular dynamics are:

Integration and Simulation Settings

Integrator = (integration method)

Acceptable values: Verlet, Leapfrog, Relativistic

Default value: Verlet

Description: Defines the numerical algorithm for solving the equations of motion
that describe the time evolution of the system. Verlet refers to the velocity
Verlet integrator, Leapfrog refers to the leapfrog integrator, and Relativistic

is designed for simulating the motion of relativistic particles.

Time_Step = (integration time step)

Acceptable values: positive real number
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Description: Specifies the timestep size used when integrating each step of the
simulation with a constant time step. This value is specified in the units set by

the Time Unit keyword.

Simulation_Time = (molecular dynamics simulation time)
Acceptable values: positive real number
Description: Defines the total time for which the simulation is run, specified in

units defined by Time Unit. The total number of simulation steps is determined

Simulation_Time

as Time_Step

Initial Temperature = (initial temperature value)

Acceptable values: positive real number

Description: Sets the initial temperature of the system. This keyword generates
a random velocity distribution for particles in the system such that the system is
at the desired temperature. If used, the temperature is interpreted using the units

defined by Temperature Unit.

Antirotator = (neutralize system’s momentum and angular momen-
tum?)

Acceptable values: on, off, none

Default value: off

Description: When turned on, it ensures that the total momentum and angular
momentum of the system are zero. This is particularly important if the initial

velocities are generated randomly using the Initial_Temperature keyword.

Manipulate_System = (allow user-defined manipulation)

Acceptable values: on, off, none

Default value: off

Description: If enabled, it allows user-defined manipulation of particles or rigid
objects using a file specified by Manipulation File. Particles can be displaced

with a constant velocity or acceleration, or rotated around a fixed axis.

Temperature Control

Thermostat = (thermostat type)

Acceptable values: Berendsen, Langevin, None

Default value: None

Description: Specifies the type of thermostat used for constant temperature sim-

ulations. If None, MBN Explorer runs a constant energy simulation.
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Thermostat_Temperature = (thermostat temperature)
Acceptable values: positive real number
Description: Specifies the temperature to which the atoms in contact with an

external heat bath are adjusted, in units defined by Temperature Unit.

Thermostat_Rise_Time = (Berendsen thermostat parameter)

Acceptable values: positive real number

Default value: Time_Step

Description: A parameter defining the rate of velocity rescaling in the Berendsen

thermostat, measured in units defined by Time Unit.

Thermostat_Damping Time = (Langevin thermostat parameter)
Acceptable values: positive real number

Default value: None

Description: Defines the viscous velocity damping in the Langevin thermostat,

measured in units defined by Time Unit.

Thermostat_Temperature Increase Rate = (Langevin thermostat tem-
perature increase rate)

Acceptable values: positive real number

Default value: None

Description: Specifies the linear rate at which the temperature is increased in the

Langevin thermostat. Measured in units of Temperature Unit/Time Unit.

Molecular Mechanics and Chemical Reactions

Molmech_Exclusion_Model = (exclusion policy)

Acceptable values: None, 1-2, 1-3, 1-4, Scaled-1-4

Default value: 1-4

Description: Specifies which pairs of bonded atoms should be excluded from non-

bonded interactions.

Molmech_Exclusion_Scale = (scaling factor for 1-4 interactions)
Acceptable values: positive real number

Default value: 1

Description: Defines the scaling factor for electrostatic interactions between 1-4

atom pairs. Only used when Molmech Exclusion Model = Scaled-1-4.

Update_Molecular_Structures = (change bonded topology during sim-
ulation?)

Acceptable values: on, off
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Default value: off
Description: FEnables simulations where the bonded topology of the system can

change.

Structure optimisation

optimisation Method = (optimisation method)
Acceptable values: Velocity_Quenching, Conjugate_Gradient

Description: Defines the computational method for structure optimisation.

optimisation_Steps = (max number of optimisation steps)
Acceptable values: positive integer
Description: Specifies the maximum number of steps for the optimisation proce-

dure.

Velocity_Quenching Time _Step = (integration time step for velocity
quenching)

Acceptable values: positive real number

Description: Defines the time step for the velocity Verlet algorithm used in the

velocity quenching method.

Force_Tolerance = (max force tolerance)

Acceptable values: positive real number

Default value: 0.01 a.u.

Description: Defines the maximum allowed force acting on any particle in the

System.

Disp_Tolerance = (max displacement tolerance)

Acceptable values: positive real number

Default value: 0.01 a.u.

Description: Defines the maximum allowed displacement of any particle in the

system per optimisation step.

Torque_Tolerance = (max torque tolerance)

Acceptable values: positive real number

Default value: 0.01 a.u.

Description: Specifies the maximum allowed torque acting on particles in the

system.
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Temperature Cycle Script

# -*x— coding: utf-8 —*-

nmnn

Created on Wed Jul 31 13:21:44 2024

Qauthor: adrijabhowmick

"
import
import
import
import
import

import

os
shutil
subprocess
glob

time

numpy as np

# Parameters

nprocs = 1

lowest_temp = 200 # Lowest temperature in K

highest_temp = 400 # Highest temperature in K

cycles = 8 # Number of temperature cycles

temp_rate = 10 # Rate of temperature change in K/ps
optimise = True # Option to optimise the system before the

< temperature cycle (Set 'True' to proceed or 'False' to skip)

equilibrate = True # Option to equilibrate the system before the

< temperature cycle (Set 'True' to proceed or 'False' to skip)

equi_temp = 300 # Equilibration temperature in K (Set your

< equilibration temperature if you want to proceed)

basepath = os.getcwd()  # Path of the current working directory

168
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def read_task(task_file, flatten=False):
"'"'"Thts function splits a given Task file into a a dictionary of
— task file options and their respective
parameters. Useful if you want to get a specific set of task file
— options for use in calculations for example.
by default 2t is split into the task file subsections as a dictionary of
— dictionaries. Use flatten=True to flatten
wnto a single dictionary.'''
file_options = {}
with open(task_file) as f:
data = f.read().split('\n"')

section_options = {}
for line in data:
try:
if 1line[0] ==';' and len(line)>1:
if len(section_options)>0:
file_options[section] = section_options
section_options = {}
section = line.replace(';','"').strip()
if '=' in line:
line=line.split('=")
section_options[line[0] .strip()] = str(line[1].strip())
except IndexError:

pass

file_options[section] = section_options

if flatten:

{3
for key in file_options.keys():

file_options_flat

file_options_flat.update(file_options[key])
return file_options_flat
else:

return file_options

def write_task(task_file, file_options):
""'"Thts function writes the contents nested dictionary containing

— task file options to a task file.
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The input format is the same as a non-flattened read_task output
— dtctionary. '’
with open(task_file, 'w') as f:
f.write(';\n')
for key in file_options:
f.write('\n; '+key+'\n')
for sub_key in file_options[key]:
if sub_key == 'Random':
f.write('\n'+'{:<31}'.format(sub_key)+' =
— '+file_options[key] [sub_keyl+'\n"')
else:
f.write('{:<31}'.format(sub_key)+' =
— '+file_options[key] [sub_keyl+'\n')

def lastframe_to_input(output_file, input_file):
""'"Thts function will extract the last frame from the provided
— output file and write as an input file.'''
with open(output_file) as out:
file = out.readlines()
to_write = []
write = False
for line in file:
if 'System Final Configuration' in line:
write = True
continue
if 'Output characteristics' in line:
break
if write:
to_write.append(line)
with open(input_file, 'w') as inp:
for line in to_write[2:-2]:

inp.write(line)

def set_run():
template_path = os.path.join(basepath, 'Templates/')
simulation_path = os.path.join(basepath, 'Temperature_cycle')

os.makedirs(simulation_path, exist_ok=True)
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os.chdir(simulation_path)
prev_completed = True
# Optimisation
if optimise:
prev_completed = False
optimisation_path = os.path.join(simulation_path,
— 'Optimisation')
os.makedirs(optimisation_path, exist_ok=True)
os.chdir(optimisation_path)
if len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in file.read()
if not prev_completed:
shutil.copy2(template_path+'Optimisation.task',
— './Test.task')
shutil.copy2(template_path+'Test.pdb', './')
shutil.copy2(template_path+'Test.psf', './")
shutil.copy2(template_path+'Test.pot', './')
shutil.copy2(template_path+'Test.prm', './')
print ('Running optimisation')
result = subprocess.run(['mbnexplorer',
«» '-use-server-licemnse', '129.12.24.24'],
— capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
result = subprocess.run(['mpirun', '-np', str(aprocs),
— '--bind-to', 'socket', 'mbnexplorer', '-t',
— 'Test.task'], capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
if len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in file.read()

# Equilibration
if equilibrate:
if prev_completed:

prev_completed = False
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equilibration_path = os.path.join(simulation_path,

N
oS
oS

if

if

'Equilibration')

.makedirs(equilibration_path, exist_ok=True)

chdir(equilibration_path)
len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in file.read()
not prev_completed:
shutil.copy2(template_path+'Dynamics.task',
— './Test.task')
shutil.copy2(template_path+'Test.pot', './')
shutil.copy2(template_path+'Test.prm', './')

if optimise:
lastframe_to_input(optimisation_path+'/Test.out',
— 'Test.in')

else:
shutil.copy2(template_path+'Initial.in',
- './Test.in')

task = read_task('Test.task')
task['DYNAMICS PARAMETERS'] ['Thermostat_Temperature'] =
< str(equi_temp)

write_task('Test.task', task)

print ('Running equilibration')
result = subprocess.run(['mbnexplorer',
< '-use-server-license', '129.12.24.24'],
— capture_output=True, text=True)
print(result.stdout)
print (result.stderr)
result = subprocess.run(['mpirun', '-np', str(aprocs),
— '--bind-to', 'socket', 'mbnexplorer', '-t',
< 'Test.task'], capture_output=True, text=True)
print(result.stdout)
print (result.stderr)
if len(glob.glob('*.out'))>0:

with open(glob.glob('*.out')[0]) as file:
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prev_completed = 'Have a nice day!' in

« file.read()

# Initial Heating
if prev_completed:
prev_completed = False
Initial_heating_path = os.path.join(simulation_path,
< 'Initial_heating')
os.makedirs(Initial_heating_path, exist_ok=True)
os.chdir(Initial_heating_path)
if len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in file.read()
if not prev_completed:
shutil.copy2(template_path+'Dynamics.task', './Test.task')
shutil.copy2(template_path+'Test.pot', './"')
shutil.copy2(template_path+'Test.prm', './"')

if equilibrate:
lastframe_to_input(equilibration_path+'/Test.out',
— 'Test.in')

else:

shutil.copy2(template_path+'Initial.in', './Test.in')

task = read_task('Test.task')

task['DYNAMICS PARAMETERS']['Initial_Temperature'] =

— str(equi_temp)

task['DYNAMICS PARAMETERS'] ['Thermostat_Temperature'] =

— str(equi_temp)

task['DYNAMICS

— PARAMETERS'] ['thermostat_temperature_increase_rate'] =
— str(temp_rate)

task['SIMULATION PARAMETERS']['Simulation_Time'] =

— str(abs(highest_temp-equi_temp)/temp_rate)

write_task('Test.task', task)

print ('Running initial heating')
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result = subprocess.run(['mbnexplorer',
« '-use-server-licemnse', '129.12.24.24'],
< capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
result = subprocess.run(['mpirun', '-np', str(anprocs),
— '--bind-to', 'socket', 'mbnexplorer', '-t',
< 'Test.task'], capture_output=True, text=True)
print (result.stdout)
print(result.stderr)
if len(glob.glob('*.out'))>0:

with open(glob.glob('*.out')[0]) as file:

prev_completed = 'Have a nice day!' in file.read()

print('Initial heating completed')

# Temperature Cycle

for cycle in range(cycles):

# Cooling stage
if prev_completed:
prev_completed = False
cooling _path = os.path.join(simulation_path,
— f'{cycle+1}_Cooling/"')
os.makedirs(cooling_path, exist_ok=True)
os.chdir(cooling_path)
if len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in file.read()
if not prev_completed:
shutil.copy2(template_path+'Dynamics.task',
— './Test.task')
shutil.copy2(template_path+'Test.pot', './')
shutil.copy2(template_path+'Test.prm', './')

lastframe_to_input(Initial_heating_path+'/Test.out',

— 'Test.in')

task = read_task('Test.task')
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task['DYNAMICS PARAMETERS']['Initial_Temperature'] =

<~ str(highest_temp)

task['DYNAMICS PARAMETERS'] ['Thermostat_Temperature'] =
« str(highest_temp)

task['DYNAMICS

< PARAMETERS'] ['thermostat_temperature_increase_rate']
— = str(-temp_rate)

task['SIMULATION PARAMETERS']['Simulation_Time'] =

— str(abs(highest_temp-lowest_temp)/temp_rate)

write_task('Test.task', task)

print ('Running cooling cycle '+str(cycle+1))
result = subprocess.run(['mbnexplorer',
< '-use-server-license', '129.12.24.24'],
< capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
result = subprocess.run(['mpirun', '-np', str(anprocs),
— '--bind-to', 'socket', 'mbnexplorer', '-t',
< 'Test.task'], capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
if len(glob.glob('*.out'))>0:

with open(glob.glob('*.out')[0]) as file:

prev_completed = 'Have a nice day!' in

« file.read()

print(£f"Cooling {cycle+1} completed.")

# Heating stage

if prev_completed:
prev_completed = False
heating_path = os.path.join(simulation_path,
— f'{cycle+1}_Heating/')
os.makedirs(heating_path, exist_ok=True)
os.chdir (heating_path)
if len(glob.glob('*.out'))>0:

with open(glob.glob('*.out')[0]) as file:
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prev_completed = 'Have a nice day!' in file.read()

if not prev_completed:

shutil.copy2(template_path+'Dynamics.task',
< './Test.task')

shutil.copy2(template_path+'Test.pot', './')
shutil.copy2(template_path+'Test.prm', './')

lastframe_to_input(cooling_path+'/Test.out', 'Test.in'

task = read_task('Test.task')

task['DYNAMICS PARAMETERS']['Initial_Temperature'] =
< str(lowest_temp)

task['DYNAMICS PARAMETERS']['Thermostat_Temperature']
< str(equi_temp)

task['DYNAMICS

)

< PARAMETERS'] ['thermostat_temperature_increase_rate']

— = str(-temp_rate)
task['SIMULATION PARAMETERS']['Simulation_Time'] =
— str(abs(highest_temp-lowest_temp)/temp_rate)

write_task('Test.task', task)

print ('Running heating cycle '+str(cycle))
result = subprocess.run(['mbnexplorer',

< '-use-server-license', '129.12.24.24'],
< capture_output=True, text=True)
print(result.stdout)

print(result.stderr)

result = subprocess.run(['mpirun', '-np', str(anprocs),

— '--bind-to', 'socket', 'mbnexplorer', '-t',
— 'Test.task'], capture_output=True, text=True)
print(result.stdout)
print(result.stderr)
if len(glob.glob('*.out'))>0:
with open(glob.glob('*.out')[0]) as file:
prev_completed = 'Have a nice day!' in

— file.read()

print (f"Heating {cycle+1} completed.")
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# Equilibration

if prev_completed:
prev_completed = False
equilibration_path = os.path.join(simulation_path,
< 'Final_Equilibration')
os.makedirs(equilibration_path, exist_ok=True)
os.chdir(equilibration_path)
shutil.copy2(template_path+'Dynamics.task', './Test.task')
shutil.copy2(template_path+'Test.pot', './')
shutil.copy2(template_path+'Test.prm', './')

lastframe_to_input (heating_path+'/Test.out', 'Test.in')

task = read_task('Test.task')

task['DYNAMICS PARAMETERS']['Initial_Temperature'] =

— str(highest_temp)

task['DYNAMICS PARAMETERS'] ['Thermostat_Temperature'] =

— str(equi_temp)

write_task('Test.task', task)

print ('Running final equilibration')
result = subprocess.run(['mbnexplorer', '-use-server-license',
< '129.12.24.24'], capture_output=True, text=True)
print(result.stdout)
print (result.stderr)
result = subprocess.run(['mpirun', '-np', str(nprocs),
< '--bind-to', 'socket', 'mbnexplorer', '-t', 'Test.task'],
— capture_output=True, text=True)
print (result.stdout)
print (result.stderr)
if len(glob.glob('*.out'))>0:

with open(glob.glob('*.out')[0]) as file:

prev_completed = 'Have a nice day!' in file.read()

print('Final equilibration completed')

set_run()
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