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Chapter 1

Introduction

Scientific research often comes in two forms, experimental and theoretical, where the
former consists of laboratory measurements and the latter comes from mathematical
formulations. These two disciplines maintain a symbiotic relationship, where exper-
imental work is often used to verify approximate theoretical models and theoretical
works are able to fill in knowledge gaps due to technical limitations in experiments.
The work in this thesis focuses primarily on computer simulations based on approx-
imations for atomic-scale interactions, with an emphasis on properties or processes
that experiments are unable to observe.

Atomic-scale interactions are described using either first-principles quantum chem-
istry techniques or empirical interatomic potentials. These atomic-scale interactions
are important because they govern the macroscopic properties of materials. Under-
standing these atomic-scale interactions helps us understand large-scale phenomena
such as catalysis, crystal growth, and phase transitions. In particular, the processes of
adsorption and vibrational energy relaxation (VER) are intrinsically related to cataly-
sis. Adsorption is the first step in a catalytic process, and VER is often important for
determining the next elementary reaction step in a catalytic cycle. Thus, understand-
ing the atomic-scale interactions that govern adsorption and VER at the atomic-scale
is crucial to understanding catalysis. In this thesis I study adsorption and VER for

two simple yet interesting molecules, carbon monoxide (CO) and water (H,O).

Carbon Monoxide

CO is one of the most abundant molecules in the interstellar medium (ISM).* In
the ISM CO is known to form in the gas phase, where it then condenses onto icy
grains.? On these icy grains CO is thought to be the seed for the formation of various
other molecules, such as CO,®, CH;OH%? and logically all other molecules formed
by reactions with CO, or CH3;0H. Furthermore, due to the CO being an extremely
volatile species, sublimating at 25 K it is the perfect measure of the degree of thermal
processing of icy grains. To physical chemists, CO is of high interest due to its vi-

brational energy pooling (VEP) properties, most notably when adsorbed on a sodium
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chloride crystal.®"lY CO is the perfect candidate for studying vibrational energy trans-
fer. Given it only possesses a single molecular vibrational mode, which has a large
energy gap from its lattice modes, CO can easily be used to study how vibrational
energy is transferred. Isotopic studies can be used to quantify the effect of the energy

gap on the efficiency of energy transfer.

Water

Water is one of the most extensively studied molecules in existence. It has earned
this title not only by being vital to life but also due to its unique properties (high
heat capacity, inverse thermal expansion, etc.). As a liquid water serves as a universal
solvent for biochemical processes, whereas, in solid form it serves as a catalyst for
reactions in the ISM. In nearly all domains of chemistry water is an essential and highly
studied molecule. Despite this, to this day there still remains numerous unexplained

phenomena revolving around water, one of which is investigated in Chapter [4]

1.1 Computer Simulations

Molecular simulations rely on statistical mechanics and numerical methods to simulate
molecular systems at various length and time scales. The work presented in this thesis
focuses on atomic simulations using interatomic potentials, as such, here only this
form of computer simulation is briefly introduced. Furthermore, there is a focus on
molecular dynamics simulations and atomic geometry optimizations, which are the

primary techniques used in this thesis.

Software

To date there exist numerous software packages that can be used to carry out molec-
ular dynamics simulations. Certain packages, for example LAMMPS™! and GRO-
MACS® 213 prioritize speed and performance by enabling simulations to be highly
parallelized. In order to achieve these goals they often sacrifice flexibility and ease-
of-use, not to mention the often feared compilation difficulties associated with these
particular packages. As a result, users are limited to constructing their potentials with
the pre-defined potential functions and using pre-defined auxiliary tools (thermostats,
integrators, etc.). For potential development, users can port their own potential codes
but this comes with the loss of any speed or performance boosts afforded by the

simlation suite. Alternatively, users can turn to JIT compiled packages, for example
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JaxMD™ and Molly.jl+?, where flexibility and ease-of-use are not sacrificed for speed
and performance. Unfortunately, these JIT compiled packages are fairly new and often
do not offer the user or users the full range of features offered by other packages.

As a result, users that want a more flexible atomic simulation suite tend to turn
to ASE'®. However, ASE does not prioritize speed and performance, however, it
provides interfaces to nearly all other software packages. This gives users a simple and
flexible interface to perfroamnce focused packages, which cemented it as the defacto
package for interacting with atomistic simulations. Modern programming languages,
like Julial?, offer the ability to develop software packages that can be as performant as
LAMMPS or GROMACS while also being as flexible and intuitive as ASE. Allowing
users to only depedend on a single package for all atomic simulation needs. However,
building all the features and functionality available in ASE takes time and an active

community of open-source developers.

Potentials

The interatomic potential describes the potential energy surface of the system being
simulated. Hence, the accuracy of the simulations is directly tied to the sophistica-
tion and completeness of the empirical potential being used. For decades theoretical
chemists have strived to develop realistic and transferrable water potentials. A po-
tential is realistic when the simulations it is used for reproduce physical observations,
while a transferrable potential is one that can reproduce observations not used in the
development of the potential. For example, a potential developed using ice obser-
vations would be realistic if it reproduced observations for ice and transferrable if it
reproduced observations for water.

The majority of the work on developing interatomic potentials has focused on wa-
ter. Initial models were simple point charge (SPC) models, like SPC2Y, SPC/E2L,
and SPC-F22| These potentials represented the atoms as point charges with a nuetral
molecular charge. Molecular bonds were often represented as harmonic potentials and
intermolecular forces were O—O van der Waals forces plus electrostatic interactions
from the point charges. At the time these models offered an incredibly powerful way
to study water at the atomic scale. Shortly after, more sophisticated models began
to be constructed; ie. TIP4P“3 TIP4P/2005%% TIP4P /Ice?”, and TIP4P /20052,
In an attempt to more accurately represent the electrostatic distribution around a
water molecule, they add a fourth dummy atom along the bisector of the HOH angle.
The total charge previously held by hydrogen atoms is now placed on the dummy

atom, and the hydrogens are neutral. Furthermore, molecular bonds began to be
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represented by Morse potentials. This model was widely adopted by computational
chemists and until this day is widely used in research studies due to its balance of
accuracy and computational cost. However, these models lack transferrability and
are often only able to accurately reproduce water under certain conditions. Attempt-
ing to overcome these limitations, models that accounted for many-body effects were
constructed. Some examples of polarizable models are, TTMx-F2%132 POLI2VS33,
AMOEBAB 59 SCME /f4U 43 and MB-pol#* 47, These water models have become
the gold standard for atomistic simulations of water, in particular due to their high

accuracy and transferrability.

1.2 Adsorption

Adsorption is the process by which molecules or atoms adhere to a surface, over time
forming a thin film or layer. Figure[I.I]shows a simple schematic of the adsorption pro-
cess, along with a schematic of the inverse process (desorption). Adsorption is a crucial
step in many chemical and physical phenomena, including catalysis, atmospheric chem-
istry, and materials science. Adsorption can occur through various mechanisms, such
as physisorption and chemisorption. The former is driven by weaker intermolecular
forces, such as van der Waals or electrostatic interactions, while the latter involves the
formation of chemical bonds between the adsorbate and the surface. Understanding
the mechanisms and factors that influence adsorption is essential for controlling and
optimizing various chemical and physical processes.

Astronomical modellers use reaction networks to model ice and gas molecular abun-
dances in various interstellar environments and compare their results with observa-
tions.4¥ These comparisons are used to validate the assumptions of chemical reactions
that are occurring in the ISM. A vital part of these models is binding energies, the
smallest amount of energy required to remove a molecule from a system of molecules
(e.g., to desorb a molecule). The binding energies determine which type of molecules
will be in the solid phase versus the gas phase in the ISM (where different possible
reactions apply in each phase).4? Experiments offer the most realistic value for the
binding energy; however, they can only measure the statistical average binding energy.
Recent models have shown this single value is insufficient, and binding energy distri-
butions produce more realistic models.”? Simulations can fill in the gaps by providing
a complete distribution of the binding energies.>1%2
Furthermore, in certain unique cases, binding energies cannot be measured experi-

mentally due to physical limitations. For example, in the case of a molecule adsorbing
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Adsorption Desorption

Figure 1.1: A simple representation of adsorption and desorption.

on a solid of the same species (e.g., H,O on H,0), any binding energy larger than
the solid’s cohesive energy will be impossible to measure because the temperature
needed to desorb the admolecule (and thus measure the binding energy) is larger than
the temperature needed to sublimate the surface to which the molecule is adsorbed.
Again, here simulations are not limited by these constraints and can help shine light

on the reality of the binding sites in question.

1.3 Vibrational Energy Relaxation

Figure [I.2] shows a simple schematic of the different types of normal modes for a gas-
phase water molecule. Vibrational energy relaxation (VER) is the process by which
a vibrationally excited molecule returns to its ground state by transferring its excess
energy to its surroundings. This process is crucial in many chemical and physical phe-
nomena, including energy transfer in biological systems™, catalysis®, and in the selec-
tivity of chemical reactions®. VER can occur through various mechanisms, including
vibrational-vibrational (V-V) energy transfer, vibrational-translational (V-T) energy
transfer, vibrational-rotational (V-R) energy transfer, and vibrational-electronic (V-
E) energy transfer. The efficiency of VER depends on several factors, including the
nature of the molecule, the surrounding environment, and the energy gap between
the excited and ground states. Understanding the mechanisms and factors that in-

fluence VER is essential for controlling and optimizing various chemical and physical



1.3 Vibrational Energy Relaxation

processes.

Normal modes

A A A

symmetric stretching  asymmetric stretching bending

Figure 1.2: A simple explanation of the different types of normal modes for a water
molecule.

In molecular simulations there is a number of ways to study VER. The most com-
mon way is to use non-equilibrium molecular dynamics (NEMD) simulations, where
the molecule of interest is excited to a higher vibrational state, and the subsequent
relaxation process is monitored over time. This approach can provide insights into
the mechanisms, timescales, and relaxation pathways of the VER process. Frequently
the results of these simulations are combined with experimental results, such as time-
resolved pump-probe spectroscopy, to uncover the complex mechanisms involved in
the VER process. However, NEMD studies are computationally challenging due to re-
quirements on system size, integration time, and the need to average over an ensemble
of simulation trajectories. In order to perform these studies, especially for long-lived
vibrational modes, highly performant molecular dynamics software is necessary.

A general trend for VER lifetimes is that they decrease with increasing tempera-
ture, a result of an increased coupling between the excited molecule and the surround-
ing bath modes. This increased coupling is due to the fact that higher temperatures
lead to higher occupancy of vibrational modes within the bath, effectively reducing the
energy gap. However, for water the inverse trend was observed, where the VER life-
time increased with increasing temperature.*” The same study also reported that for
ice, solid water, the VER lifetime was independent of temperature. The authors credit
this to the strong anharmonicity of the hydrogen-bond mode in ice, which produces
a strong coupling between the OH-stretch and hydrogen-bond modes. This results in
the VER lifetime being weakly dependent on the thermal occupation of the vibrational
modes of the surrounding molecules. For water, they were unable to determine the
exact mechanism for the anomalous temperature dependence of the VER lifetime.

Deak et al.®® performed NEMD simulations of the VER of HDO in D,O, where
they found that the OH-stretch decay generates substantial excitation of the bending
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modes in D,O. Following on these findings, Lock and Bakker® revealed that the
anomalous temperature dependence in water was due to a decrease in the overlap
between the OH-stretch mode and the overtone of the H-O-H bending mode.

1.4 Aims and Scope
The most important questions addressed by this thesis are:

1. How can atomistic simulations be improved so they are both easy to use and

highly performant?

2. What are the most important physicochemical properties involved in the adsorp-
tion of HoO on the ice Ih (0001) surface?

3. What are the most important physicochemical properties involved in the adsorp-
tion of CO on solid CO?

4. What processes are involved in the vibrational relaxation of a CO molecule in
solid CO?

Chapter 2: This chapter summarizes the theory and methodology used for the re-
search in this thesis. It starts by briefly covering the force fields used in the subsequent
chapters. Then, it summarizes commonly used methods used to calculate vibrational
modes and density of states of molecular systems.

Chapter 3: This chapter gives an overview of the features implemented in a Julia-
based atomistic simulation suite developed during this PhD. An emphasis is placed on
the flexibility and ease-of-use of the simulation suite, with examples given to highlight
how simple usage is. At the same time, the resulting simulations achieve remarkable
computational efficiency.

Chapter 4: The physicochemical properties that govern the adsorption of HoO on
the ice Th (0001) surface are broken down and analyzed.

Chaper 5: The binding energy of CO on amorphous and crystalline CO is studied.
The most important contributions to the binding energy are investigated, and the
importance of long-range interactions is analyzed. Furthermore, a benchmark of DFT
functionals is carried out, where the best performing functional is presented.
Chapter 6: Through NEMD simulations the VER process for CO in amorphous and
crystalline CO is studied. A novel method of analyzing the MD trajectories is utilized,

and the importance of the energy gap is scrutinized.
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1.5 Main Results

Chapter 3: An atomic simulation suite was developed using the Julia programming
language, with a test suite and online documentation. This software package is easy to
install and quick to learn, making it incredibly attractive to the scientific community.
When compared to the popular Python-based alternative (ASE), this new package pro-
vides up to a 6x speedup. This speedup enables users to perform previously infeasible
simulations.

Chapter 4: A plethora of strong binding sites (sites with binding energy larger than
the cohesive energy) is found on ice Th (0001) surfaces across various degrees of proton
ordering. This challenges the previously accepted idea that highly ordered surfaces
would not produce strong binding sites. Furthermore, a comprehensive analysis focus-
ing on understanding what physicochemical properties are most important for binding
is done. This analysis allows for the creation of a site descriptor that can be used to
predict which sites will have stronger binding energies. This novel descriptor builds
off of previous global surface descriptors but addresses the issue of local influence on
the binding.

Chapter 5: CO binding is dominated by dispersion, with negligible contributions
from many-body effects in solid CO. The distribution of binding energies for CO on
amorphous CO is broad (200 — 1600 K) and depends on the size of the cluster. The
dependence on the size of the cluster reveals that long-range interactions are relevant
to the adsorption of CO on amorphous CO. Zero point energy corrections within the
harmonic approximation lowers the average binding energy by 20-30%. CO binding
on crystalline a-CO has a more narrow distribution (650 — 800 K) and is orientation
dependent. The median values of the binding energy distribution for amorphous and
crystalline CO are very similar, corroborating previous studies which assumed them
to be equal. Lastly, a benchmark revealed that the wB97M-V functional performs the
best when treating the CO-CO dimer interaction energy.

Chapter 6: A novel analysis technique for studying the frequency-gap dependence
of the decay time constant was developed. Anharmonic coupling between an excited
CO molecule and a different CO isotope results in vibrational energy relaxation that
is faster when the excited molecule has a lower frequency than the accepting molecule.
On the other hand, in crystalline clusters the frequency-gap dependence exhibited
no significant trends other than being most efficient at gaps of 50 cm~!. Vibra-
tionally excited CO molecules in solid CO redistribute their energy primarily through

vibrational-vibrational energy transfer. This is due to the large frequency-gap between
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the vibrational mode of CO and the rotational and phonon modes of CO clusters. The
CO VER exhibits a two-channel decay dependence on the frequency gap, analogous
to the quantum mechanical prediction of CO VER switching from one-phonon to two-
phonon assisted decay. The necessary physicochemical properties for VEP are well

captured by the classical pair potentials used to simulate the VER of CO.

1.6 Outlook

The collection of works within this thesis not only present novel results, but also op-
portunities for furture works to continue advancing our understanding of the topics
studied. In the works published much earlier, some of these new opportunities have al-
ready been taken and subsequent papers have been published by others. Here I briefly
describe the works that have built off the works in each chapter (where available), and
also outline other future prospects to come from each chapter.

The work presented in Chapter [5] has already been used in multiple subsequent
works from other groups. Bariosco et al.®! used the binding energy distributions cal-
culated in Chapter [5| to solve the puzzling question of gaseous methonal detections
in cold ISM conditions. They explained this strange observation by reasoning that
methonal formed by multiple hydrogenations of CO could have a binding energy dis-
tributions as large as those seen for CO on CO. The low-end of this distribution would
then be sufficiently weak to allow for desorption, hence explaining the observations.
Enrique-Romero and Lamberts®! used multiple CO cluster structures produced dur-
ing the studies in Chapter [ to investigate the formation of hydrogen cyanide and
isocyanide in interstellar ices. The large amount of weakly bound sites reported in
Chapter [5| has been used in several studies to explain experimental observations of
CO desorption induced by low-energy photons.?2%3 These experimental observations
are generally used to explain the observed gas-phase CO abundaces in cold ISM con-
ditions, where CO is not expected to thermally desorb. Additional future works yet
to be carried out are incorporating the binding energy distribution reported in an
astrochemical model that utilizes distributions rather than single binding energy val-
ues. This work could potentially explain abundaces in gas-phase CO or other COMs,
since diffusion and desorption would be increase by the low-end of the binding energy
distribution.

The results described in Chapter [B]have also been used in multiple subsequent works
from other groups. This work was partly inspired by the work of Santos et al.%4 where

infrared-induced CO desorption was experimentally observed. The results in Chapter ]
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show no significant transfer of vibrational energy to rotational or translational, in
contradiction to the experimental work. Subsequent experimental studies based on the
results from Chapter [6] found that the desorption did not originate from CO vibrations
but rather thermalization of CO molecules or the vibrational motion of other molecules
(ie. H,0).03%5 Additionally, Tsuge et al.®® used the long VER timescales calculated in
the work described in Chapter[6]to explain the formation of C30, in their experiments.
The long VER timescales gave vibrationally excited CO molecules sufficient time to
react with CCO, where the excitation energy was sufficient to surmount the reaction
barrier. Finally, future studies that may still come from the work in Chapter [6] are
those that apply the novel analysis technique for studying VER on other systems.
This method could be quite useful for studying the VER of systems with more distinct
energy gaps between different vibrational modes.
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