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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 (H2O).

Carbon Monoxide

CO is one of the most abundant molecules in the interstellar medium (ISM).1–3 In
the ISM CO is known to form in the gas phase, where it then condenses onto icy
grains.4 On these icy grains CO is thought to be the seed for the formation of various
other molecules, such as CO2

5, CH3OH6,7, and logically all other molecules formed
by reactions with CO2 or CH3OH. 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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1.1 Computer Simulations

chloride crystal.8–10 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 LAMMPS11 and GRO-
MACS12–15, 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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Chapter 1. Introduction

JaxMD16 and Molly.jl17, 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 ASE18. 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 Julia19, 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 SPC20, SPC/E21,
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. TIP4P23, TIP4P/200524, TIP4P/Ice25, and TIP4P/2005f26.
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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1.2 Adsorption

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-F27–32, POLI2VS33,
AMOEBA34–39, SCME/f40–43, and MB-pol44–47. 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 1.1 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.48 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).49 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.50 Simulations can fill in the gaps by providing
a complete distribution of the binding energies.51,52

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

4



Chapter 1. Introduction

Figure 1.1: A simple representation of adsorption and desorption.

on a solid of the same species (e.g., H2O on H2O), 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 1.2 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 systems53, catalysis54, and in the selec-
tivity of chemical reactions55. 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
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1.3 Vibrational Energy Relaxation

processes.

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 spectroscopy56, 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.57 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.

Deàk et al. 58 performed NEMD simulations of the VER of HDO in D2O, where
they found that the OH-stretch decay generates substantial excitation of the bending
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modes in D2O. Following on these findings, Lock and Bakker 59 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 H2O 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 H2O on
the ice Ih (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

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 Ih (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 α-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 ωB97M-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−1. 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. 60 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 61 used multiple CO cluster structures produced dur-
ing the studies in Chapter 5 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.62,63 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 6 have also been used in multiple subsequent works
from other groups. This work was partly inspired by the work of Santos et al. 64 , where
infrared-induced CO desorption was experimentally observed. The results in Chapter 6
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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. H2O).63,65 Additionally, Tsuge et al. 66 used the long VER timescales calculated in
the work described in Chapter 6 to explain the formation of C3O2 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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jandro Rivero Santamaria, Ferdinand Benoit, Xavier Michaut, Géraldine Féraud,
Mathieu Bertin, Maurice Monnerville, et al. Photodesorption of CO ices: Rota-
tional and translational energy distributions. The Journal of Chemical Physics,
161(18), 2024.

[63] Laura Slumstrup, John D Thrower, Johanna GM Schrauwen, Thanja Lamberts,
Emily R Ingman, Domantas Laurinavicius, Jessalyn DeVine, Jeroen Terwiss-
cha van Scheltinga, Julia C Santos, Jennifer A Noble, et al. IR-induced CO
photodesorption from pure CO ice and CO on amorphous solid water. ACS
Earth and Space Chemistry, 2025.

[64] JC Santos, K-J Chuang, JGM Schrauwen, A Traspas Muiña, J Zhang, HM Cup-
pen, B Redlich, H Linnartz, and S Ioppolo. Resonant infrared irradiation of CO
and CH3OH interstellar ices. Astronomy & Astrophysics, 672:A112, 2023.

[65] L Slumstrup, JD Thrower, AT Hopkinson, G Wenzel, R Jaganathan, JGM
Schrauwen, B Redlich, S Ioppolo, and L Hornekær. CO desorption from in-
terstellar icy grains induced by IR excitation of superhydrogenated PAHs. arXiv
preprint arXiv:2507.07896, 2025.

16



Chapter 1. Introduction

[66] Masashi Tsuge, Germán Molpeceres, Ryota Ichimura, Hideko Nomura, Kenji Fu-
ruya, and Naoki Watanabe. Formation of unsaturated carbon chains through
carbon chemisorption on solid CO. arXiv preprint arXiv:2509.16978, 2025.

17



1.7 Bibliography

18



Chapter 2

Methods

This section covers a brief explanation of generic methodology used in different chap-
ters of this thesis, including force fields, vibrational frequencies and molecular dynam-
ics.

2.1 Force Fields

A force field is a vector field of non-contact forces acting on a particle at a certain
position in space. Within theorectical chemistry, the term is used to refer to a potential
that describes the forces and energies acting on a system of atomic particles. Various
force fields have been used in the research carried out in this thesis. Although they are
referred to as force fields, within theorectical chemistry the description focuses on terms
contributing to the potential energy, which are traditionally physically motivated.
Forces are naturally calculated by taking the negative gradient of the potential,

F⃗ = −∇⃗V (2.1)

where F⃗ is the force and V is the potential energy. The force fields used for the
research within this thesis are explained within this section, along with a few general
considerations.

2.1.1 General Considerations

The evaluation of a force field can be done with a distance-based cutoff, since at
large distances interactions are negligible and ignoring them saves computational time.
Additionally, to replicate bulk systems, force fields can be evaluated under periodic
boundary conditions. In practice both of these techniques require careful implemen-
tation to avoid introducing artifacts in the potential energy of the system.
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Smoothing Functions

In order to take the gradient of the potential, the potential must be differentiable
(ie. smooth and continuous). A distance based cutoff for interactions would result
in a non-smooth or continuous potential. As such, a smoothing function (also called
switching function) needs to be introduced.

A smoothing function smoothly truncates the interaction energy at a given cutoff
value. There are many smoothing functions available, an example is,

S(r) =


1 r ≤ rs

2( r−rs
rc−rs

)3 − 3( r−rs
rc−rs

)2 + 1 rs < r ≤ rc

0 r > rc

(2.2)

where r is the interaction distance, rs is the distance at which smoothing starts,
and rc is the interaction cutoff. This smoothing function is then multiplied with the
interaction energy to give the smoothed interaction potential. An important caveat
from smoothing the interaction energy is that upon calculating the gradient, this will
also result in additional terms for the forces. In the simplest case of an interaction
potential depending only on distances, this results in:

− ∂

∂r
S(r)V (r) = −∂S(r)

∂r
V (r)− S(r)

∂V (r)

∂r
(2.3)

Without properly including the addtionaly forces terms the energy and forces will
be divergent, which prevents geometry optimizations from succeeding and causes the
total energy to not be conserved in NVE molecular dynamics simulations (vide infra).

Smoothing functions can be applied at the atomic level, or at the molecular level.
Although both methods are possible it is important to note that frequently force fields
are pair potentials, meaning the interaction energy is fitted for a pair interaction. In
these cases applying a smoothing function at the atomic level will introduce artifacts,
notably due to imbalances of the pair potential interactions. For these cases the
smoothing function must be applied to all pair interactions based on the same pair
distance (either the center of mass or a particular atom).

Periodic Boundary Conditions

To approximate the structure of bulk systems it is common to apply periodic boundary
conditions (PBCs) to all particles within a unit cell. In Figure 2.1 an example of a
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small unit cell under PBCs is shown.

Figure 2.1: Illustration of how PBCs is used to approximate bulk structures. The promi-
nent black box around 4 water molecules is the unit cell. Each cell surrounding the original
unit cell contains images of the molecules within the unit cell.

An important consideration to avoid artifacts is that the total energy of the system
should be consistent with the number of particles (or molecules) within the unit cell.
As such, if all interactions between particles and images are counted, then interactions
with images and particles can only add half their energy to the total energy of the
system. Similarly, self-interactions (ie. a molecule interacting with its image) are
forbidden, which arises from the extra total energy the system would have if these
interactions are counted. A popular method for applying PBCs without violating
these above stipulations is the minimum image convention (MIC).

Under the MIC only interactions between real particles and the closest represen-
tation (an image or real particle) of other particles is counted. In order to ensure
that self-interactions are ignored under this convention, it is typically required that
an interaction cutoff smaller than half the shortest cell length is used. To be clear,
this means that two particles on opposite ends of a unit cell will only interact via the
images that are closest to the other real particle.
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2.1.2 Force Fields for H2O

There exits a wide variety of force fields describing water, ranging from simple point
charge models (SPC1, SPC/E2, SPC-F3, and TIP4P4) to highly sophisticated many-
body polarizable models (TTMx-F5–10, POLI2VS11, AMOEBA12–17, SCME/f18–21,
and MB-pol22–25). The work in this thesis utilizes two of the highly sophisticated
many-body polarizable models, MB-pol & SCME/f, which are briefly explained here.

MB–pol

MB-pol22–25 is derived from the many-body expansion (MBE) of the interaction energy
between water molecules. The MBE for a system of N molecules is given by,

V =

N∑
i=1

V1B(i) +

N∑
i<j

V2B(i, j) + . . .+ VNB(1, . . . , N) (2.4)

where V1B is the one-body potential, V2B is the two-body potential, and VNB is the
N -body potential. The i and j indexes run over all atoms in each molecule for all
pairs of molecules in the system. The MB-pol potential only extends to the three-
body term in the MBE, and includes addtional dispersion and electrostatic terms.
The total MB-pol energy is given by,

V = V1B + V2B + V3B + VDispersion + VElectrostatics (2.5)

where VDispersion is the dispersion interaction energy, and VElectrostatics is the electro-
static interaction energy.

The one-body term in MB-pol is taken from Partridge and Schwenke 26 , which is
the gold standard of one-body water potentials. The two-body potential is given by,

V2B =

N∑
i<j

S(rOi,Oj
)V2B−PIP (Xi, Xj) (2.6)

where N is the number of molecules, rOi,Oj
is the distance between the ith and jth

oxygen atom positions, Xi and Xj are the ith and jth molecule positions (all atoms
plus two lone-pair sites), S is the switching function, and V2B−PIP is the two-body
PIP potential. Figure 2.2 shows the interaction sites of the MB-pol pair potential.
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Figure 2.2: Interaction sites of MB-pol pair potential. Figure taken from Babin et al. 22 .

The dispersion interaction is also a two-body interaction within MB-pol given by,

VDispersion =

N∑
i<j

f6(rij)
C

(ij)
6

r6ij
+ f8(rij)

C
(ij)
8

r8ij
(2.7)

where fn are the Tang-Toennies damping functions27, Cn are constants, and rij is the
distance between the ith and jth atoms.

The electrostatic potential, within the MB-pol(2023) model, is composed of four
terms; the charge–charge interactions (Vqq), charge–dipole interactions (Vqµ), dipole–
dipole interactions (Vµµ), and the many-body polarization (Vpol).
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Vqq =

n∑
b>a

qaT̂abqb (2.8)

Vqµ =

n∑
b>a

(µα
a T̂

α
abqb − qaT̂

α
abµ

α
b ) (2.9)

Vµµ = −
n∑

b>a

µα
a T̂

αβ
ab µβ

b (2.10)

Vpol =
1

2

n∑
a=1

µaα̂
−1
a µa (2.11)

In the above equations for the electrostatic terms n is the total number of electro-
static sites, qa is the charge of site a, µa is the dipole of site a, α̂a is the polarizability
of site a, Greek superscripts define Cartesian coordinates where Einstein notation is
used for repeated superscripts, and T̂ terms are the electrostatic tensors. The tensors
are given by,

T̂ab = S0(Rab)
1

Rab
(2.12)

T̂α
ab = ∇αT̂ab = −S1(Rab)

Rα
ab

R3
ab

(2.13)

T̂αβ
ab = ∇αT̂

β
ab = S2(Rab)

3Rα
abR

β
ab

R5
ab

− S1(Rab)
δab
R3

ab

(2.14)

where Rab is the distance between sites a and b, Sn are the screening functions, and δ

is the Kronecker delta. The screening functions are given by,

S0(Rab) = 1− exp

(
−ω(

Rab

A
)4
)
+

ω
1
4Rab

A
Γ

(
3

4
, ω(

Rab

A
)4
)

(2.15)

S1(Rab) = 1− exp

(
−ω(

Rab

A
)4
)

(2.16)

S2(Rab) = S1(Rab)−
4ω

3
(
Rab

A
)4 exp

(
−ω(

Rab

A
)4
)

(2.17)

where ω is the Thole damping factor, A = (αaαb)
1
6 , and α is the polarizability.
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SCME/f

The flexible single-center multipole expansion (SCME/f)18–21 potential is another
many-body water potential. The total interaction energy is given by,

V = V1B + V2B + VDispersion + VElectrostatics (2.18)

where V1B is the one-body potential, V2B is the two-body potential, VDispersion is the
dispersion interaction energy, and VElectrostatics is the electrostatic interaction energy.
The one-body potential is identical to the one used in MB-pol (described above).

The two-body potential employs a Born-Mayer potential,

V2B =
∑
i<j

Ar−k
ij e−hrij (2.19)

where rij is the distance between the ith and jth oxygen atoms, and A, k, & h are
constants which can be found in Jónsson et al. 21 .

The dispersion energy is similar to that of MB-pol but with an additional term.

VDispersion =

N∑
i<j

f6(rij)
C

(ij)
6

r6ij
+ f8(rij)

C
(ij)
8

r8ij
+ f10(rij)

C
(ij)
10

r10ij
(2.20)

Again, here fn are the Tang-Toennies damping functions27, Cn are constants, and
rij is the distance between the ith and jth atoms. The i and j indicies run over all
atoms in each molecule for all pairs of molecules in the system. The electrostatic
energy is given by,

Velectrostatic = Vin+pol + Vself (2.21)

where Vin+pol is the combination of the electrostatic interaction between intrinsic
molecular moments and the field-induced polarization energy, and Vself is the self-
energy. The self-energy is the energy required to polarize a molecule and is given
by,

Vself = −1

2

N∑
i

(∆µi
αV

i
α +

1

3
∆θiαβ)Vαβ (2.22)

where Einstein notation is used for the Greek indicies, ∆µ is the change in the dipole
moment due to the field-induced polarization, and ∆θ is the change in the quadrupole
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moment due to the field-induced polarization. The other term is given by,

Vin+pol =
1

2

N∑
i

[(µi
α(r

ia) + ∆µi
α)V

i
α +

1

3
(θiαβ(r

ia) + ∆θiαβ)Vαβ+

1

15
Ωi

αβγV
i
αβγ +

1

105
Φi

αβγδV
i
αβγδ] (2.23)

where Ω is the octupole, and Φ is the hexadecapole.

2.1.3 Force Fields for CO

Compared to water there are significantly fewer force fields developed for studying
carbon monoxide. The generic COMPASS force field was parameterized for 14 inor-
ganic molecules, one of them being CO.28 Beyond generic potentials being fitted to
CO, there are two potentials focusing specifically on CO. The first is a site-site pair
potential29, and the other a neural network potential based on permutation-invariant
polynomials (PIP–NN)30.

Site-Site Pair Potential

This potential was originally developed by van Hemert et al. 29 , where it models CO
interactions as a site-site pair potential that was parameterized using CCSD(T) cal-
culations for the CO dimer with the aug-cc-pVQZ basis set in combination with the
Boys-Bernardi counterpoise correction. The values for all parameters in the force field
are summarized in Table 2.1.

VMorse

re (Å) De (eV) γ (Å−1)
1.1282 11.23 2.3281

Vexch + Vdisp

i, j Aij (eV) Bij (Å−1) Cij (eVÅ6)
C,C 361.36 2.836 33.37
O,O 6370.10 4.253 10.52
C,O 1516.74 3.544 15.16

Vel

i Q0
i (e) σi (Å−1)

C -0.47 3.845
O -0.615 2.132

Table 2.1: CO-CO Potential Parameters
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The interaction potential is composed of an intramolecular Morse potential (VMorse),
and intermolecular contributions that are intended to capture exchange (Vexch), dis-
persion (Vdisp), and electrostatic (Vel) interactions between pairs of CO molecules:

V = VMorse + Vexch + Vdisp + Vel (2.24)

The Morse potential is given by

VMorse =

N∑
i=1

De(1− e−γ(ri−re))2, (2.25)

where De is the dissociation energy, ri is the CO bond length of the ith molecule, re
is the equilibrium CO bond length, N is the number of molecules in the system, and
γ a constant given in Table 2.1. All of the Morse potential parameters were obtained
from fitting to experimental data. A Buckingham potential is used for the exchange
and dispersion contributions.

Vexch + Vdisp =
∑

ij | i<j

Aije
−Bijrij − Cij

r6ij
(2.26)

Here, rij is the distance between the ith and jth atoms, and all other terms (Aij , Bij ,
Cij) are constants, given in Table 2.1. Note, i and j are atoms of different molecules.
Finally, the electrostatic contribution is given by

Vel =
∑

ij | i<j

1

4πϵ0

QiQj

rij
, (2.27)

where ϵ0 is the vaccum dielectric constant, and the point charges Qi and Qj are
each located on a different molecule at a distance rij with respect to each other.
The C and the O atom form negative charge centers. A compensating total positive
charge, Q = −(QC +QO), is placed on the center of mass of each molecule, resulting
in 9 Coulomb interactions between each pair of CO molecules. The charges mimic
the ab-initio derived dipole and quadrupole moments. The moments were originally
calculated using MCSCF/CCI calculations with the aug-cc-pVQZ basis set29 and the
coordinate-dependence of the charges is given by,

Qi = Q0
i e

σi(ri−re) (2.28)
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where ri is the intramolecular CO distance, Q0
i is the charge distribution at the equi-

librium bond length and σi is a constant, given in Table 2.1.

PIP–NN

This potential was originally developed by Chen et al. 30 , and unlike potentials de-
scribed by physically based interaction equations, PIP–NN potentials do not have
parameters that can be directly linked to physical or chemical properties.

The total energy V is represented by the sum of the intramolecular Vintra and
intermolecular Vinter potential energies.

V = Vintra + Vinter (2.29)

The intramolecular energy is given by,

Vintra = b2 + w⃗2 · tanh(⃗b1 + w⃗1x) (2.30)

where b2 & b⃗1 are biases, w⃗1 & w⃗2 are weights and x is the bond length.1 The
intermolecular potential is a 2-layer PIP–NN given by,

Vinter = b5 + w⃗3 · tanh(⃗b4 +W2 tanh(⃗b3 +W1G⃗)) (2.31)

where b⃗3, b⃗4 & b5 are biases, w⃗3 is a weight, W1 & W2 are also weights but capital-
ized to denote matrices, and G⃗ is the symmetry functions. The symmetry functions
are permutation invariant polynomials related to the distances between pairs of CO
molecules.

G1 = pO1,C1 + pO2,C2

G2 = pO1,C2 + pO2,C1

G2
3 = p2O1,C1 + p2O2,C2

G2
4 = p2O1,C2 + p2O2,C1

G2
5 = pO1,C1pO1,C2 + pO2,C2pO2,C1

G6 = pO1,O2

G7 = pC1,C2

The above 7 functions are all the symmetry functions for this potential, with pij given

1tanh applied on a vector is done by applying tanh element-wise.
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by,
pij = exp(−λrij) (2.32)

where λ = 0.330 is an empirical parameter, and rij is the distance between atoms i

and j.
An implementation of this potential in Julia can be found in YASS, which was

developed during this PhD.

2.2 Geometry Optimization

Computing the optimized geometry, i.e., the atomic structure that minimizes the en-
ergy, of a system is often the first step in molecular simulations. For vibrational
analysis this step ensures that the “imaginary modes”, i.e., modes that represent mo-
tion toward a minimum on the systems potential energy surface, are not calculated.
For molecular dynamics simulations, this step provides a stable starting point for
simulations, which avoids unwanted simulation results.

Geometry optimization is done by using mathematical optimization techniques on
the energy of the system as function of the 3N atomic coordinates of the system
(E(r1, . . . , r3N )). The solution is one where the derivative of the energy with respect
to all coordinates is zero ( ∂E

∂ri
= 0), and the Hessian matrix ( ∂2E

∂ri∂rj
) is positive semi-

definite, i.e. all of its eigenvalues are non-negative. In computer simulations finding the
solution is done iteratively, where several algorithms exist but the general concepts are
consistent. Here I cover the gradient descent optimizer, also known as steepest descent,
which serves as a simple model for explaining the concepts of geometry optimization.

Gradient descent assumes the objective function, the function being minimized, is
defined and differentiable which is always the case for the energy of a system. It then
follows that the object function decreases the fastest when traversing in the negative
gradient of the function. In simulations this is done iteratively by traveling in steps
along the negative gradient, typically via

Rn+1 = Rn − η∇E(R) (2.33)

where η is the step size, R is the 3N atomic coordinates and E(R) the energy (or
objective function). This is repeated until either reaching the maximum number of
iterations or a convergence threshold on either the energy, gradient of the energy or the
change in coordinates. Other more sophisticated optimization algorithms are typically
used, however, the core concept of iteratively minimizing the energy until convergence
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is consistent.
An important consideration here is that the optimization algorithm finds the near-

est local minima, not the global minima. This means the optimized geometry found
is dependent on the initial geometry supplied to the optimization routine. Algorithms
that seek to find the global minia also exist but are more computationally demanding.

2.3 Vibrational Analysis

Vibrational frequency calculations are of great interest since vibrational properties of
solids are accessible through different experimental techniques. Here I briefly describe
two commonly used computational methods to calculate vibrational density of states
(VDOS) that can be used with the force fields presented in the previous section.

2.3.1 Harmonic Approximation

To better understand the harmonic approximation it is beneficial to first briefly cover
the physics of a much simpler system. Consider a frictionless system where a mass is
attached to a massless spring attached to a wall (see Figure 2.3).

Figure 2.3: An illustration of a mass attached to a massless spring attached to a wall.

In order to simplify the problem we take the coordinate system where q is defined
as the displacement of the mass (m) from its equilibrium position. The kinetic energy
is then given by,

T =
1

2
mq̇2 (2.34)
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where T is kinetic energy, m is the mass, and q̇ is the time derivative of the coordinate
q. Assuming a spring constant of k, then the potential energy is as follows.

V =
1

2
kq2 (2.35)

The equations of motion for this system are then given by,

d

dt

∂T

∂q̇
+

∂V

∂q
= 0 (2.36)

mq̈ = −kq (2.37)

where q̈ is the second time derivative of q. Solving this differential equation gives a
description of the motion,

q(t) = A sin(2π

√
k

m
t+ ϕ) (2.38)

where A is a constant describing the amplitude of the oscillations, ϕ is a constant
descibing the phase of the oscillations, and the frequency of the oscillations is given
by

√
k
m . This simple system is commonly referred to as a harmonic oscillator, and the

solution to the differential equation is the normal mode of the system.

This same process can be applied to more complex systems to calculate the normal
modes of the system. Consider a 3-dimensional system with N atoms at equilibrium.
The problem can be simplified by changing the coordinates to mass weighted displace-
ments of the atoms from equilibrium, ie., defining the coordinates q1 =

√
m1∆x1,

q2 =
√
m1∆y1, ..., q3N =

√
mN∆zN . The kinetic energy of the system is given by the

following expression.

T =

3N∑
i

q̇2i (2.39)

A generalized potential energy for the system, which is valid for any interaction po-
tentials, is less straightforward. In order to achieve it, a Taylor series expansion of the
potential is taken about the equilibrium position.

V = V0 +

3N∑
i

∂V

∂qi

∣∣∣∣
0

qi +

3N∑
i,j

∂2V

∂qi∂qj

∣∣∣∣
0

qiqj + . . . (2.40)

The approximation in the term “harmonic approximation” comes in at this stage,
where the vibrations are assumed to be small and so the potential energy is truncated
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at the third term in the Taylor series expansion. The remaining expression is further
simplified by defining that the potential energy at equilibrium is zero (V0 = 0). Sim-

ilarly, the gradient of the potential at equilibrium is zero ( ∂V
∂qi

∣∣∣∣
0

= 0), as defined by

the optimization of the system (ie. the equilibrium point of a system is where the
gradient of potential energy is zero). Resulting in the following potential energy for
the system.

V =

3N∑
i,j

∂V

∂qi∂qj

∣∣∣∣
0

qiqj =
3N∑
i,j

fijqiqj (2.41)

Newton’s equations of motion (one equation for each j = 1, ..., 3N coordinate) for this
system are given by the following expressions.

d

dt

∂T

∂q̇j
+

∂V

∂qj
= 0 (2.42)

q̈j = −
3N∑
i

fijqi (2.43)

This gives 3N coupled differential equations, each of which bears a remarkable similar-
ity to Equation (2.37). Analogous to the one-dimensional harmonic oscillator above,
we make the following ansatz:

qj(t) = Aj sin(2π
√
λt+ ϵ) (2.44)

Here, Aj is the amplitude of the jth coordinate, λ is the frequency, and ϵ is the phase.
To solve for the frequencies the ansatz is substituted into Equation (2.43).

−Ajλ sin(
√
λt+ ϵ) = −

3N∑
i

fijAi sin(
√
λt+ ϵ) (2.45)

−Ajλ = −
3N∑
i

fijAi (2.46)

3N∑
i

fijAi −Ajλ = 0 (2.47)

3N∑
i

(fij − δijλ)Ai = 0 (2.48)

In Equation (2.48) δij is the Kronecker delta. Only for certain values of λ does
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Equation (2.48) have a non-trivial (ie. Ai ̸= 0) solution. These particular values can
be determined by solving the characteristic equation.

f11 − λ f12 . . . f1,3N

f21 f22 − λ . . . f2,3N

. . . . . . . . . . . .

f3N,1 . . . . . . f3N,3N − λ

 = 0 (2.49)

In total there should be 3N values of λ that satisfy the non-trivial solution criteria.
Some of these values may be identical to another value, these are called degenerate
values. When V describes an internal interaction potential, 3N−6 λ values correspond
to the vibrational frequencies under the harmonic approximation, which are commonly
referred to as normal mode frequencies. The exact solutions for the other 6 λ values
is 0, and these solutions correspond to centre-of-mass translation and rotations of the
entire system.

Figure 2.4 shows an example of the normal modes frequencies calculated for a bulk
ice Ih cell with 768 molecules using the TIP4P/2005f potential. The histogram shows
the OH stretching mode (3000 – 3400 cm−1), the water bending mode (≈ 1800 cm−1),
the water librational mode (500 – 1000 cm−1), and the lattice modes (< 500 cm−1)
of the hexagonal phase of ice (ice Ih).

Normal mode analysis results in 3N − 6 number of modes, where N is the number
of atoms. When a large system is used and the modes are plotted as a histogram,
the density of states becomes clear. For small systems the number of modes will not
be large enough to produce a statistically converged sampling of the density of states
of real systems. In computational practice, this method requires highly optimized
systems, to avoid imaginary modes, which results in the frequencies being devoid
of temperature information. In order to artificially smear the frequencies to model
temperature effects the frequencies can be broadened with a Gaussian or Lorentzian
lineshape. However, these artificial line broadening techniques do not capture the
reallity of the thermal occupancy of the system, so care must be taken when using this
technique.

2.3.2 Velocity Autocorrelation Function

Autocorrelation is the measure of correlation between a signal and a time-delayed
copy of itself. This is used to identify periodic trends, even those obscured by noise,
within timeseries. In atomistic simulations the VACF is a method for identifying
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Figure 2.4: A histogram of the frequencies calculated from a normal mode analysis under
the harmonic approximation. These frequencies are calculated for a bulk ice Ih cell using the
TIP4P/2005f potential.

periodic motion of atoms (ie. vibrational modes). Taking the Fourier transform of
the VACF gives the vibrational density of states (VDOS) of the system. For the sake
of computational efficiency, the fast Fourier transform (FFT) is typically used. The
VACF is given by,

< v(t) · v(t−∆t) >=
1

M

M∑
i

1

N

N∑
j

vj(ti) · vj(ti −∆t) (2.50)

where v is the velocity of an atom, M is the total number of timesteps, N is the total
number of atoms, t is the time, and ∆t is the timestep. In practice this expression is not
used to calculate the VACF since it is slow, instead an FFT of the velocity timeseries
is taken then multiplied by its conjugate and run through an inverse FFT. This is
a significantly faster way of calculating the VACF, as long as the FFT algorithm is
sufficiently fast. The majority of codes that calculate the VACF employ this technique.
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The result of this is typically normalized by the total number of timesteps, resulting in
a VDOS where the scale is proportional to the strength of the oscillation at a particular
frequency.

Additional consideration also needs to be taken to avoid spectral leakage, a phe-
nomenon in signal processing where the energy of a single frequency is spread across
several frequency bins. Spectral leakage is caused by signals that are non-periodic
within the time window. This will always be true when performing VACF analysis,
but can be reduced by using a window function that smooths the signal edges. Some
commonly used window functions are the Hann and Welch window functions.

The frequency resolution is determined via,

∆ω =
fs
cn

(2.51)

where ∆ω is the frequency resolution in wavenumber (cm−1), fs is the sampling fre-
quency, c is the speed of light, and n is the number of timesteps in the trajectory. The
maximum frequency is then given by,

ωmax = ∆ω
n

2
=

fs
2c

(2.52)

where the half factor comes from slicing the frequencies to be only those that are
positive. From these equations it is clear that the frequency resolution and the largest
frequency are determined by the MD timestep size and the length of the MD trajectory.

The velocitity data used in the VACF is taken from MD simulations, where the
total number of timesteps determines the largest observable frequency and the size of
the timestep the resolution of the VDOS. Additionally, the signal-to-noise of the VDOS
can be improved by taking a long MD simulation (ie. 200 ps) slicing it into several
timeseries of smaller duration (keeping in mind the length determines the highest
frequency in the VDOS), then computing the VDOS of each timeseries and averaging
them all.

Besides decreasing the size of the timestep in the MD simulation there are a few
other tricks that can artificially increase the resolution of the calculated VDOS. One
can mirror their VACF signal, pad the ends of the signal with zeros, or do both (note
that zero padding must be done before mirroring to maintain symmetry). These tricks
artificially increase the resolution of the VDOS, which means that small features might
be blurred out despite the resolution improving.

Figure 2.5 shows the VDOS of a bulk Ih cell with 768 molecules calculated through
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Figure 2.5: The VDOS of a bulk Ih cell with 768 molecules calculated through the VACF
method using TIP4P/2005f. A 15 ps long MD simulation at 120 K (vide infra) was sliced
into 3 5 ps long trajectories, where the VACF was calculated for each slice. A Welch window
and mirroring was used on the autocorrelation signal, however, no zero-padding was used.
The VDOS from the slices were averaged to produce this plot.

the VACF method. All of the same modes seen in Figure 2.4 can be seen here as well,
however, here anharmonicity and temperature effects are included.

2.4 Molecular Dynamics

Molecular dynamics (MD) is a computational method for simulating the dynamics
of atomic (or molecular) systems in a particular statistical ensemble. The statistical
ensemble of the system, Figure 2.6 illustrates the possible ensembles, represents which
thermodynamic properties of the system are held constant and which are free to vary
with time. Within this thesis only the microcanonical and canonical ensembles are
used, as such, only those two will be explained here. The dynamical motion of the
system is calculated by solving Newton’s equations of motion for a given system,
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where the forces on the atoms are used to calculate the accelerations of the atoms.
MD simulations provide insights into a wide range of dynamic properties, and are
used across various fields of research such as physics, chemistry, materials science and
biology.

Figure 2.6: Illustration of the different statistical ensembles for thermodynamic systems.
This illustration was taken from Wikimedia Commons and is free to use and share under the
Creative Commons license.

A simple MD simulation only requires an integrator and a force field. As the name
implies, the former integrates the equations of motion to update positions and veloc-
ities for the particles in the system. The most commonly employed MD integrator is
the Velocity-Verlet integration scheme, which calculates both the velocity and position
of a particle at a moment in time.

x(t+∆t) = x(t) + v(t)∆t+
1

2
a(t)∆t2 (2.53)

v(t+∆t) = v(t) +
a(t) + a(t+∆t)

2
∆t (2.54)

Naturally, the accuracy of this numerical integration method depends on the choice of
timestep (∆t), where smaller timesteps improve accuracy. The basic sequence of steps
an MD simulation are shown in Figure 2.7, where the loop exits at the desired final
simulation time.
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Figure 2.7: Typical sequence for MD simulations.

Prior to the extraction of observables from an MD trajectory, the system is typically
equilibrated to make the kinetic and potential energy reach desired target values. How-
ever, certain phenomena require analysis of simulations that are not equilibrated, this
is referred to as non-equilibrium molecular dynamics (NEMD). Frequently the topic
of interest is how the system relaxes from the non-equilibrium state to an equilibrated
state (ie. in VER studies), which is also done here in this thesis (see Chapter 6).

2.4.1 Microcanonical Ensemble

The microcanonical ensemble (NVE) describes a system that has constant number of
particles (N), volume (V), and total energy (E). This ensemble is often used to study
intrinsic properties of a system without external interactions. For instance, Figure 2.5
was produced from the analysis of an NVE simulation.

Within the NVE ensemble the total energy is conserved, the largest deviations in
the total energy are correlated to the timestep of the simulation. Smaller timesteps
allow for better energy conservation, because the numerical MD integrator produces
more accurate trajectories. This relation is often also used to test newly developed or
implemented potentials, by checking that the energy drift is reduced when the timestep
is reduced. If the energy and forces in the potential are divergent, the energy drift will
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not abide by this relation. In those cases the implementation of the potential needs
to be debugged.

2.4.2 Canonical Ensemble

The canonical ensemble (NVT) describes a system that has constant number of par-
ticles (N), volume (V), and temperature (T). This ensemble is often used to study
thermodynamic properties of a system at a specific temperature.

In order to maintain a constant temperature in an NVT simulations a “thermostat”
is required. Thermostats are algorithms that regulate the temperature of the system,
typically through scaling the velocities of the particles in the system. Careful consid-
eration needs to be taken with the thermostat selection to avoid the so-called “flying
ice cube” problem.31,32 This issue is an atrifact of the velocity rescaling where high-
frequency motions are drained into low-frequency, typically zero-frequency, motions
like the translations and rotations of the whole system.

The Berendsen thermostat is one of the simplest thermostats, however, it is plagued
by the flying ice cube problem. Regardless, the simplicity of the thermostat makes it
perfect for explaining how thermostat algorithms work. The thermostat attempts to
couple the temperature of the system to a heat bath,

dT

dt
=

1

τ
(T0 − T (t)) (2.55)

where T0 is the bath temperature (the desired simulation temperature), T (t) is the
simulation temperature at time t, dT

dt is the rate of change of the simulation temper-
ature, and τ is a coupling parameter that describes the equilibration time according
to which the Berendsen thermostat modifies the velocities. The temperature of the
system is calculated by setting the total instantaneous kinetic energy of the system
equal to the thermodynamic energy of the system and solving for temperature. This
gives,

T =

∑N
i miv

2
i

3NkB
(2.56)

where mi is the mass of the ith particle, vi the velocity of the ith particle, N the
number of particles, and kB the Boltzmann constant. The thermostat then rescales
the velocities by the factor,

λ =

√
1 +

∆t

τ
(
T0

T (t)
− 1) (2.57)
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where ∆t is the timestep. Although the Berendsen thermostat should not be used for
studies, the concepts carry over to other more exact thermostats. Within the works
in this thesis, the canonical velocity rescaling thermostat by Bussi et al. 33 is used
instead.
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3.2 Features

Throughout the PhD I have continuously developed a simulation suite in the Julia1

programming language. The initial development of this package began with the need
to speed-up molecular dynamics (MD) simulations to make incredibly long timescale
simulations accesible. Although a wide variety of simulation suites (hence the name)
existed, including those focused on achieving the fastest speeds (ie. LAMMPS2), the
perfect combination of speed, memory efficiency, flexibility and ease-of-use did not
exist.

3.1 Features

In its current state, YetAnotherSimulationSuite.jl (YASS) offers a comprehensive set
of capabilities for molecular simulations. It can perform geometry and cell optimiza-
tions, allowing users to find the most stable structures and lattice parameters for
their systems. The suite supports molecular dynamics simulations in both the NVE
(constant number of particles, volume, and energy) and NVT (constant number of
particles, volume, and temperature) ensembles, enabling the study of system behavior
under different thermodynamic conditions. YASS also provides tools for vibrational
mode analysis using the harmonic approximation, which helps in understanding the
vibrational properties of molecules. Additionally, it includes functionality for velocity
autocorrelation function analysis, which is useful for extracting dynamic information
such as the vibrational density of states beyond the harmonic approximation. The
suite can compute radial and angular distribution functions, offering insights into the
structural organization of particles within a system. Furthermore, YASS comes with
several built-in potentials, including TIP4P/2005f3, SPC-F4, and two different CO–
CO potentials from the literature, specifically those developed by van Hemert et al. 5

and Chen et al. 6 . These features make YASS a flexible and extensible tool for a wide
range of molecular simulation tasks.

YASS was also developed with a focus on flexibility and extensibility, making it
incredibly easy to add or customize anything within the package. Every part of the
simulation suite, even down to the units used in the simulations, are left flexible and
extensible to allow users to customize.

3.2 Installation

YASS can be installed using the Julia package manager via:
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pkg> add YetAnotherSimulationSuite

If you are more adventerous, you can consider installing YASS from GitHub. This
will get updates more frequently, which gives users more features but also comes with
increased chances of bugs.

pkg> add https://github.com/Cavenfish/YetAnotherSimulationSuite.jl

The Julia package manager will handle all dependencies and YASS should work
straight out of the box.

3.3 Benchmarks

Julia often delivers substantial performance gains over Python for numerical and sci-
entific code because it is JIT-compiled, type-stable, and generates native LLVM code,
so well-written Julia can approach C/Fortran speeds. However, that speed comes with
trade-offs: just-in-time compilation (and package precompilation) introduces startup
latency, and Julia’s compilation artifacts and runtime can consume more memory
than lightweight Python interpreters. In practice, Julia is most advantageous for long-
running, compute-intensive workflows; for short scripts or very memory-constrained
environments you should weigh the startup and memory overheads or use precom-
pilation strategies to mitigate them. In the following, gold (Au) clusters are used
throughout with a Leonard-Jones potential.

3.3.1 Geometry Optimization

Geometry optimizations using the LBFGS algorithm were performed on gold clusters
containing 100, 500, 1000, and 5000 atoms. The results are shown in Table 3.1.

Table 3.1: Geometry optimization benchmark results for gold clusters.

Au Atoms Iterations YASS Time (s) ASE Time (s) YASS Speedup
100 1500 11.8 8.4 0.71x
500 1500 29.6 64.0 2.16x
1000 1500 108.7 218.8 2.01x

3.3.2 Harmonic Frequencies

Harmonic frequency calculations were performed on gold clusters containing 100, 500,
and 1000 atoms. The results are shown in Table 3.2.
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Table 3.2: Harmonic frequency calculation benchmark results for gold clusters.

Au Atoms YASS Time (s) ASE Time (s) YASS Speedup
100 11.2 3.3 0.29x
500 22.7 89.8 3.95x
1000 87.1 490.8 5.63x

3.3.3 Molecular Dynamics

Molecular dynamics simulations were performed on gold clusters containing 100, 500,
and 1000 atoms for 1000, 2000 and 5000 time steps. The results are shown in Table 3.3.

Table 3.3: Molecular dynamics simulation benchmark results for gold clusters.

Au Atoms Time Steps YASS Time (s) ASE Time (s) YASS Speedup
100 1000 15.8 4.8 0.30x
100 2000 16.1 9.3 0.58x
100 5000 16.6 22.4 1.35x
500 1000 21.9 32.3 1.47x
500 2000 27.7 65.9 2.38x
500 5000 44.2 160.7 3.63x
1000 1000 35.6 79.4 2.23x
1000 2000 55.9 165.3 2.95x
1000 5000 112.5 406.1 3.61x
1000 15000 315.3 1332.8 4.22x

3.4 Memory Considerations

Currently, YASS has a roughly 1 GB memory overhead due to dependencies, buffer
allocations, and compilation artifacts. This overhead is typical for Julia packages with
similar functionality, but may be significant for users with limited memory resources.
This overhead is static and does not scale with system size, so larger simulations will
see a smaller relative impact. Future optimizations may reduce this overhead.
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3.4.1 Geometry Optimization

Table 3.4: Memory usage for geometry optimization benchmarks.

Au Atoms Iterations Memory Usage (GB)
100 1500 1.06
500 1500 1.06
1000 1500 1.06

3.4.2 Harmonic Frequency Calculation

Table 3.5: Memory usage for harmonic frequency calculation benchmarks.

Au Atoms Memory Usage (GB)
100 1.07
500 1.16
1000 1.41

3.4.3 Molecular Dynamics Simulation

Table 3.6: Memory usage for molecular dynamics simulation benchmarks.

Au Atoms Time Steps Memory Usage (GB)
100 1000 1.12
500 1000 1.15
1000 1000 1.19
5000 1000 1.55

3.5 Examples

A basic example of optimizing the geometry of a molecule in YASS:

� �
using Optim

using YetAnotherSimulationSuite

# Read initial structure

water = readSystem("water.xyz")

# Run geometry optimization

optimized = opt(TIP4Pf(), LBFGS(), water)
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# Save optimized structure

write("optimized.xyz", optimized)� �
Additional optional optimization criteria can be passed to the opt function (more

on that in the YASS documentation). After optimizing the geometry its easy to
calculate the harmonic normal modes of the molecule in YASS.

� �
# Calculate frequencies and normal modes

freqs, modes = getHarmonicFreqs(TIP4Pf(), optimized)� �
If anharmonicity is desired, YASS can also be used to calculate the vibrational

density of states (VDOS) through the velocity autocorrelation function (VACF). This
method captures anharmonicity in the vibrational modes.

� �
using YetAnotherSimulationSuite

# Read initial structure

water = readSystem("water.xyz")

# Run 5 picosecond simulation with 0.1 fs timestep

traj = run(TIP4Pf(), water, 5u"ps", 0.1u"fs", NVE())

# You can also specify the start time

traj = run(TIP4Pf(), water, (5u"ps", 10u"ps"), 0.1u"fs", NVE())

# Extract velocities and masses

vel, mas = getVelMas(traj)

# Configure VACF calculation

inp = vacfInps(

vel, # Velocity trajectories

mas, # Atomic masses

1e15u"Hz", # Sampling frequency (1/fs = 1e15 Hz)

true, # Normalize VACF

Hann, # Window function

4, # FFT padding factor

true # Mirror the data

)

# Calculate VDOS

out = VDOS(inp)� �

50



Chapter 3. YetAnotherSimulationSuite.jl: An Atomic Simulation suite
in Julia

3.A Bibliography

[1] Jeff Bezanson, Alan Edelman, Stefan Karpinski, and Viral B Shah. Julia: A fresh
approach to numerical computing. SIAM Review, 59(1):65–98, 2017.

[2] Aidan P Thompson, H Metin Aktulga, Richard Berger, Dan S Bolintineanu,
W Michael Brown, Paul S Crozier, Pieter J In’t Veld, Axel Kohlmeyer, Stan G
Moore, Trung Dac Nguyen, et al. Lammps-a flexible simulation tool for particle-
based materials modeling at the atomic, meso, and continuum scales. Computer
Physics Communications, 271:108171, 2022.

[3] Miguel A González and José LF Abascal. A flexible model for water based on
TIP4P/2005. The Journal of Chemical Physics, 135(22), 2011.

[4] Kahled Toukan and Aneesur Rahman. Molecular-dynamics study of atomic mo-
tions in water. Physical Review B, 31(5):2643, 1985.

[5] Marc C van Hemert, Junko Takahashi, and Ewine F van Dishoeck. Molecular dy-
namics study of the photodesorption of CO ice. The Journal of Physical Chemistry
A, 119(24):6354–6369, 2015.

[6] Jun Chen, Jun Li, Joel M Bowman, and Hua Guo. Energy transfer between
vibrationally excited carbon monoxide based on a highly accurate six-dimensional
potential energy surface. The Journal of Chemical Physics, 153(5):054310, 2020.

51



3.6 Bibliography

52



Chapter 4

Abundance of Exceptionally
Strong Binding Sites for H2O

Adsorption on the Ice Ih(0001)
Surface

This chapter is based on:
Ferrari, B. C., Sallermann, M., Jónsson, E. O., Jónsson, H., & Meyer, J. (2026).
Abundance of Exceptionally Strong Binding Sites for H2O Adsorption on the Ice

Ih(0001) Surface, in prep.

53



4.2 Abstract

4.1 Abstract

The adsorption of water molecules on ice surfaces is of significant importance in many
respects, in particular for gaining a deeper understanding of ice crystal growth. Due
to the proton disorder on the ice Ih(0001) surface there is a wide distribution for the
binding energy of admolecules. Previous calculations using simple point-charge force
fields have indicated that it can even exceed the cohesive energy of the crystal at
certain sites. While the accuracy of those calculations has been contested by some
subsequent density functional theory calculations and direct measurement of these
binding energy remains elusive, the possibility of such strong binding sites has been
associated with various experimental observations and would significantly influence
the growth mode of the crystal. Here, we study the adsorption of a water molecule on
the ice Ih(0001) surface using recently developed polarizable many-body interaction
potential functions, and find remarkably abundant sites with binding energy larger
than the cohesive energy, dominated by electrostatics. Furthermore, we show how
the local environment at the binding site affects the binding energy and propose a
descriptor that serves as a predictor for the binding energy at a given site.

4.2 Introduction

Ice is one of the most widely studied substances, yet a plethora of its physicochemical
properties remain poorly understood. One such property is the adsorption of wa-
ter molecules on an ice surface. Deciphering the mechanisms behind this process is
paramount to understanding ice growth, which plays a critical role in global climate1,2,
as well as other atmospheric phenomena3. Under ambient conditions ice is found in its
hexagonal (Ih) phase, which is well known to have a proton disordered bulk structure.4

The degree of proton ordering in the surface is still debated, namely due to technical
limitations for experimental observations of the ice surface. The lowest energy surface
is the Fletcher striped phase, where the dangling OHs are arranged in lines across the
surface.5 This surface structure was initially predicted by theoretical calculations, and
later helium diffraction experiments6 were interpreted7 as indicating proton ordering
on the surface. This interpretation was eventually brought into question8; however,
recent novel experimental studies9 have claimed to verify this proton ordered surface.
Although this is the lowest energy surface and claims of its experimental verification
have been made, it is still not widely accepted. As such, the true nature of the ice
Ih surface is still in question, leaving the possibility of either ordered or disordered
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surfaces. The surface structure, specifically the local environment at the binding site,
will naturally play a major role in the adsorption of water molecules on the surface.

Batista and Jónsson 10 calculated binding energies of water molecules on the basal
plane surface of an ice Ih crystal using the TIP4P potential. They found that 4% of the
binding sites had binding energies stronger than the cohesive energy of the crystal.
They further studied island formation and diffusion untangling the implications of
these strong binding sites on the crystal growth. A later study reproduced their
results for a proton disordered ice Ih surface, and went further by calculating the
binding energy distribution for a proton ordered surface.11 On average they found the
proton ordered surface to produce smaller binding energies, however, there was still a
small percentage above the cohesive energy. Thierfelder et al. 12 performed a follow-up
study on the binding energy of water molecules on the basal surface of ice Ih using the
PW9113 densityfunctional. Contrary to the previous findings, they did not find any
binding sites with binding energies larger than the cohesive energy. Shortly after, Sun
et al. 14 showed that the binding energy of water on the ice Ih basal surface depended
on the so-called “order parameter”. This order parameter is defined as,

COH =
1

NOH

NOH∑
i=1

ci (4.1)

where NOH is the total number of dangling OH bonds on the surface, and ci is the
number of nearest neighbor dangling OH bonds around the ith dangling OH bond.
This global order parameter is a measure of the degree of ordering of the dangling
OH groups on the surface of the ice. They revealed that surfaces with larger order
parameters (more proton disorder) produced larger binding energies. Moreover, for
surfaces with order parameters less than 2.5 no binding sites were stronger than the
cohesive energy. Bringing forth the notion that the two previous studies found con-
tradictory results simply because they used surfaces with different degrees of proton
ordering. Despite these studies, the possibility of a water molecule having a binding
energy larger than the cohesive energy is still contested.

Although contested, these strong binding sites have been speculated to be the
cause of multiple abnormalities observed in experiments. Nordlund et al. 15 studied the
surface of thin ice Ih films grown on Pt(111) with x-ray absorption spectroscopy, where
they found an abundance of isotropically distributed dangling OHs. In particular, they
found more dangling OHs than is expected for a bilayer terminated proton disordered
ice Ih surface, implying a non-bilayer termination. They speculated this could be due
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to water admolecules bound on these strong binding sites where annealing would not
remove them from the surface. Similarly, Mehlhorn and Morgenstern 16 found that
ice Ih grown on Cu(111) had no indication of a terminating bilayer at any annealing
temperatures. They concluded this after observing bright spots in the STM that could
not be removed by annealing, which they speculated were water admolecules at strong
binding sites on the ice surface. More recently, Bockstedte et al. 17 used a combination
of theory and experiment to show that for thin ice films grown on Cu(111) the basal
surface of ice Ih was terminated by admolecule clusters. After experimentally observing
a lack of a terminating bilayer, they performed DFT calculations. They found no
strong binding sites for admolecules, leading them to conclude the surface must be
terminated by clusters of admolecules. To better understand these experiments it is
imperative that we have a comprehensive understanding of water binding on the basal
surface of ice Ih.

Beyond reconciling the unexplained experimental observations, the existence of
these strong binding sites would mean that ice Ih does not follow the standard growth
model. A natural consequence of this is that a pristine ice surface is not possible, since
annealing an admolecule at a strong binding site would result in surface melting. In
order to better understand the validity of these strong binding sites, we have performed
an exhaustive investigation into the binding energy of the water monomer on the basal
surface of ice Ih. We employed two highly sophisticated many-body potentials, the
flexible Single-Center Multipole Expansion (SCME/f )18–21 and MB-pol22–25, to study
the adsorption of water monomers on the basal surface of ice Ih. We show that for
all surfaces studied herein a site is found with binding energy larger than the cohesive
energy. Furthermore, we decompose the binding energy to show the importance of
dispersion in the adsorption. We also expand out the multipole contributions to the
binding energy and show how quadrupole moments are significant. Finally, we show
how the local environment influences the binding energy. Taking inspiration from this
analysis we propose a more local “order parameter”, which is more strongly correlated
with the binding energy.

4.3 Methods

Orthogonal bulk cells of ice Ih containing 432 H2O molecules with lattice parameters
optimized for each potential (see Appendix) have been the starting points for con-
structing surface slab models. Using the ice Ih generation algorithm in the GenIce26

program, 26 differently proton disordered 3x3x3 supercells have been created. Adding
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60 Å of vacuum along the (0001) direction has then resulted in 26 pristine ice Ih(0001)
surface slab models. The geometries of these slab models were optimized while keeping
the atoms in the bottom half fixed at the bulk geometry positions.

For each slab, 75 random sites were selected on the surface and an H2O admolecule
was placed there and the geometry of the full system was optimized, again maintaining
the bottom half of the slab fixed. The binding energies have been calculated using
Equation (4.2). Consistent with previous works, the calculated binding energies have
not been corrected for zero-point energies.

EBE = Eslab − Esystem (4.2)

Contour lines for distances from dangling OHs were made by using a kernel density
estimation, where Gaussians with 1.5 Å width in both dimensions were applied to each
dangling OH site.

All geometry optimizations were done by first running 50 iterations of the OAC-
CEL27 optimizer, followed by running the conjugate gradient (CG)28,29 method until
convergence. The convergence criteria for CG geometry optimizations was always
(unless stated otherwise) set to 1 × 10−5 eV/Å on the gradient norm. Lattice opti-
mizations were done by cycling between cell optimizations with fixed scaled positions,
and geometry optimizations with fixed cell vectors. Cell optimizations were run using
only the CG optimizer with a convergence criteria of 1 × 10−8 eV/Å on the gradient
norm. Full convergence was determined when the average change of the lattice vectors
was less than 1 × 10−3 Å.

All calculations, data analysis and plotting were done using the Julia (version
1.11.6) programming language30. YetAnotherSimulationSuite.jl (YASS)31 was used
for all calculations, and it is backed by a variety of Julia packages; Optim.jl 32 (version
1.12.0) is used for geometry and cell optimizations, Chemfiles33 (the Chemfiles.jl Julia
wrapper) is used for reading and writing xyz files, and JLD2.jl 34 is used for storing
data structures in HDF5 compliant format. Additionally, DataFrames.jl 35 was used
during data analysis, and Makie.jl 36 (subpackage CairoMakie.jl version 0.15.4) was
used for plotting. A Julia wrapper of the MBX37 software was used to calculate MB-
pol22–25 forces and energies. Similarly, the C++ SCME/f18–21 potential was wrapped
and integrated into the Julia workflow. Proton disordered ice structures were generated
using the GenIce26 software.
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4.4 Results and Discussion

We calculated the binding energy for 75 randomly selected sites across 26 surfaces
with different degrees of dangling OH ordering, with COH ranging from 2 to ≈ 3.5.
Figure 4.1 shows two example surfaces, one proton disordered (leftmost) and the other
proton ordered (rightmost). The influence of the local environment on the binding
energy can be seen within the figure. The leftmost panels show examples of a proton
disordered surface, whereas the rightmost panels show a proton ordered (Fletcher-
striped) surface. These plots show that although 75 sites are sampled, the results are
not 75 different binding sites. This is a result of the attractive force of the dangling
OHs, as can be seen by most binding sites being near dangling OHs. Sampled sites
far from dangling OHs resulted in the admolecule moving to another location during
the geometry optimization.

Figure 4.2 shows the binding energy distributions for each potential plotted versus
the order parameter of the surface. For both potentials the distributions become
broader as the order parameter increases, as expected with the increased variation
in sites on the surface. In agreement with previous studies, as the order parameter
increases the average binding energy for each potential also increases. Contrary to
previous DFT-based studies, we find that for all surfaces studied at least one site has
a binding energy larger than the cohesive energy. Across all surfaces SCME/f finds
roughly 50% of sites to be one of these strong binding sites, and MB-pol finds roughly
63%.

On 25 different surfaces with order parameter of 2.0, both potentials produce at
least one strong binding site (see Appendix). Moreover, for these surfaces both poten-
tials produce an abundance of strong binding sites: for SCME/f roughly 40% of sites
bind stronger than the cohesive energy and for MB-pol roughly 65%. These percent-
ages are nearly identical to those we found for surfaces with varied order parameters,
indicating a strong tendency for strong binding. Further supporting the notion that
even highly ordered surfaces can produce these strong binding sites.

Additional analysis (found in the Appendix) revealed that the binding energy was
strongly correlated with the induced dipole moment of the admolecule, in agreement
with previous work14. We also find that the binding energy is closely correlated to
the shortest hydrogen bond length formed between the admolecule and the surface.
It is well known that DFT struggles to produce accurate descriptions of hydrogen
bonds38,39, which at first glance may seem to explain the discrepancy between our
results and previous DFT-based results. However, PBE is reported to overbind hydro-
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Figure 4.1: A visualization of the influence of the local environment on the binding energy.
The surface bilayer is shown in reduced opacity, where red is oxygen atoms, white are hydrogen
atoms. The lower layer of the bilayer is less opaque than the upper layer. The contour lines
represent distance from a dangling OH, where lighter dashed lines are closer and darker
dashed lines farther away from dangling OHs. The scatter points are binding sites, where
the color corresponds to the binding energy for that site (as shown by the colorscale) and the
marker denotes if the binding energy is above (rectangle) or below (diamond) the cohesive
energy of ice Ih for the respective potential. The top panels are calculated with MB-pol
and the lower panels with SCME/f. The leftmost panels are disordered surfaces, and the
rightmost panels are Fletcher-striped surfaces.

gen bonds when compared to CCSD(T)40, which both potentials are fitted to. This
raises the question of what could be causing this discrepancy.

To analyze the adsorption energies in more detail we decomposed the binding
energy into its constituent components within each potential. The top panels of
Figure 4.3 shows the binding energies from both potentials decomposed into their
constituent energy contributions. Both potentials exhibit similar decomposed contri-
butions, namely, the electrostatic and dispersion terms have averages in very close
agreement. As expected, the electrostatic contribution is the largest contribution to
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Figure 4.2: Binding energy plotted as a function of the order parameter (COH) defined
in Equation (4.1). For visual clarity, MB-pol and SCME/f have artificial offsets in the x-
axis. All 1950 binding sites for each potential are included. The black dashed line is the
experimental cohesive energy (0.609 eV), which is close to the cohesive energy produced by
MB-pol (0.608 eV) and SCME/f (0.611 eV).

the binding energy. The second largest positive contribution in both potentials is
dispersion, with a contribution nearly half as large as the electrostatic contribution.

The electrostatics in both potentials can be further decomposed into multipole
contributions, of which there is notably more terms included within SCME/f than in
MB-pol. As such, we have decomposed the multi-pole contributions to the binding
energy for SCME/f only. The bottom panel of Figure 4.3 shows the contribution of
dipole, quadrupole, octupole and hexadecapole terms to the electrostatic component
of the binding energy for SCME/f. As expected, the dipole term is the largest and
higher order terms contribute less as the order increases. Interestingly, the quadrupole
term has an average energy contribution close to that of the dipole term. This shows
that for adsorption both dipole and quadrupole moments play a significant role in the
energetics.
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Figure 4.3: Top panels: decomposed binding energy contributions for each potential. All
1950 binding sites for each potential are included. Bottom panel: decomposed electrostatic
energy contributions to the binding energy using SCME/f. All 1950 binding sites for each
potential are included.

A key feature of the binding highlighted by Figure 4.1 is the importance of the
alignment of the dangling OH with the oxygen atom of the admolecule. In particular,
the strongest binding sites are those where the H-bond formed by the dangling OH and
the admolecule is closest to being linear. This is corroborated by the trend observed
between the shortest H-bond and binding energy, namely because a linear H-bond
will be a shorter H-bond. For instance, looking at A-type sites in the top right panel
of Figure 4.1 the energies alternate between 0.63 eV and 0.61 eV. The key difference
between these sites is the direction of the in-surface H-bond formed by the molecule
with the dangling OH near the binding site. The direction of this H-bond dictates
how well the water molecule can align its dangling OH with the oxygen atom of the
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admolecule. Rotations around the H-bond axis allow the dangling OH to pivot toward
the admolecule, as such, the weakest A-type sites are those where the H-bond points
away from the binding site. These sites prevent rotations that align the dangling OH,
in order to compensate for this these sites result in larger H−O−H bond angles for the
molecule with the dangling OH. However, limitations on the bond angle prevent the
dangling OH from making an ideal alignment, resulting in smaller binding energies.
This effect is more pronounced in MB-pol, where the H−O−H bond angle flexibility
due to environment is larger (see Appendix). Moreover, the change in the H−O−H
bond angle for molecules with dangling OHs near a binding site before and after
binding is larger for MB-pol than SCME/f (see Appendix). This bond angle flexibility
in MB-pol causes the binding energy distributions to be narrower than those calculated
with SCME/f.

Although the binding energy is correlated in some ways to the order parameter,
there is still a large variation in binding sites per order parameter (see Figure 4.2).
This is due to the order parameter being insensitive to the local environment at the
adsorption site, which plays the dominant role in the binding energy (see Figure 4.1).
Drawing inspiration from the analysis we have done, we have constructed a “local
environment parameter”,

C =

NN∑
i

π − (0.5π − θi)
3

r3i
+

N∑
i

1

r3i
(4.3)

where NN is the number of dangling OHs within 4 Å from the adsorption site, N

is the number of dangling OHs further than 4 Å from the adsorption site, r is the
distance from the dangling OH, and θ is the angle formed between the site, dangling
OH, and the additional hydrogen atom on the surface molecule with the dangling OH.
The angle is used to account for how rotations around the H-bond axis allow for the
dangling OH to better align with the admolecule.

Figure 4.4 shows the binding energies as a function of the local environment pa-
rameter using both potentials, separately for both A-type and B-type adsorption sites.
A clear trend is observed where increasing the local environment parameter increases
the binding energy. This gives a more robust predictor of how what the binding energy
for a site on a surface will be.
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Figure 4.4: Binding energy as a function of the local environment parameter.

4.5 Conclusion

We have done an exhaustive analysis of the physicochemical properties involved in
the adsorption of water monomers on the basal surface of ice Ih. Utilizing highly
sophisticated potentials we have shown that binding sites with energies larger than
the cohesive energy can be found on surfaces with any degree of proton ordering. We
have also revealed that the dominant term in the binding is the electrostatic term,
where the dipole and quadrupole terms are significant contributors to the binding
energy. Additionally, we show that dispersive interactions also contribute significantly
to the adsorption process. Furthermore, we show that the local environment is crucial
to the binding, and cannot be simply reduced down to distances from dangling OHs or
degree of surface ordering. Finally, we have constructed a local environment parameter
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which serves as an improved descriptor for how slab structure will influence binding
energies.

Our results have significant implications for ice surface growth, meaning that a
pristine ice Ih surface is not possible. This has implications for various atmospheric
phenomena, which are vital to global climate studies. Furthermore, the confirmation
of the existence of these strong binding sites helps shine light on many unexplained
experimental observations, specifically those that observed a non-bilayer-terminated
ice surface.

4.A Appendix

4.A.1 Optimized Lattice Vectors and Cohesive Energy

Table 4.A.1 compiles the optimized lattice vectors and cohesive energies of the bulk
phase ice Ih structures calculated by each potential.

Table 4.A.1: Lattice parameters a and c (Å) and cohesive energies (meV) of bulk ice Ih,
calculated for each potential.

Potential a c Ecoh
Expt41,42 8.98 7.33 -609
MB-pol 8.935 7.284 -607.5
SCME/f 8.889 7.239 -611.4

4.A.2 Order Paremeter 2.0 Surfaces

Figure 4.A.5 shows the binding energy distributions with both potentials for 25 surfaces
with order parameter 2. This set of 25 surfaces contains Fletcher striped surfaces and
glide surfaces, both of which have order parameter 2.

4.A.3 Binding Energy Correlations

Figure 4.A.6 shows the correlation between the induced dipole moment of the ad-
molecule and the binding energy. This contains all data from all binding sites across
all surfaces studied herein.

Figure 4.A.7 shows the correlation between the shortest hydrogen bond formed
between the admolecule and the surface and the binding energy. This also contains
all data from all binding sites across all surfaces studied herein.
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Figure 4.A.5: Binding energy distributions for surfaces with order parameter 2.

4.A.4 Bond Angle Analysis

Figure 4.A.8 shows the distribution of water bond angles for molecules within the
bulk and surface bilayer using both potentials. This contains data from all slabs used
herein.

Figure 4.A.9 shows the distribution of the difference between the water bond angle
of a molecule with a dangling OH before and after binding. This contains data from
all slabs used herein.
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Figure 4.A.6: Binding energy versus the induced dipole moment of the admolecule.
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Figure 4.A.7: Binding energy versus shortest hydrogen bond formed between the ad-
molecule and the surface.
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Figure 4.A.8: The distribution of water bond angles for bulk phase structures, and surface
bilayer molecules in slab structures with MB-pol and SCME/f.
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Figure 4.A.9: The difference in the H−O−H bond anlge of the water molecules with
dangling OHs near binding sites before and after binding.
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5.2 Abstract

5.1 Abstract

In the interstellar medium, six molecules have been conclusively detected in the solid
state in interstellar ices, and a few dozen have been hypothesized and modeled to be
present in the solid state as well. The icy mantles covering micron-sized dust grains
are, in fact, thought to be at the core of complex molecule formation as a conse-
quence of the local high density of molecules that are simultaneously adsorbed. From
a structural perspective, the icy mantle is considered to be layered, with an amorphous
water-rich inner layer surrounding the dust grain, covered by an amorphous CO-rich
outer layer. Moreover, recent studies have suggested that the CO-rich layer might
be crystalline and possibly even segregated as a single crystal atop the ice mantle.
If so, there are far-reaching consequences for the formation of more complex organic
molecules, such as methanol and sugars, that use CO as a backbone. Validation of
these claims requires further investigation, in particular on acquiring atomistic insight
into surface processes, such as adsorption, diffusion, and reactivity on CO ices.
Here, we present the first detailed computational study towards treating the weak
interaction of (pure) CO ices. We provide a benchmark of the performance of various
density functional theory methods in treating the binding of pure CO ices. Further-
more, we perform an atomistic and in-depth study of the binding energy of CO on
amorphous and crystalline CO ices using a pair-potential-based force field. We find
that CO adsorption is represented by a large distribution of binding energies (200 –
1600 K) on amorphous CO, including a significant amount of weak binding sites (<
350 K). Both increasing the cluster size and the number of neighbors increases the
mean of the observed binding energy distribution. Finally, we find that CO binding
energies are dominated by dispersion, and, as such, exchange-correlation functionals
need to include a treatment of dispersion to accurately simulate surface processes on
CO ices. In particular, we find the ωB97M-V functional to be a strong candidate for
such simulations.

5.2 Introduction

Carbon monoxide (CO) is ubiquitous throughout the interstellar medium (ISM), and
within molecular clouds it is one of the most abundant molecules. It was first detected
in the gas phase in 19701 and in the solid phase in 19792. Solid CO ice is typically
identified by its features at 4.67 and 4.681 µm, that have been shown to correspond to
CO embedded in an apolar and polar environment, respectively3. This aligns with the
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general idea that interstellar ices are layered, with first a polar, mixed, but water-rich
inner layer then an apolar, mixed, but CO-rich outer layer4,5. This is supported by
the novel James Webb Space Telescope (JWST) observation of NIR38, which found
that fitted CO ice profiles are dominated by a pure component with two weaker mixed
components.6

Recent studies claim that the CO-rich ice is formed as a single crystal atop an
amorphous water-rich ice7. Kouchi et al. showed that amorphous CO (am-CO) de-
posited on amorphous solid water (ASW) was highly susceptible to Ostwald ripening
during crystallisation, resulting in only a few crystal islands growing with others feed-
ing into the larger ones7,8. They also showed that both UV and electron irradiation
of crystalline α-CO do not destroy the crystal structure. Complimentary to this work,
He et al. have found that pure CO ice under interstellar conditions and timescales is
likely to be crystalline9.

During deposition, Kouchi et al. 7 found that CO only partially wets the ASW
surface whereas Noble et al. 10 found complete wetting. In the latter study, wetting
was determined via temperature programmed desorption (TPD), whereas, the former
directly imaged the surface during deposition with transmission electron microscopy
(TEM). In TEM imaging, the thickness of the sample is determined by the darkness
of the image. Identifying the growth of a single monolayer through this method is
quite challenging. To reconcile the differences in observed wetting, Kouchi et al. 7

evaluated inequalities based on binding energies to suggest that CO first completely
wets the ASW surface, then partially wets the CO surface coating the ASW. One
crucial assumption was that the binding energy for CO on α-CO is identical to the
binding energy for CO on am-CO. It is important to emphasise that this particular
assumption (vide infra) has not been verified by any experiments so far.

While the majority of studies on the binding energy of CO are experimental, they
yield a wide range of values, due to the different empirically motivated pre-exponential
factors used to fit the data from TPD curves11–14. TPD studies have difficulties
distinguishing the different binding on amorphous versus crystalline CO, because of (a)
the narrow desorption temperature range and (b) the dependence on the experimental
heating rate. Temperature interval desorption (TID) experiments can circumvent
the dependence on the heating rate14, but are susceptible to deviations arising from
restructuring. Thus, computational studies with an appropriate level of accuracy are
pivotal to understand the binding energy of pure CO at an atomistic level.

Computational studies on CO binding energies have been sparse, because finding an
appropriate balance between accuracy and computational cost is very challenging for
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this weakly bound system.15,16 High(er) levels of (ab initio) theory cannot describe
systems large enough to mimic amorphous systems. Thus, to allow larger system
sizes, other techniques, such as; force field based classical molecular dynamics17,18,
continuous time random-walk Monte Carlo simulations19, and kinetic Monte Carlo
simulations20,21 have been applied in recent years.

Here, we report a benchmark of a previously parametrized17 classical force field
(FF) against coupled cluster theory and a variety of exchange-correlation function-
als rooted in density functional theory (DFT) with the aim of determining a reliable
and cost-effective way to treat surface processes on CO ices. To this end, we com-
pare binding energies for CO on am-CO which is modeled by small CO clusters. We
further report FF-based results for the effect of cluster size on the binding energy dis-
tributions, as well as, binding energies of CO on α-CO. Our results are placed in the
astrochemical context, and aim to lay the groundwork to provide recommendations for
future selections of techniques and cluster sizes for studies of adsorption or dynamics
on interstellar CO ices.

5.3 Computational Details

5.3.1 Force Field

The force field uses a site-site pair potential that was parameterized by van Hemert
et al. 17 based on CCSD(T) calculations for the CO dimer using the aug-cc-pVQZ
basis set in combination with the Boys-Bernardi counterpoise correction. An expla-
nation of the potential is given in Chapter 2. The force field has been reimplemented
in Python in the form of an Atomic Simulation Environment (ASE) calculator22,23.
Our implementation of the force field used for the calculations in this work does not
employ any cutoffs for energy and force evaluations. The values for all parameters are
summarized in Table 2.1. We estimate the (intermolecular) many-body effects beyond
pair interactions to amount to less than 2% of the total interaction energy (see Section
1 of S.I. for details).

Simulation Procedures

We generated the amorphous clusters through an in-house “hit-and-stick” script. A
randomly oriented CO molecule was spawned 8 Å away from the surface of the CO
cluster in a random direction with ∼ 50 K of translational energy in the direction
of the center of mass of the CO cluster, followed by a 5 ps microcanonical (NVE)
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ensemble simulation using the ASE (version 3.22.1) implementation of the velocity
Verlet algorithm24,25. Subsequently, a geometry optimization was run with the ASE
implementation of the Broyden–Fletcher–Goldfarb–Shanno (BFGS) optimizer26 using
a convergence criterion of 1 × 10−6 eV/Å as a maximum force per atom. This pro-
cedure was repeated until the cluster reached a specified number of molecules which
was passed to it as an input. Using this technique, 220 clusters were generated with
sizes ranging from 8 to 350 CO molecules.

Binding sites for amorphous clusters were sampled by first constructing an α-
shape27, the “shape” of a set of finite points in space, around the atoms.1 The α

parameter was optimized such that the α-shape would fully enclose all atoms while
minimizing the volume enclosed. The vertices of the α-shape were then uniformly
sampled and a new randomly orientated CO molecule was placed 3−5 Å away from the
norm of the sampled vertex, with the restriction that no atom in the new molecule was
closer than 3 Å from any cluster atom. This ensured binding sites selected were equally
spaced both from each other and the nearest CO molecule. The cluster and admolecule
complex was then optimized to a maximum force per atom of 1 × 10−3 eV/Å. The
convergence criteria here and for the “hit-and-stick” procedure were carefully selected
based on a study of their effects on the binding energy distributions (see Section 2 of
S.I. for details). After geometry optimization, the number of nearest neighbors was
determined by counting all molecules with at least one atom within 3.6 Å distance of
either C or O of the adsorbing CO molecule.

An α-CO crystal was created by using symmetry operators from the P213 space
group with lattice parameters a = b = c = 5.9638 Å, α = β = γ = 90◦. We first cut
out a cubic (α-CO)864 finite cluster from this crystal, which was terminated by {100}
faces, and optimized it with a tight (1 × 10−6 eV/Å) convergence criterion. To avoid
edge effects except for where adsorption of additional CO molecules is being studied
(i.e., at the “sides and at the bottom”), a (α-CO)256 cluster is cut out from the center
of one of the (100) faces of the (α-CO)864 cluster. By freezing out the subsurface
molecules they retain their crystalline character, and only the surface edges lose their
crystalline character.

CO molecules were placed initially at distances of 3 Å above the crystal face. A
total of 500 randomly sampled sites with a randomly orientated CO molecule were
used to calculate the binding energies. Only the top layer and admolecule were free
to move during optimization, the complex (CO + α-CO256) was optimized with the

1An α-shape is a set of lines that encloses a finite set of points. In this particular case, the α-shape
is the surface of the amorphous clusters, with the atoms on the cluster surface being the vertices.
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BFGS optimizer and a moderate (1 × 10−3 eV/Å) convergence criterion. A buffer
region between the plane and crystal edge was left to ensure edge-sites would not be
included in the binding energy distributions. The above procedure aims for a realistic
simulation of adsorption on a α-CO crystal considering periodic boundary conditions
were not applied.

Binding energies for both am-CO and α-CO are calculated via

EBE = (Eclu + Emol)− Eclu + mol (5.1)

where Eclu is the energy of the optimized cluster, Emol is the energy of a single op-
timized CO molecule, and Eclu + mol is the energy of the optimized complex (cluster
with adsorbed CO). Vibrational zero-point energies (ZPE) were calculated within the
harmonic approximation for am-CO, and their contribution to the binding energy is
given via ∆ZPE = (ZPEclu + ZPEmol)− ZPEclu + mol. Vibrational frequency calcula-
tions were carried out with the ASE (version 3.22.1) vibrations package, using finite
displacements of ±1 × 10−4 Å. All systems studied in this work yielded a total of 4
or less imaginary modes, which are not related to the adsorbate motion. The sum
of their absolute values corresponds to a ZPE of 0.2 meV or less, which was omitted
when calculating the ZPE corrections.

5.3.2 Density Functional Theory

We compare the interaction energy (∆Eint = Edimer − 2 · ECO) of four randomly ori-
ented CO–CO dimers optimized at the CCSD(T)/ma-def2-TZVP level of theory, with
the ORCA program (version 5.0.3)28,29, against a series of exchange and correlation
density functionals. Given the importance of the dispersion interaction for weakly
interacting systems30, we treat dispersion in two ways: (A) via Grimme’s dispersion
correction, either the fourth generation D431, or D332 including three-body contribu-
tions, and (B) including a fraction of non-local (NL) correlation energy in the exchange
and correlation energy. Under the latter formalism, the total exchange and correlation
energy becomes

ENL
XC = EX + EC + EC-NL, (5.2)

where EX and EC denote exchange and correlation energies according to a particular
functional, and EC-NL accounts for non-local correlation following the formalism of
Vydrov and Van Voorhis.33 All DFT calculations used the ma-def2-TZVP34,35 basis
set, including a minimal set of diffuse functions to capture long-range interactions and
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have been carried out with the ORCA program (version 5.0.3).28,29 Due to a bug in
ORCA version 5.0.3 associated with the D4 method, calculations using this method
were corrected with ORCA version 5.0.4. All-but-one corrections were smaller than
10 K. To minimize numerical errors, a large integration grid (defgrid3) was used
throughout the calculations. This is most important for meta-GGA functionals prone
to bigger integration errors, however, to ensure consistency between calculations all
functionals are integrated with the same numerical grid. For all functionals, except
ωB97M-V, the calculations made use of the RIJK technique, e.g, resolution of the
identity for the Coulomb and Exchange integrals. For the ωB97M-V functional, a
chain of spheres evaluation of exchange (RIJCOSX in ORCA) was employed.

Furthermore, we compare DFT based binding energy distributions with FF based
distributions. For the DFT based distributions, CO clusters with sizes of 8, 10, and 12
molecules have been generated as described previously in Molpeceres and Kästner.36

This procedure differs from the “hit-and-stick” procedure mentioned in Section 5.3.1,
because such an individual sticking procedure carried out at the DFT level would be
too computationally expensive for the cluster sizes under consideration. Instead, initial
structures were randomly generated using Packmol37. Subsequently, the structures are
pre-conditioned using the generic GFN-FF method within the extended tight-binding
(xTB) theoretical framework in the following way.38,39 A long molecular dynamics
(MD) simulation is run at 100 K for 100 ps for each structural model, to generate
different starting configurations, applying a spherical wall potential to confine the
CO molecules within the cluster and prevent evaporation of the ice. From this, we
extracted an MD snapshot every 20 ps, which was quenched to 10 K for an additional
10 ps. These five initial structures per cluster size (15 in total) were subsequently
optimized at the ωB97M-V/ma-def2-TZVP level of theory under strict convergence
criteria: Max(Ediff)= 1.0 × 10−7 Eh, Max(Step)= 3.0 × 10−4 Bohr, RMS(Step)=
2.0× 10−4 Bohr, Max(F )= 7.5× 10−5 Eh/Bohr, and RMS(F )= 5.0× 10−5 Eh/Bohr.

Binding energy calculations were performed by placing additional CO molecules
around the cluster, spanning a distorted Fibonacci lattice, with the centre of mass of
each additional CO molecule at a (minimum) distance of 3 Å plus the maximum value
of the Cartesian (x, y, and z) coordinate of any of the CO molecules in the cluster.
More details for the sampling procedure can be found in36. To avoid surface restructur-
ing, these initial configurations are relaxed with slightly less strict convergence criteria;
Max(Ediff)= 2.2 × 10−7 Eh, Max(Step)= 4.0 × 10−4 Bohr, RMS(Step)= 2.6 × 10−4

Bohr, Max(F )= 1.0 × 10−4 Eh/Bohr, and RMS(F )= 6.6 × 10−5 Eh/Bohr. For the
(CO)12 cluster, we fixed all the molecules present at a distance higher than 6.5 Å from
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the admolecule’s centre-of-mass, to ease the convergence of the geometry optimization
procedure. Binding energies are calculated using Eqn. 5.1. We note that the afore-
mentioned geometry optimization thresholds are less strict than those used for the
FF calculations, owing to the fact that the energy and force calculations at the DFT
level increase the computational time by about 5-6 orders of magnitude. Nevertheless,
according to our detailed analysis in the S.I. (see Section 2), we do not expect this to
have a significant effect on the calculated binding energies.

5.4 Results and Discussion

5.4.1 DFT Benchmark

The following functionals were tested: PBE-D340, B3LYP (without dispersion)41,
B3LYP-D431,41, B3LYP-NL33,41, REVPBE0-D431,42, REVPBE0-NL33,42, BHLYP-
D431,43, M06-2X-D332,44, PW6B95-D431,45, PW6B95-NL33,45 and ωB97M-V46, which
has the NL treatment in its original implementation. For each of these functionals,
the dimer structure was re-optimized starting from the CCSD(T)/ma-def2-TZVP op-
timized geometries. The structures of the four dimer configurations are depicted in
Fig. 5.1 (see Section 5 of S.I. for coordinates) and the calculated interaction energies
are summarized in Table 5.1.

Overall, the degree of agreement between all DFT methods including dispersion
and CCSD(T) is satisfactory, confirming previous calculations.18,47,48 We observe that
B3LYP without dispersion correction, yields results that are far from the reference
value, while both D4 and NL corrections bring the values much closer to the reference.
In general, NL-corrected functionals perform only slightly better compared to those
with a D4 correction. Furthermore, PBE-D3, a commonly used method in computa-
tional solid state chemistry, clearly does not capture the interaction well, while the
ωB97M-V functional outperforms all others. We further scrutinized the performance of
the ωB97M-V functional by expressing the dimer potential explicitly in terms of radial
and angular variables, similar to the method for the force field construction (see S.I.
for details). We found good agreement between the ωB97M-V/ma-def2-TZVP poten-
tial and the CCSD(T)/aug-cc-pVQZ potential. Finally, note that a direct comparison
to the energetics for these dimers predicted by the force field is not straightforward
as a result of the use of different basis sets for the CCSD(T) calculations and the FF
parametrisation.

The ωB97M-V/ma-def2-TZVP level of theory will be used for all future DFT
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calculations discussed here and the applicability of this method to general adsorbates
and reactions on ice clusters will be the subject of future work.

Table 5.1: Dimer interaction energy, Eint, for the reference method CCSD(T)/ma-def2-
TZVP and the difference ∆Eint = Eint,CCSD(T) − Eint,DFT for different exchange and corre-
lation functionals in Kelvin.

Dimer 1 Dimer 2 Dimer 3 Dimer 4
CCSD(T) Eint -158.4 -163.4 -149.3 -112.0
PBE-D3

∆Eint

68.2 63.0 77.2 114.5
B3LYP -153.2 -152.0 -143.1 -122.2
B3LYP-D4* 9.9 -18.4 12.2 3.6
B3LYP-NL -15.2 -28.7 -0.2 -24.3
BHLYP-D4* 46.6 22.5 47.8 22.9
M06-2X-D3 -19.2 -9.4 -18.0 -5.4
PW6B95-D4* 69.8 69.7 69.1 88.7
PW6B95-NL 59.0 67.1 55.3 76.3
REVPBE0-D4* 48.3 26.3 52.8 58.2
REVPBE0-NL 24.3 21.6 32.8 36.1
ωB97M-V 0.7 1.6 -0.3 4.8

5.4.2 Amorphous CO

Comparison between FF and DFT

We compared DFT and FF-based binding energy distributions for cluster sizes of 8,
10 and 12 CO molecules. Thanks to the computational efficiency of the FF method
we have used larger sample sizes of 200, 250, and 300 respectively, in comparison to
60, 50, and 40 for the DFT calculations. The resulting distributions are depicted in
Figure 5.2. Only for small clusters (16 or less CO molecules) the distributions were
bi-modal, as such, only those distributions were fit with two Gaussian profiles. In
both Figure 5.2 and Table 5.2, for the bi-modal cases only the descriptors for the
higher BE distribution is shown. We find very good agreement between the DFT and
FF binding energy distributions. The correspondence between FF and DFT results
are underpinned by the descriptors of the distributions for all amorphous clusters
studied, presented in Table 5.2. The standard deviations (σ, governing the width of
the distribution) are in agreement even in cases where the means (µ, governing the
average binding energy) differ between FF and DFT. However, the median (η) and
the Median Absolute Deviation (MAD) on the other hand are more robust descriptors
of the distributions. The median of the distribution is less sensitive to outliers and, in
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Figure 5.1: CO dimer configurations used to determine the interaction energies utilized in
our benchmark study (Table 5.1). Full geometry coordinates are given in the SI.
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line with earlier work, we recommend using the median to estimate binding energies
in these weakly bound systems.18

Both methods find many weakly bound configurations, however, more so for the
FF method. In particular, there is a significant amount of extremely weak (< 200 K)
binding sites. Subsequent NVE MD simulations at the FF level (with time steps of 0.5
fs) revealed these binding sites are transient. Residual forces in those weakly bound
configuration were sufficiently large so that the adsorbed CO diffuses to a stronger
binding site during short timescales (∼ 1 ps). The relative abundance of these sites
for FF simulations diminishes with increasing cluster size, see Figure 5.2d, as such,
studies with small cluster sizes should scrutinize the relative abundance of these sites.
For cluster sizes larger than 100 CO molecules these sites make 1% or less of the sample
size, and for 350 CO molecules it is down to 1 transient site out of 550 samples. Since
these sites disappear for larger cluster sizes, it implies they arise from adsorption at
defect sites, where there is a reduced number of interactions.

Table 5.2: Mean (µ), standard deviation (σ), median (η), and median absolute deviation
(MAD), smallest binding energy (Emin

BE ) and largest binding energy (Emax
BE ) of the CO-COn. All

values of the table are in Kelvin.

Cluster Method µ σ η MAD Emin
BE Emax

BE
Size a b a b a b a b a b a b

8 FF 498 356 101 79 498 359 101 69 142 90 753 551
8 DFT 543 120 547 103 151 851
10 FF 542 391 112 86 531 381 116 90 147 95 839 613
10 DFT 604 195 560 174 77 1044
12 FF 562 409 130 105 565 397 115 92 147 95 1192 915
12 DFT 525 159 528 174 126 1049
16 FF 611 451 148 125 611 459 152 129 153 97 954 753
24 FF 600 454 189 152 616 467 164 135 154 103 1088 795
32 FF 617 470 187 152 630 474 160 139 153 106 1161 917
48 FF 665 508 183 150 670 512 148 120 151 98 1280 1050
75 FF 676 523 175 145 689 526 137 112 157 106 1115 894
96 FF 717 550 183 148 730 552 144 119 172 129 1311 1030
150 FF 742 564 177 147 771 593 171 146 174 113 1205 899
200 FF 835 633 227 180 837 640 178 126 169 109 1610 1301
250 FF 755 598 181 154 785 624 161 139 167 107 1302 1088
350 FF 786 625 184 154 802 640 158 140 199 141 1506 1304

a
Without ZPE corrections

b
With ZPE corrections

Dispersion Contribution

Figure 5.3 shows the contribution of each intermolecular interaction on the binding en-
ergy of CO on amorphous CO clusters. The dispersion (Vdisp) contribution dominates
the binding energy, as expected, further underpinning the importance of the inclusion
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Figure 5.2: Distributions of binding energies calculated by DFT (blue) and FF (pink)
methods for cluster sizes of (a) 8, (b) 10, (c) 12, and (d) 350 CO molecules. The mean (µ)
and standard deviation (σ), both in K, for each distribution is shown in the plot legends.
Dotted lines are probability density functions fitted to the binding energy distributions. For
all distributions 10 equally spaced bins were used for plotting. Distributions consist of (a)
60 DFT samples and 200 FF samples (b) 50 DFT samples and 250 FF samples (c) 40 DFT
samples and 300 FF samples (d) 550 FF samples. Note, overlapping blue and pink bars result
in a third color within the plots.

86



Chapter 5. Floating in Space: How to Treat the Weak Interaction
between CO Molecules in Interstellar Ices

of dispersion in exchange-correlation functionals used to simulate surface processes
on CO ices. We also include the Buckingham potential (Vexch + Vdisp) contribution
since it illustrates the interplay between the exchange and dispersion contributions.
Interestingly, the dispersion and exchange contributions vary significantly across bind-
ing arrangements, whereas, their combined interaction (Buckingham) seem to balance
each other out to produce a contribution with less variation. Contrary to water clus-
ters, here the electrostatic (Vel) contribution is the weakest (by absolute magnitude)
contribution to the binding energy, with ∼ 100 K of the binding energy resulting from
electrostatic interactions.
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Figure 5.3: Average contribution to the binding energy of each part of the force field
employed. Points are the mean of the contribution distributions, error-bars are the standard
deviation and dashed/dotted lines are a guide for the eye.

(CO)x clusters have a key peculiarity in comparison with (H2O)x ones, which has
been the most commonly used substance to simulate interstellar ices. In water, the
dominant interaction is brought about by the hydrogen bonds between molecules,
which is directional and strong. On the contrary, in solid-state CO ices most of
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the interaction energy stems from the dispersion interactions, as such, CO molecules
tend to orient with less directionality than H2O. As a consequence, while dual-level
calculations with electronic energy refinement on a low-level geometry are a cheap and
accurate way to describe reaction energetics, the physisorption of CO admolecules on
CO clusters is not well captured.

Binding Energy Size Trend
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Figure 5.4: Black and purple dots are binding energy distributions, the grey and fuchsia
dots are the median values of the distributions. Dashed lines do not indicate predicted trends.

It is important to study the cluster size dependence because the weak dispersion
results in short-range interactions that do not dominate over the long-range ones. We
find that the median binding energy for a cluster size of 350 molecules (802 K) is nearly
twice the median binding energy for a cluster size of 8 molecules (426 K). Figure 5.4
shows the effect of cluster size on the binding energy distribution, where both ZPE
corrected and uncorrected binding energies are shown. The binding energies are shown
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as black and purple scatter points and demonstrate a wide range of binding sites on
am-CO. Larger cluster sizes increase the overall binding energy, with the median value
seeming to asymptotically approach the previously reported experimental values by
Acharyya et al. 12 (858 ± 15 K) and Bisschop et al. 13 (855 ± 25 K).
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Figure 5.5: All FF calculated binding energies with ZPE corrections plotted as a function
of number of nearest neighbors. Results for cluster sizes less than 200 molecules are pink and
all larger clusters are purple.

In general, the largest binding energy at each cluster size increases with increasing
size until 50 CO molecules. The (CO)12 cluster is an exception due to one of the
(CO)13 complexes (CO + (CO)12) having a uniquely symmetric orientation. This
allowed the adsorbing CO to maximize its number of nearest neighbors, producing a
binding energy significantly higher than on most other clusters. Larger clusters have
maximum binding energies that depend less on the cluster size and depend more on
the surface morphology, and the number of nearest neighbors. Figure 5.5 shows the
relationship between binding energy and number of nearest neighbors. Increasing the
number of neighbors shifts the distribution of binding energies to larger values, because
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short range interactions contribute more to the binding energy.

The ZPE correction lowers the median binding energy by 20 – 30% and reduces
the MAD by 15 – 20%. This reduction is greater than or equal to ZPE contributions
found from previously reported studies of other molecules on water ice surfaces48,49.
For a weakly interacting system, such as CO on CO, the ZPE corrections can influ-
ence binding significantly and should be carefully considered. The ZPE corrections are
calculated within the harmonic approximation. This may result in an overestimation,
because the weak CO−CO interactions on a relatively flat PES which are expected
to be dominated by anharmonic character. We find that the low frequency modes
dominate the ∆ZPE with the largest contributions resulting from the frozen-out ro-
tations and translation of the “newly” adsorbed CO molecule. Since these modes are
more anharmonic in nature we expect anharmonic corrections to the ZPE to be sig-
nificant. As such, the ZPE corrections reported here are an upper limit on the exact
ZPE correction.

5.4.3 Crystalline CO

The binding energy distribution for CO on the (100) surface of α-CO is shown in Figure
5.6. The weakest binding sites (∼ 500 K shown in red in Figure 5.6) correspond to
sites directly on top of a CO molecule on the topmost CO layer, and the strongest
binding sites (∼ 800 K shown in pink in Figure 5.6) correspond to CO alignment
with a subsurface α-CO molecule. Similar to the amorphous case, the weak binding
sites (< 650 K) are found to be transient, with CO diffusing into a site above a
subsurface α-CO molecule when subsequent NVE simulations are performed. It then
binds in orientations similar to those of the stronger binding sites mentioned above.
Our calculations only consider the perfectly flat (100) CO crystal surface, and thus do
not include the influence of step edges. Ignoring these effects, we find that the median
binding energy of CO on α-(CO)256 (742 K) is similar to that of CO on am-(CO)250
(785 K); validating assumptions made in previous studies.7

In order to asses how the orientation of the adsorbing CO affects the binding energy
we ran a density based spatial clustering of applications with noise (DBSCAN)50

algorithm on the orientation of adsorbed molecules. The molecules were assigned a
category based on their relative alignment with the second crystal layer, the categories
were then used to color the distribution in Figure 5.6 (see S.I. for more details). A
representative image for each category corresponding to the strongest binding sites is
shown in Figure 5.7. The DBSCAN algorithm also separates “noise”, points that are
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Figure 5.6: Distribution of binding energies calculated for a CO molecule adsorbed on
the (100) surface of an α-CO crystal. Colors depict categories (see Figure 5.7) found by a
clustering algorithm with reference to the orientation of the adsorbed CO. Inset is zoomed in
on the low energy sites.

not similar to other points based on clustering space, represented by the red bars in
Figure 5.6. In general, we can conclude that the more parallel the orientation of the
adsorbed CO is with the subsurface α-CO below it, the higher the binding energy.

Many binding sites center around 740 K and they differ geometrically from the
stronger sites around 800 K by the orientation of the adsorbed CO molecule, see
Figure 5.7. Stronger binding occurs when the adsorbed molecule is approximately
parallel to the sub-surface CO, with the adsorbed CO being inverted (in terms of
C-down or O-down). Although being the strongest binding orientation, this does not
correspond to full alignment with the crystal structure. Those orientations have a CO
molecule parallel to the sub-surface CO, but non-inverted and the binding energies fall
within the distribution centered around 740 K.
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Figure 5.7: A representative image of each category for binding sites on the (100) surface
of an α-CO crystal. Colored boxes indicate the category color in the histogram (see Figure
5.6), and text in upper left corner of each box indicates which atom is closest to the crystal
face. Text in the lower right corner of each box is the median binding energy of the categories
distribution. “Noise” points (red color in Figure 5.6) are not shown here since all orientations
in the distribution differ significantly from each other. Note, all molecules shown here are
adsorbed on a hollow site (over a CO molecule in the second layer).

5.5 Astrophysical Implications

We find that for large clusters (> 200 CO molecules) roughly 10% of the binding
energy distributions falls below 600 K. This supports the idea that CO molecules are
mobile even at low temperatures. This could promote the crystallization of the CO ice
on interstellar timescales, which would support recent claims of interstellar CO being
in crystalline form7,9. Whether or not the structural phase of CO ices has an effect
on subsequent reactivity remains to be tested. It may lead to less accessible transition
states for, e.g., the H + CO reaction, but given its intrinsic weakly interacting nature,
it is possible that these effects are only observed in a single crystal without step edges
or defects. As such, future studies on how the CO ice phase affects surface reactions
would be of great interest to the astrochemical community.

The broad binding energy distributions reported herein are of particular interest to
astrochemists modeling CO in pre-stellar cores. Within these regions there is evidence
of a significant CO depletion in the gas-phase, between 74% and 94% of the gas-phase
CO is observed to be frozen out.51 However, models are unable to reproduce the
observed gas-phase CO abundances and overestimate the CO depletion. For instance,
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Keto and Caselli were only able to reproduce the observed value by increasing the
cosmic-ray induced desorption rate for CO by a factor of 30 from what is expected.52,53

Alternatively, Cazaux et al. showed that incorporating lower binding energy values for
CO in models would decrease the CO depletion.54 They found that using a binding
energy of 350 K would lower the CO depletion by 10% and a value of 300 K would
lower it by 100%.54 Our results show that these binding energy values are within the
distribution for CO. Additionally, we found that adsorption to defect sites are transient
and in the limit of low CO coverage they will diffuse to stronger binding sites. At higher
CO coverage, stronger binding sites will already be occupied and the admolecule will
be unable to diffuse to a new site, resulting in a low temperature desorption event.
Incorporating these concepts along with their probabilities into models could result
in gas-phase CO abundances closer to those observed, without the need to invoke
additional processes.

5.6 Conclusion

In summary, we find that CO binding is dominated by dispersion, and that many-
body effects contribute minimally (< 2%) to the interactions in CO ices. We also
show that CO binding on amorphous CO occurs with a large range of binding energies
(200 – 1600 K), and depends on both the cluster size and the number of nearest
neighbors. Our results show a median binding energy of 802 K for (CO)350, which
is nearly twice as large as that for (CO)8 (426 K). Accounting for ZPE within the
harmonic approximation lowers the average binding energies by 20–30%. We expect
this to be an upper limit because frustrated rotations and translations dominate the
ZPE correction and the effect of these low-frequency modes might be overestimated
by neglecting anharmonicity. This should be revisited in future studies.

We also report binding energy distributions (650 – 800 K) for CO binding on a flat
α-CO crystal face, which we find to be orientation dependent. It also has a median
value similar to that of amorphous CO, corroborating previous studies which assumed
them to be equal. Lastly, we presented many dispersion corrected functionals that
performed well, however, we find the ωB97M-V functional performs the best when
treating the CO−CO dimer interaction and suggest this functional to be used for
general adsorbates and reactions on ice clusters.
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5.A Data Availability Statement

5.7 Data Availability Statement

All of the Python code used for the simulations is publicly available on GitHub at
https://github.com/Cavenfish/CO_Project. XYZ files for all clusters used in this
work can be found on Zenodo at https://zenodo.org/records/8068393.

5.A Appendix

5.A.1 Pair Interaction Validation

We estimate the (intermolecular) many-body effects beyond pair interactions to amount
to less than 2% based on the procedure outlined below. We selected 20 trimer geome-
tries and have performed CCSD(T)/aug-cc-pVQZ calculations using the same com-
putational setup as used for the construction of the force field. Ten geometries were
selected from the bulk of an unequilibrated (CO)522 ‘crystal’ cluster, and the other ten
were selected from the bulk of a (CO)800 amorphous cluster equilibrated to 10 K.17

For each geometry the total energy was calculated (Etotal) and the energies of each
pair (Edimer,i) with the difference (Eqn. 5.A.3) attributed to non-additivity.

∆E = Etotal −
∑
i

Edimer,i (5.A.3)

We find that ∆E can be both positive or negative and varies between 0 and 2% of
Etrimer, indicating that a pair potential approach to study, e.g., binding of pure CO
ices, is justified.

5.A.2 Geometry Optimization Threshold

Using the force field employed in thie work, we investigated the convergence threshold
criteria for the creation of interstellar relevant CO clusters and for the subsequent bind-
ing energy calculations and concomitant distributions. While global sampling schemes
provide a systematic way to obtain meta-stable states, instead, here we use a more
pragmatic approach. This is also of more practical relevance to electronic structure cal-
culations given their much higher computational cost. To this end, two (CO)32 clusters
were generated with the hit-and-stick method discussed in the manuscript. We tested
six convergence criteria for the residual forces, namely 1× 10−x with x = 1, 2, 3, 4, 5, 6

eV/Å, leading to a total of 12 generated clusters. Subsequently, for each cluster ge-
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ometry optimizations were performed for 60 binding sites and binding energies were
computed for each convergence criterion equal to or looser than the one used for clus-
ter generation, leading to 2520 simulations. The binding energies are calculated in the
same method as described in the main article. The results are depicted in Fig. S5.A.8.
As to be expected, the effect of the convergence criteria can be rationalized as follows:
(a) during cluster generation, tightening the criteria results in a less disordered clus-
ter and (b) during adsorption simulations, tightening the criteria forces the adsorbing
molecule to overcome small barriers and progress toward stronger binding sites.
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Figure 5.A.8: Binding energy distributions for simulations with varying optimization
criteria, note that the points are artificially offset on x-axis for visibility. The x-axis denotes
the convergence criteria for the binding energy (adsorption) simulations based on 1 × 10−x

eV/Å. The colors indicate the thresholds used for the cluster generation: (a) purple dots used
1 × 10−3 eV/Å (b) cyan dots used 1 × 10−4 eV/Å (c) magenta dots used 1 × 10−5 eV/Å (d)
black dots used 1 × 10−6 eV/Å.

Tightening the criteria for the cluster creation overall leads to narrower binding
energy distributions which can be seen by comparing within each set of calculations
per criterion on the x-axis in Fig. S5.A.8. For instance, for a threshold of 1 × 10−3
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eV/Å on the adsorption simulations, the width of the black distribution (a threshold of
1× 10−6 eV/Å for the cluster generation) is the smallest of all four colors. Tightening
the criteria for the binding energy, i.e., adsorption simulations, leads to an overall
increase in binding energies and drastic reduction in the number of weak binding
energies, because shallow minima will progress toward more stable local minima.

Computational chemistry studies usually focus on well-converged structures cor-
responding to local minima, if not even the global minimum. In this case it would
mean to make use of threshold criteria of 1 × 10−6 eV/Å for both cluster formation
and adsorption simulations. However, for the study of binding on cryogenic (10 K)
interstellar ices, this would represent an unrealistic scenario: adsorbing molecules have
near to no additional energy to reorient on the surface. In particular, transient bind-
ing sites for which the binding energy is sufficient to lead to adsorption, yet so low
that subsequent diffusion leading to chemistry or fast desorption is expected, can not
be captured with stringent convergence criteria. In fact, for CO, it has been shown
that these weakly bound sites determine the gas-phase depletion rates and influence
astronomical models54. At the same time, loose convergence criteria leads to negative
binding energies representative of a repulsive force. Thus, for our work, keeping the
interstellar conditions and questions in mind, we use 1 × 10−6 eV/Å as a criterion
for generating the clusters and 1 × 10−3 eV/Å for computing the binding energies at
the force field level. As detailed in the manuscript, different criteria are used for the
electronic structure calculations in light of the concomitant computational costs.

5.A.3 Total Interaction Energy

In order to further elucidate the virtues and shortcomings of the ωB97M-V functional,
we applied a spherical expansion analysis55,56 previously used by van Hemert et al.
for the original construction of the force field. We label the intermolecular distance
(the distance between centers of mass of the two molecules) by R and use dimer jacobi
angles (θA, θB and ϕ) for the orientation. The potential is then expressed as,

V (R, θA, θB , ϕ) =
∑

La,Lb,L

cLa,Lb,L(R) ALa,Lb,L(θA, θB , ϕ) (5.A.4)

with R-dependent expansion coefficients c (in energy units), dimensionless basis func-
tions A and the angular momentum coupling labels given by La,Lb and L.

We focus here on the two best performing exchange-correlation functionals, ωB97M-
V and B3LYP-D4 both including dispersion corrections, along with bare B3LYP to un-
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(a) (b)

(c) (d)

Figure 5.A.9: The intermolecular distance dependence of the dominant coefficients of the
140 term expansion. Shown here are (a) c000, (b) c112, (c) c123, and (d) c224.

derstand better the effects of dispersion. All functionals employed the ma-def2-TZVP
basis set, and CCSD(T)/aug-cc-pVQZ acts as the reference. We use the Molpro pro-
gram for all methods except ωB97M-V, which was run with ORCA. For 21 different
intermolecular distances (R), the energy of 294 orientations was calculated. In Figure
S5.A.9 we present the intermolecular distance dependence of the dominant coefficients
of the truncated expansion including 140 terms.

Figures S5.A.9 (b), (c), and (d) show the 3 dominant anisotropy terms. At long
range they determine the orientational dependence of (b) the dipole-dipole interaction,
(c) the dipole-quadrupole interaction and (d) the quadrupole-quadrupole interaction.
For R values larger than 10 Å, they show the expected R−n, with n = 3, 4, and 5 for
case (b), (c) and (d) respectively.

For the isotropic component, Figure S5.A.9 (a), the CCSD(T) reference curve
(black) has its minimum at R=4.25 Å with -50 cm−1 energy. Both B3LYP-D4 (green)
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and ωB97M-V (pink) reproduce the CCSD(T) curve closely, implying they incorpo-
rate dispersion in a similar way as CCSD(T). Bare B3LYP (blue) on the other hand
demonstrates a lack of dispersion interaction, making it clear that B3LYP will always
produce dimer equilibrium geometries with overestimated intermolecular distances.

This further underpins that ωB97M-V is well suited to treat CO ices, and may be
able to describe other dispersion dominated systems as well. Considering its quality
compared to its computational cost, we propose it to be an excellent functional for
treating CO-CO interactions both for geometries and energies.

5.A.4 DBSCAN

Our goal in clustering the adsorbing geometries is to correlate the binding energy
distributions with the orientation of the admolecule. In order to do so, we need to
carefully select the features that will be supplied to the DBSCAN algorithm50 to
cluster the data. Within the α-CO crystal structure, there are two orientations of CO
molecules per layer along the (100) direction, which defined the surfaces studied in
the main article. Incidentally, the two have bond vectors that are nearly orthogonal.
The relative alignment between the admolecule and one of these two CO orientations
can be determined by taking the scalar product of unit vectors along the orientation
of the two molecules. This provides a vector of 2 features that represents the general
orientation of the admolecule, each in a range from -1 to 1. Figure 5.A.10 (a) shows
these relative orientation features plotted for all sampled geometries prior to geometry
optimization, and Figure S5.A.10 (b) shows them after geometry optimization. We
then clustered the binding geometries based on these two features, using the DBSCAN
algorithm. Figure S5.A.10 (c) shows the post-geometry optimization features plotted
with color coded groupings determined by the DBSCAN algorithm.

The DBSCAN algorithm requires the selection of two important parameters, ϵ

which is the ‘neighborhood’ radius and N which is the minimum number of points
within a ‘neighborhood’ needed to make a point a core point. In our study we varied
both parameters across 0.05 – 0.15 for ϵ and 3 – 6 for N , there was little difference in
the resulting clusters. This is due to the tight packing of the data points. As such, we
used a small value for the ‘neighborhood’ radius (ϵ = 0.05) and a moderate minimum
number of points (N = 5). This ensured that noise points were properly accounted
for within the clustering scheme.

5.A.5 Dimer Geometries
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(a)

(b) (c)

Figure 5.A.10: Relative orientation features plotted, with x− and y− describing the
relative alignment between the admolecule and the CO molecules in the second layer as
described in the text. The plots show (a) all sampled geometries prior to optimizations, (b)
all optimized geometries with color bar indicating the binding energy and (c) all optimized
geometries after DBSCAN clustering where the colors indicate their grouping.

99



5.A Appendix

Dimer 1 x y z
C -0.19045519661532 -0.16135156541274 -0.90552295962114
O -0.24781144304162 -0.21210633747172 0.22651845170074
C 2.05554035880910 1.76473141430682 1.93645844013598
O 1.92163442084784 1.61431360857763 3.05282589778442

Dimer 2 x y z
C -0.02861196368715 0.14226748736038 -0.25438691023046
O 0.02917690189452 0.20456101059696 0.87674186711502
C -0.05833331699430 -1.15110586453745 -3.94238709981301
O 0.00624938878693 -2.06114797341989 -3.26806560707154

Dimer 3 x y z
C 0.33269802910679 -0.27970796365053 -0.42781900490899
O 0.22589212548614 -0.11896432978238 0.69006372841763
C -2.77905130484776 1.47739207659477 -2.53763134041904
O -2.08999886745526 1.87256599749566 -1.72746787668853

Dimer 4 x y z
C -0.46825007893992 0.20316684833911 -0.60019754337303
O -0.47660149193020 0.25745548182980 0.53294588147191
C 3.05170157807967 -1.08533323930954 -0.35691671835964
O 3.01979134766368 -2.21624085850747 -0.43999546289307

Table 5.A.3: Cartesian coordinates of dimer geometries.
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6.2 Abstract

6.1 Abstract

Theory predicts vibrational energy relaxation (VER) in a dense medium exhibits an
exponential dependence on the order of the multiphonon process (energy-gap law).
Simply put, the vibrational energy decay rate (τ−1) has an exponential dependence
on the difference between the excited and accepting frequencies ∆ν (frequency-gap
law). Additionally, the vibrational density of states (VDOS) of the “bath” of low-
frequency modes, into which vibrational energy is being dissipated, play a role in
the VER. Although analytical studies at the quantum mechanical level for model
systems have provided great insights, quantification of VER dynamics for systems de-
scribed by realistic interaction potentials are still scarce. Here we focus on a simple
diatomic molecule (carbon monoxide) to exclusively probe intermolecular VER with-
out contributions from intramolecular vibrational energy redistribution. Using classi-
cal non-equilibrium molecular dynamics (NEMD) simulations we study VER within
amorphous and crystalline clusters for mixtures of four different carbon monoxide iso-
topologues all described by two different interaction potentials. We also present a novel
method for extracting τ(∆ν) for trajectory ensembles of such NEMD simulations of
weakly coupled molecules that have slow dissipation rates. For amorphous clusters,
τ(∆ν) is best described by a bi-exponential fit, whereas the situation is more com-
plicated for crystalline clusters. In both cases we find links to the VDOS. Although
the energy transfer occurs continuously in our classical simulations, further analysis
of our trajectory ensembles suggests very interesting analogies to quantum mechani-
cal descriptions of non-resonant and resonant vibrational to vibrational (V–V) energy
transfer.

6.2 Introduction

An essential step in many chemical and physical processes in condensed phase is vibra-
tional energy relaxation (VER).1 For instance, an intermediate formed via an exother-
mic step may be vibrationally excited, and the VER rate or pathway may determine
the subsequent step in the reaction.2,3 Furthermore, vibrational energy transfer is es-
sential for understanding energy flow in proteins4,5, chemical reactions6, molecular
collisions7,8, and between interfaces9,10. As such, an understanding of VER at the
atomic scale is very important in physical and theoretical chemistry.

In pursuit of a theoretical framework for vibrational energy transfer, theoreticians
initially turned to analogous radiationless transitions, such as, electronic relaxation.
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Electronic relaxation has been shown to obey the energy gap law, which states that the
transition probability has an exponential dependence on the energy gap between the
two electronic states.11 Nitzan et al. 12 derived an analogous expression for VER in a
dense medium, where the VER rate exhibits an exponential dependence on the order of
the multiphonon process. The order of the multiphonon process is given by the number
of phonons that need to be created to accept the vibrational energy. In VER theory the
energy-gap is more commonly expressed as a vibrational frequency-gap, as such, within
this context its simpler to refer to it as the frequency-gap law.13 Sun et al. 13 stud-
ied the vibrational lifetimes of the bending modes of hydrogen and deuterium defects
in crystalline silicon and germanium through transient bleaching spectroscopy. They
showed that the lifetimes obeyed the frequency-gap law and exhibited an exponen-
tial dependence on the decay order, validating the previously established theoretical
framework. Tangentially, Kandratsenka et al. 14 carried out non-equilibrium molecular
dynamics simulations of the VER of the two stretching and one bending modes HOD in
D2O. They found VER lifetimes of 2.7, 0.9 and 0.57 ps for the OH-stretch, OD-stretch
and HOD bending respectively, where the OH-stretch has the largest frequency-gap
from any accepting mode in D2O (see FIG. 1 in their manuscript). This demonstrates
that classical simulations can also reproduce the quantum mechanical principle of the
frequency-gap law.

Despite the robustness of the frequency-gap law, there have been a few notable
exceptions. Lüpke et al. 15 showed that two hydrogen defects (H*2 and the di-vacancy
defect HV · VH) within crystalline Si had VER lifetimes that differed by two orders
of magnitude, despite having nearly identical frequencies. They speculated that the
longer VER lifetime of the HV · VH defect arose from the larger spatial separation
between the hydrogen and the surrounding silicon atoms. A few years later, West
and Estreicher 16 studied the VER of a variety of hydrogen and deuterium defects
(including those previously studied by Lüpke et al. 15) in crystalline silicon with first
principles molecular dynamics. They also found that certain defects deviated from the
frequency-gap law, however, they attributed these deviations to the differences in local
vibrational mode (LVM) coupling. In particular, they found the VER lifetime of the
H*2 defect was shorter than its deuterated counterpart (D*2 ). Upon closer inspection,
they noted that the H*2 defect was dissipating its vibrational energy into an LVM and
a pseudo-local vibrational mode (pLVM), whereas, the D*2 defect stretch mode was
decaying into an LVM and a bulk phonon mode. They defined a pLVM as a localized
mode with a frequency within the phonon continuum. Further analysis of other types
of defects allowed the authors to conclude that the coupling between an LVM and
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another LVM or pLVM was much stronger than the coupling between an LVM and
bulk phonon modes. Additionally, Kohli et al. 17 studied the VER lifetime of the
1136 cm−1 vibration of oxygen defects in crystalline 28Si and 30Si. They found that
the vibrational energy would decay into the symmetric-stretch of Si−O−Si, and the
excess energy (the frequency difference between the donor and acceptor modes) would
go into lattice modes. For cases where the excess energy was taken up by a single
phonon they found that the VER lifetime would depend on the vibrational density
of states (VDOS) constituted by the phonons at the frequency equal to the excess
energy. In particular, the decay rate increases as the VDOS at the frequency equal to
the excess energy increases. A better understanding of how LVM couplings and the
VDOS can influence VER rates is necessary for a complete picture of VER theory.

In regard to CO, various pathways of vibrational energy transfer for a monolayer
of 13CO on an NaCl(100) surface have been investigated, with a particular focus on
understanding the dynamics of vibrational energy pooling.18–20 Vibrational energy
pooling is possible because the lifetime for VER into the NaCl(100) surface is on
the order of milliseconds, which is significantly larger than the time for vibrational
to vibrational (V–V) energy transfer within the CO monolayer. The reason is that a
large number of phonons are needed dissipate a CO stretch mode vibrational quantum,
which in accordance with the energy-gap law will results in a long lifetime. Both
resonant and non-resonant V–V energy transfer is relevant, i.e., the energy difference
between the frequency levels of the donor and acceptor molecules being zero or non-
zero, respectively. Corcelli and Tully 19 calculated the rate for resonant V–V energy
transfer by assuming only a dipole–dipole coupling between parallel molecules, finding
a (life-)time of 623 ps between individual resonant V–V energy transfer events. For the
non-resonant V–V energy transfer from the donor molecule in a lower vibrational state
pooling towards the acceptor already in a higher vibrational state, the excess energy
must be taken up by a small number of phonons of the NaCl(100) surface. When only
a single phonon is involved in the uptake, the corresponding lifetime varied between
1 µs and 10 ns, growing larger as the excess energy grew larger. They subsequently
followed up this work with calculations of these same rates but for CO and for CO →
13CO, where they found similar trends for the rates.21

Simulating VER in a molecular solid of a diatomic molecule (such as CO) allows
us to ignore intramolecular energy redistribution, as well as constrain the number of
available pathways for energy dissipation. For CO in particular, three main vibrational
energy dissipation pathways are available; (i) resonant V–V energy transfer, (ii) non-
resonant V–V energy transfer, and (iii) direct dissipation of vibrational energy into low-
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frequency ("lattice") modes. Through isotopic substitutions we can probe the CO VER
across a wide range of frequency-gap values. This allows us to scrutinize the frequency-
gap law and analyze influence of the VDOS for the VER, whereby the latter aspect
has never been studied in depth by dynamical simulations. Additionally, simulating
the VER within amorphous and crystalline structures allows us to compare how an
LVM couples to another LVM or a non-local (collective) vibrational mode. Within
a crystalline CO ice the normal modes can be considered collective, consequently,
isotopic substitution of the excited molecule will result in an isolated LVM. As such,
VER simulations with crystalline CO allows us to study how LVM couplings affect the
frequency-gap law.

We performed classical non-equilibrium molecular dynamics (NEMD) simulations
of VER in solid carbon monoxide with four different isotopologues. We first show
that the VER in our simulations traces the resonant (when the frequency-gap is near
zero) and non-resonant V–V energy transfer pathways. Next we show how the VDOS
influences the VER rate for amorphous and crystalline clusters. Finally, we discuss
how the resonant V–V energy transfer is independent of isotopologue pairings, and is
not restricted by the crystal structure.

6.3 Methods

All molecular dynamics simulations, data analysis and plotting was done using the
Julia (version 1.9.0) programming language22. A variety of Julia packages were used;
Optim.jl 23 (version 1.7.7) was used for optimizations, LsqFit.jl (version 0.15.0) was
used for least square fittings, FiniteDifferences.jl (version 0.12.30) was used for cal-
culating Jacobians, DifferentialEquations.jl 24 (subpackage OrdinaryDiffEq.jl version
6.54.0) was used for integrating the equations of motion for NEMD simulations, and
Makie.jl 25 (subpackage CairoMakie.jl version 0.10.8) was used for plotting. Fast
Fourier transforms (FFTs) were carried out using Julia bindings for the FFTW26 li-
brary. Delaunay triangulations (used for calculating α-shapes) were carried out using
a Julia wrapper for the Qhull27 code.

The Jacobian used for calculating harmonic frequencies was found using a central
finite difference method with 7 points (1 center point and 6 displaced points). The α

parameter for the α-shape was optimized by minimizing the surface-area to volume
ratio, with constraints that all points be included in the set of kept simplexes and the
unique edges are a non-empty set.

We carried out molecular dynamics simulations with two different CO potentials;
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a site–site interaction potential28 and a permutation invariant polynomial neural net-
work (PIP–NN) potential29. Both potentials are pair–potentials which do not include
many-body effects, however, we have recently shown that for CO the many-body con-
tributions beyond pair interactions account for less than 2% of the total interaction
energy.30 The PIP–NN potential was fit to ab initio data calculated with a smaller
(extrapolation of double and triple zeta) basis set than what was used to fit the
site–site potential (quadruple zeta), resulting in a reduction of the cohesive energy
(consequently reducing the density) in the PIP–NN potential. The potential energy
surface (PES) explored in the site–site potential was based on a smaller number of
geometries than in the PIP–NN potential. The difference lies mainly in the smaller
number of different intranuclear distances considered for the site-site potential. Re-
cently, the reliability of the site–site potential to accurately simulate high-vibrational
energy (ν = 40) dynamics was brought into question.31 Also, Chen et al. 29 state that
their couple-cluster-based training data allows their potential to cover the lowest 33
vibrational states of the CO monomer reliably. As such, we limit the energy used
for vibrational excitation in our simulations to less than 1 eV where we expect both
potentials to give fully reliable results. We also note that the computational cost of
the PIP–NN is more than an order of magnitude larger than the site–site potential.

Amorphous clusters were grown using an in-house “hit-and-stick” algorithm, similar
to our previously used cluster growing scheme.30 Here, we replace the optimization
cycle with an NVT cycle, which employed the velocity rescaling thermostat (with a
100 fs time constant)32. For all NVE and NVT simulations herein the equations of
motion were integrated with the velocity Verlet algorithm33,34, using a 1 fs timestep
(unless otherwise stated). We grew clusters using cycles of 5 ps for each simulation
type, with the incoming molecule having 10 K translation energy directed at the center
of mass of the cluster. We grew clusters of various sizes and did preliminary checks
on the influence of the cluster size on the VER (see Appendix), but noted very little
influence so we opted for a size of 250 molecules. Crystalline clusters were made by
taking a spherical cut from the center of our previously used α–phase CO (α–CO)
crystal; an 864 molecule α–CO cluster.30 The space group and lattice parameters
for our α–CO cluster are taken from literature.35,36 The spherical cut was done with
radius 13.75 Å, and isolated surface molecules were removed until the total cluster
size was 250 α–CO molecules. The crystalline cluster was optimized, once with each
potential, with a convergence criteria of 1 × 10−6 gradient norm. Crystalline order
is unperturbed up to ∼ 10 Å from the center of the cluster, and no particular Miller-
indices were favored for surface termination. Finally, we ran a 20 ps NVT simulation
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with 10 K temperature. After preparing the clusters, we ran a 30 ps NVE simulation
where a snapshot of the cluster was taken every 1.5 ps (20 total snapshots). These
cluster snapshots are used to increase the variety of starting conditions to improve
our statistical sampling. Isotopic substitutions for the cluster or excited molecule are
done prior to the dissipation simulation.

To ensure proper statistical sampling for the energy dissipation studies, 100 trajec-
tories have been calculated by general initial conditions in the following way: First, we
randomly choose one of the 20 snapshots, then we calculate its α-shape to distinguish
surface and bulk molecules. After that, we randomly select a molecule within the de-
sired region, if applicable, we swap the mass of the selected molecule or of the cluster
and then run a 10 ps NVE simulation to equilibrate the system. The selected molecule
is subsequently excited to a specific vibrational energy by increasing the momenta of
its atoms along the eigenvector of the mass weighted Hessian (calculated as an isolated
molecule). A 1.5 or 2 ns (depending on the potential used) NVE simulation is carried
out to monitor the VER of the excited molecule.

We study the VER of four different isotopologues, 12C16O (referred to simply as
CO), 13C16O, 12C18O, 13C18O, within clusters composed exclusively of one of these iso-
topologues. We adopt the following naming convention Excited–phaseCluster; where
Excited is the isotope of the excited molecule, phase is the structural phase of the
cluster (am = amorphous; cry = crystalline), and Cluster is the isotope of the cluster
molecules. For example, CO–amCO denotes an excited 12C16O molecule within an
amorphous 12C16O cluster.

We calculate the radial distribution of clusters by taking the distances between the
center-of-mass of CO molecules. Similarly, we use the angle between CO molecular
axes for calculating the angular distribution of clusters. We evaluate the degree of
delocalization of each CO-stretch mode through the inverse participation ratio (IPR)

ρi =
(u⃗i · u⃗i)

2

(
∑N

j u⃗j · u⃗j)2
. (6.1)

Here N = 250 is the number of molecules in each cluster. The (6N =) 1500-
dimensional displacement vector u⃗ associated with the CO-stretch mode of each molecule
is obtained from the harmonic frequency calculations. u⃗j denotes the six components
describing the displacements of molecule j for this particular normal mode. For each
CO stretch mode, we calculate the number of participating molecules for this mode by
counting all ρi values larger than 1

2502 . Here, ρi = 1
2502 corresponds to all molecules

participating equally, ie., perfect delocalization of this mode, whereas for ρi = 1 the
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mode is fully localized on a single CO molecule. The number of participating molecules
is calculated for all CO stretch normal modes across all snapshots, resulting in 250 ·
20 = 5000 values for each configuration (potential and cluster type).

Following a similar methodology as previously used37, we calculate the vibrational
coupling parameter between pairs of CO molecules. The vibrational coupling param-
eter (β)38 is given by

β =
∂

∂rν
ln(V + 2ϵ) , (6.2)

where V is the intermolecular interaction potential, ϵ is the well depth (preventing the
argument of the logarithm to become negative), and ∂

∂rν
is the partial derivative with

respect to the vibrational mode. Here we use the dimer well depth calculated using
the PIP–NN potential (ϵ = 130 cm−1). In order to sample a distribution of coupling
parameters relevant to our VER simulations we sample pairs of CO molecules within
the bulk of a cluster at 200 different timesteps of an NVE simulation. Pairs of CO
molecules were selected by taking molecules with centers of mass less than 4 Å apart.

The vibrational density of states (VDOS) of clusters was obtained by making use
of the velocity autocorrelation function (VACF). For each snapshot (20 per cluster
type) we ran a 75 ps NVE with 1 fs timestep, from this trajectory we calculated the
VACF across 15 ps windows (5 ∗ 20 = 100 total VDOS). We normalized the VACF,
then applied a von Hann window39, 8 factor zero-padding, and mirroring. An FFT
was then carried out to produce a VDOS, and finally all 100 VDOS were averaged to
a single VDOS.

We investigate energy interconversion by taking the average vibrational, transla-
tional and rotational energy per non-excited molecule, then further averaged across the
100 trajectories. The vibrational energy is calculated by taking both the intramolecu-
lar potential energy and the kinetic energy component of vibrational motion, whereas
rotational and translation energies do not include their potential energy counterparts.

6.4 Structural and Vibrational Properties

Table 6.1 compiles the vibrational frequencies of all isotopologues as isolated molecules
in the gas phase, using both interaction potentials under the harmonic approximation.
While the absolute frequencies differ from experimental ones, the calculated frequency-
gap ∆ν relative to CO is at most 3 cm−1 off from the corresponding experimental fre-
quency gap values. In the context of the VER simulations carried out in our work, the
frequency-gap holds significantly more importance than the absolute frequencies. As
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Table 6.1: Gas-phase vibrational frequencies (cm−1) of the four isotopologues used in this
study and their shifts ∆ν (cm−1) with respect to CO. For both potentials the frequencies
are calculated from isolated molecules in vacuo, and using the harmonic approximation. The
experimental values are gas-phase measurements.

Isotopologue Site–Site PIP–NN Experiment40

ν ∆ν ν ∆ν ν ∆ν
CO 2196 0 2169 0 2139 0

13CO 2148 48 2121 48 2092 47
C18O 2143 53 2116 53 2088 51

13C18O 2094 102 2067 102 2040 99

such, the worse agreement between absolute theoretical and experimental frequencies
is not expected to be a significant source of error in the VER simulations.

In the top two panels of Figure 6.1 the radial (left) and angular (right) distributions
of the amorphous and crystalline clusters are shown based on the site–site potential.
All features are qualitatively identical also for the PIP–NN potential (see Appendix).
As expected, the radial distribution for the crystalline clusters shows increased short-
range ordering (see also Karssemeijer et al. 41), whereas the long-range component is
in better agreement with the amorphous distribution due to less well-ordered surfaces
dominating the former at long distances. The sharpest contrast between the two
structures is seen in the angular distributions, where the crystalline distribution shows
two distinct peaks centered at 11 and 109 degrees. Distributions of the number of
participating molecules per vibrational mode for crystalline and amorphous clusters
is shown in the bottom panel of Figure 6.1. The crystalline distribution is trimodal
with one peak being more non-local than the amorphous distribution, although it still
contains a strongly localized peak because of the lack of periodic boundary conditions.

Figure 6.2 shows the low frequency vibrational density of states (VDOS) for a
crystalline and amorphous CO cluster with both the site–site and PIP–NN potentials.
The low frequency component of the VDOS is not significantly affected by the cluster
isotopologue, as such, we only show the VDOS of CO clusters. It is worth discussing
the differences in the low frequency modes predicted by each potential, however, an
in-depth discussion and highly accurate phonon band are beyond the scope of this
paper. Both potentials yield broad Lorentzian bands centered around 35 cm−1 for
amorphous clusters, with the PIP–NN potential having a slightly longer tail. These are
in good agreement with experiments that observe a broad Lorentzian band centered at
50 cm−1.42 For the crystalline clusters the two vibrational spectra are more different,
however, they both still exhibit two distinct peaks at roughly 45 cm−1 and 80 cm−1.
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Figure 6.1: Comparison of geometric and vibrational properties from 10 K clusters
made using the site–site potential. Top Left: radial distribution of CO molecules in amor-
phous (pink) and crystalline (blue) clusters. Top Right: angular distribution between CO
molecules in amorphous (pink) and crystalline (blue) clusters. Bottom: number of partic-
ipating molecules for the CO stretch vibrations in amorphous (pink) and crystalline (blue)
clusters. The amorphous distribution is offset by 225 for visual clarity.

In close agreement with THz measurements of α-CO, which show one peak centered
at 50 cm−1 and another at 80 cm−1.43

A distinct difference in the two potentials is the sharp peak towards 0 cm−1 for the
crystalline cluster using the PIP–NN potential. Peaks at 0 frequency are usually caused
by so-called “bias” in the “signal” that undergoes the Fourier transform step in the
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Figure 6.2: Low-frequency part of the vibrational density of states (VDOS) of amorphous
(pink) and crystalline (blue) CO clusters with (top) the site–site potential and (bottom) the
PIP–NN potential.

VACF calculation. In all spectra shown here this has been dealt with by subtracting
the mean from the signal, however, for some of the crystalline clusters with the PIP–
NN potential a bias remained. A source of bias that is not fully removed by the
aforementioned procedure is cluster restructuring towards a different local minimum.
Where the conversion of potential energy into kinetic energy can result in a bias in the
VACF signal not equal to the signal mean. Peaks caused by bias in the signal typically
have the largest density, since the observed peak is not the largest it means only a few
trajectories used to calculate the VDOS present restructuring. Since our results are
taken from the ensemble average of 100 trajectories, any influence of restructuring on
the VER will be negligible in the ensemble average. As such, we do not suspect it to
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have caused any differences in the results of the PIP–NN potential as compared with
the site–site potential.

The structural and vibrational properties shown in Figures 6.1 and 6.2 display the
key differences between the two clusters types, and any differences in the VER between
amorphous and crystalline clusters must be explained by one of these differences.

6.5 Analyzing Vibrational Energy Relaxation with

Classical Dynamics

6.5.1 Trajectory Ensembles

Figure 6.3: Vibrational energy dissipation for CO–amCO simulations with the site–site
potential. All 100 trajectories are shown in purple, and the average of them is shown in gold.
Inset plot shows only the average energy decay with the a logarithmic y-axis.

All results discussed herein are ensemble averages of 100 trajectories, as shown by
Figure 6.3. Individual trajectories (purple lines) generally show very similar shapes,
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Figure 6.4: Same as Figure 6.3 but using the PIP–NN potential.

however, there is a broad range of lifetimes (spanning roughly 500 to 1500 ps). Their
average (gold line) is used to determine the time dependent vibrational decay rates.
Figure 6.3 shows the results of simulations for CO–amCO using the site–site potential,
Figure 6.4 is the equivalent plot for the corresponding configuration obtained with the
PIP–NN potential. In both cases, these trajectories are for “self-dissipation”, i.e., an
isotope within a cluster of the same isotope, which results in a resonant energy transfer
event at low energies (vide infra). In the Appendix another representative example is
provided for CO–cryCO (using the site–site potential).

Across all simulations, the PIP–NN potential produces faster relaxation rates than
the site–site potential. To better understand how the vibrational coupling differs in
each potential, we calculated the vibrational coupling parameter between neighboring
CO molecules. Figure 6.5 shows the kernel density estimation of the distribution of
vibrational coupling parameters found for each potential. The average vibrational
couplings are -0.0156 a−1

0 for the site–site potential, and -0.0218 a−1
0 for the PIP–NN,

which is in agreement with the shorter relaxation lifetimes observed with the PIP–NN
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Figure 6.5: Vibrational coupling parameter for pairs extracted from amorphous clusters.

potential. Furthermore, the site–site potential produces a much broader distribution
of couplings than the PIP–NN potential. This is reflected in the broad range of VER
lifetimes seen across the 100 trajectories using the site–site potential (see Figure 6.3)
compared to the trajectories using the PIP–NN (see Figure 6.4).

6.5.2 Frequency Shift

For diatomic molecules described by intramolecular Morse potentials, the excited fre-
quency for a given excitation energy is given by44

ν⋆ = ν◦

√
D − E

D
, (6.3)

where ν⋆ is the excited frequency, ν◦ is the frequency of classical small vibrations, D
is the dissociation energy and E is the vibrational energy. Since this equation was
derived for a single Morse potential, it does not include many-body effects resulting
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Figure 6.6: INMs (purple dots) of an excited CO molecule within an amorphous (CO)250
cluster versus the vibrational energy of the excited molecule. The predicted excited frequency
for given a vibrational energy is shown in gold (see Equation (6.3)). All data from 100
trajectories using the site–site potential are shown.

from intermolecular interactions. To confirm this holds for a molecule within a cluster,
we calculate the instantaneous normal mode (INM) of the excited molecule including
the interactions with all other molecules at every picosecond of the simulation. The
INMs were calculated by running a short NVE simulation (50 fs with 0.01 fs time step)
at each picosecond, then taking the bond length of the excited molecule during this
NVE. This bond length array was then sliced between the first three turning points
(one full wave), then repeated 1000 times and run through an FFT algorithm to get
the INM of the excited molecule. Figure 6.6 shows the INMs (purple dots) of the
excited molecule (across all 100 trajectories of the CO–amCO simulations) across the
full simulation, as well as the predicted frequency shift based on Equation (6.3) (gold
line). For the predicted frequency shift ν◦ was set as the mean INM (roughly 2199
cm−1 for Figure 6.6) after the vibrational energy had equilibrated with the cluster. A
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range of frequencies per vibrational energy is observed in the INMs due to the large
configurational space sampled.

Excellent agreement between the predicted frequency and the calculated INMs
reveals that intermolecular contributions are negligible in the frequency shift of ex-
cited CO. The PIP–NN potential also yields a perfect agreement between predicted
frequency and calculated INM. As such, we can calculate the INM of our ensemble av-
erage (vide infra) by using Equation (6.3) with ν◦ set to the mean INM of the excited
molecule prior to excitation. We can then calculate the instantaneous frequency-gap

∆ν = ν⋆ − νclu , (6.4)

where νclu is the mean frequency of the cluster. In this formalism a negative frequency-
gap implies an excited molecule frequency lower than that of the cluster frequency.

6.5.3 Frequency-Gap Dependent Decay Rate

A consequence of the frequency-gap law is a non-exponential decay in the slow regime,
where the VER is slow enough to allow the decay rate to change as the frequency
changes. Goldstein and Bialek 45 derived an expression for radiationless transitions
in the slow regime, and found that the decay rate may increase or decrease over the
course of the transition. This is particularly important for classical simulations where
the frequency of the excited molecule shifts (shifting the frequency-gap) during the
dissipation process, resulting in a non-constant decay rate. Zhang et al. 46 speculated
that this phenomenon was occurring in the VER of DF in CD2Cl2, more specifically,
as the DF dissipated its energy the vibrational frequency red-shifted resulting in less
spectral overlap with the solvent. When they fit an exponential to the first 5 ps of
the time evolution of the vibrational energy they found a time constant of 7.6 ps,
whereas, fitting the full time evolution gave a time constant of 8.8 ps. For systems
with strongly coupled excited and accepting modes the variation in the decay rate is
negligible and a typical exponential decay is still produced. This is not the case for the
CO clusters studied here, where the coupling is weak and the variation in the decay
rate is quite large. Consequently, fitting an exponential decay to the time evolution
of the original excitation extracted from our NEMD simulations is insufficient, and
we have developed a new procedure instead. Below we describe our procedure for
calculating pseudo-instantaneous decay rates.

For short timescales the frequency-gap shift is negligible, which in turn results in
a nearly constant decay rate. As such, within short timescales the vibrational energy
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decay can be fit with the typical exponential decay function

E(t) = E◦e
− t

τ , (6.5)

where E◦ is the initial excitation energy, τ is the decay time constant and t is the
simulation time. Note, the decay time constant is a pseudo-instantaneous value related
to the time dependent vibrational decay rate. As such, it should not be confused with
typical exponential lifetimes found by fitting across the full simulation time. To get the
decay time constant as a function of simulation time we employed a fitting procedure
analogous to the Savitzky-Golay filter47 algorithm. We fit a standard exponential
(Equation (6.5)) to successive adjacent subsets (of length N) of the energy decay, where
each new subset differs by only 1 data point (corresponding to 1 fs in the simulation
time). The fitted decay time constant is then attributed to the time corresponding to
the first data point in the subset. When the standard error in the decay time constant
became larger than 5% of the fitted decay time constant the algorithm was terminated
and no new subsets were included in the fitting procedure. The only variable parameter
in this method is the subset length (N), which if set too large (or too small) would
result in large oscillations of the decay time constant. We carefully selected the length
to reduce the oscillations, and in general found values between 400 and 850 to be ideal.

6.6 Results and Discussion

6.6.1 Amorphous Cluster

Figure 6.7 shows the decay time constant as a function of the frequency-gap between
the excited molecule and the amorphous cluster for both potentials. Both potentials
produce similar frequency-gap dependencies, where τ increases as the frequency-gap
increases. Across the entire frequency-gap range we studied, the site–site potential pro-
duces larger τ values compared to those produced by the PIP–NN potential. Inline
with our findings that the PIP–NN potential has a stronger average coupling strength
(see Figure 6.5) for vibrational modes. Unlike the site-site potential the PIP–NN po-
tential does not allow to decompose these couplings into contributions from different
interactions. In fact, the total energies from the quantum chemical calculations, which
it has been fitted against, do not feature such a decomposition. Electrostatic inter-
actions typically represent the strongest portion of vibrational coupling, however, in
the case of CO its the weakest contribution to the intermolecular interaction in the
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Figure 6.7: Vibrational energy decay time constant as a function of frequency-gap for
amorphous clusters using the site–site potential (left) and the PIP–NN potential (right).
Various isotopologue configurations are included in the figure, where the isotopologue-induced
frequency shifts help cover a larger frequency-gap range. A larger excitation energy (0.6
eV) was used for the CO-amCO case (pink) in the site–site potential, which results in a
larger frequency gap range than other curves. The frequency-gap was calculated through the
excited molecules vibrational energy, as explained in Section 6.5.2. The 13C18O-amCO case
was excluded from the plot due to the decay time constant produced by both potentials being
extremely large.

site–site potential.30 This should be consistent within the PIP–NN training set data,
nevertheless, the PIP–NN potential clearly exhibits an enhanced vibrational coupling
when compared with the site–site potential.

Despite the faster VER with the PIP–NN potential, both potentials provide qual-
itatively similar results. An offset between the curves for negative and positive fre-
quency gaps is seen in Figure 6.7 for both potentials, indicative of an enhancement of
the VER rate when the excited frequency is lower than the accepting mode frequency.
The magnitude of the offset diminishes as the frequency-gap increases, with decay time
constants at gaps above 50 cm−1 being essentially equal to their negative counterparts.
Incidentally, this is also where the excited molecule is a different isotopologue com-
pared to the cluster; making it possible that this enhancement is not inherent to the
sign of the frequency gap, but rather due to the isotopic combinations. Following this
logic, it would appear that the offset is a result of a different anharmonic coupling,
possibly produced by the differing degrees of LVM character, between isotopologues.

With both potentials the decay time constant for 13C18O-amCO was so large that
the total energy dissipated was negligible across the total simulation time of 1.5 or 2 ns.
This is in line with recent experimental findings that showed how vibrational energy
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could be transported in the CO → 13C18O direction but the reverse was not possible.48

However, the exact mechanism constraining the allowable direction of energy transfer
in experiments is different compared to our simulations. In the experiments the lack
of thermal energy sufficient enough to compensate the higher energy vibration of CO
over 13C18O produces the constraint. In contrast, for our simulations this arises from
the large frequency-gap producing an extremely weak vibrational coupling, resulting
in a negligible energy transfer rate.

6.6.2 Crystalline Cluster

Figure 6.8: Same as Figure 6.7 but for crystalline clusters.

Figure 6.8 shows the decay time constant as a function of the frequency-gap be-
tween the excited molecule and the crystalline cluster using the site–site (left) and
PIP–NN (right) potentials. As was the case for the amorphous clusters (see Figure 6.7),
both potentials again produce similar trends with the PIP–NN having smaller τ val-
ues. Furthermore, both potentials produce very similar structures and distributions of
participating molecules for both amorphous and crystalline clusters (see Figure 6.1 and
Figure S3 in the Appendix). One peculiarity in the crystalline case is the asymmetry
in the PIP–NN potential, where the CO–cry13C18O simulation has a much stronger
frequency-gap dependence.

Within the -50 to 50 cm−1 frequency-gap range the crystalline clusters exhibit a
different frequency-gap dependence than the amorphous clusters. This is observed
in both potentials, however, it is less drastic in the PIP–NN potential. Across the
entire frequency-gap curve for each cluster configuration the degree of LVM–LVM
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coupling is reduced, as such, changes localized to certain frequency-gap ranges are not
directly resulting from the diminished LVM–LVM coupling. At small frequency-gaps
the excited molecule couples strongly to a nearby molecule, and can even resonantly
transfer vibrational energy. This resonance is not captured by the τ values in Figure 6.8
due to the resonant energy transfer (discussed in more detail in Section 6.6.5) not
producing an exponential energy decay curve. As such, our methodology for producing
frequency-gap dependent decay rates does not produce τ values at these frequency-
gaps.

6.6.3 Analysis of Energy Redistribution

Although clearly not the goal of this study, it is instructive to do an order-of-magnitude
comparison with what has been found for CO adsorbed on NaCl(100) before going into
a more detailed analysis: In all configurations involving different CO isotopologues we
studied, the VER lifetime is near the nanosecond regime. This is several orders of
magnitude different from direct VER of a CO vibrational quantum into lattice modes
– and thus indicative of V–V energy transfer rather than direct dissipation. On the
other hand, the VER lifetime for converting one CO vibrational quantum into lattice
modes of NaCl(100) and solid CO could be very different. For the resonant V–V
energy transfer Corcelli and Tully 19 found a lifetime of 623 ps, which is fairly similar
to the lifetime observed in our simulations. However, most of our simulations are
with mixed isotopologues and thus do not meet the conditions required for resonant
V–V energy transfer. For single-phonon non-resonant V–V energy transfer, Corcelli
and Tully 19 obtained lifetime between 10 ns and 1 µs. Their quantum mechanical
model assumes parallel CO molecules described as interacting dipoles. In contrast,
our simulations are classical for non-parallel-oriented assemblies of CO molecules, and
both interaction potentials go clearly beyond dipole-dipole interactions. The ensuing
detailed analysis of the energy redistribution allows to better understand which energy
transfer processes are (predominantly) described by our simulations.

Figure 6.9 shows the average energy gained per non-excited molecule during CO–
amCO and CO-cryCO VER simulations with each potential, decomposed into kinetic
and potential energy contributions of intramolecular vibrations (V ) together with ki-
netic energy contributions of translations (T ) and rotations (R). We only include
simulations of CO VER within CO clusters since all other simulations for different
isotopologue combinations (with both potentials) revealed similar trends.

Although not directly visible in Figure 6.9, we note in passing that the average total
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Figure 6.9: Average energy gained per molecule during a site–site CO–amCO (top-left),
site–site CO–cryCO (top-right), PIP–NN CO–amCO (bottom-left), and PIP–NN CO–cryCO
(bottom-right) simulation.

energy gained (V + T +R) is larger than the 0.4 eV excitation energy by 60 meV for
the CO–amCO and 5 meV for the CO-cryCO clusters. We confirmed that the total
energy is constant during each trajectory, hence, this is not a result of issues with
the time integration algorithm of our NEMD simulations. Further analysis reveals
that during the simulation potential energy is converted to translational or rotational
kinetic energy due to structural reorganization, i.e. transition towards a different
local minimum in the weakly bound clusters. The smaller average total energy gain
for the crystalline clusters can be rationalized by the fact that they are intrinsically
more stable: While molecules in the bulk of the amorphous clusters can contribute to
the "minima hopping" by reorienting, only molecules at the edges of the crystalline
clusters (can) do the same.
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Most importantly, Figure 6.9 reveals that only a very small amount of the vibra-
tional excitation is transformed into rotational and translational energy of the sur-
rounding CO molecules. Since the latter constitutes the low-energy “lattice” modes of
all clusters, our simulations are clearly not dominated by direct VER via multiphonon
processes. In other words, the difficulty in converting high frequency vibrational energy
into translational or rotational energy is consistent with the frequency-gap law. In-
stead, fractions of vibrational quanta are predominantly transferred to the vibrational
stretch modes of the surrounding CO molecules, which can be seen as a realization
of V–V energy transfer pathways within our classical simulations. In what follows we
further analyze the non-resonant and resonant energy transfer pathways in our trajec-
tory ensembles, whereby the former should also involve energy uptake by low-energy
“lattice” modes.

6.6.4 Non-Resonant Energy Transfer

Originally motivated by the frequency-gap law, we have taken a bird’s eye view at
the data for the lifetimes τ presented in Figure 6.7 and attempted to fit exponential
functions. Not (further) distinguishing between the different isotopologue combina-
tions, the result for amorphous clusters (i.e., all the data included in Figure 6.7) is
shown in Figure 6.10. Both a single exponential (pink) and a linear combination of
two exponentials (blue) has been used, including a y-intercept constant since the τ

data appears to have a non-zero asymptote. For positive frequency shifts (∆ν > 0),
it is clear that the bi-exponential fit is better than the one based on a single exponen-
tial for both interaction potentials over the entire range. For the negative frequency
shifts (∆ν < 0), the bi-exponential is favorable at least for the Site–Site Potentials at
large |∆ν| > 80 cm−1. The best two exponential fit for the negative shifts using the
PIP–NN potential is two half amplitude exponentials equal to the single exponential
fit. As such, the two exponential fit is plotted over the single exponential (hence the
lack of a pink line) fit for the bottom right panel of Figure 6.10.

If the frequency-gap law would provide a good description, only a single expo-
nential should have been required for the fit, with the decay constant of this ex-
ponential reflecting the multi-phonon order of the direct dissipation process to low-
frequency modes. Furthermore, we have also looked at the intersection points of the
bi-exponentials (see Appendix): Focussing on ∆ν > 0, it is interesting to note that the
intersection occurs at ∆ν ≈ 100 cm−1 for both interaction potentials. It coincides with
the tail of the VDOS for the low-frequency modes (see Figure 6.2 and decomposition
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Figure 6.10: Least square fitting of the vibrational energy decay time constant as a function
of frequency-gap for amorphous clusters using the site–site potential (top two panels) and
the PIP–NN potential (bottom two panels). The data (purple) was fit with both a single
exponential (pink) and a linear combination of two exponentials (blue).

into bulk and surface modes in the Appendix). In other words, as soon as the excess
energy connected with ∆ν > 0 (see Equation (6.4)) does no longer "fit" to the energy
equivalent of the maximum low-frequency mode, the τ(∆ν) dependence changes. This
is consistent with the non-resonant V–V energy transfer pathway suggested by energy
redistribution analysis presented in the previous section: The quantum-mechanical
expressions derived by Corcelli and Tully 19 for CO adsorbed on NaCl(100) result in
a change of the τ(∆ν) dependence when switching from one to two (or more) low-
frequency mode (phonon) quanta during the non-resonant V–V energy transfer.

A similar bird’s eye view on the data for the crystalline clusters shown in Fig-
ure 6.8 is complicated by the fact that τ decreases as the frequency-gap approaches
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|∆ν| = 50 cm−1. It is interesting to note that this is roughly where both potentials
produce a peak in the VDOS. In other words, the highest VER rate coincides with
the highest density of phonon states, which is in line with the observations of Kohli
et al. 17 for the VER of oxygen defects in crystalline silicon. Contrary to the crystalline
clusters, both potentials produce the smallest τ values near zero frequency-gap despite
the VDOS of the amorphous clusters peaking near 35 cm−1. Decomposing the VDOS
into contributions from only surface or bulk atoms, it turns out that the frequency
range between 10 and 30 cm−1 is dominated by the surface for the crystalline clusters
, whereas for the amorphous clusters the contribution from the bulk is much more pro-
nounced in the same frequency range (see Appendix). Given that the excited molecule
is within the bulk of the cluster, this disparity in bulk states could be responsible for
the different behavior of the VER rate in the interval |∆ν| between ±50 cm−1.

6.6.5 Resonant Energy Transfer

As detailed in Section 4, none of the VER simulations underlying Figures 6.7 and 6.8
start with a zero frequency gap due to the anharmonic shift of the excited CO molecule.
To deliberately make ∆ν vanish at the beginning of the trajectories, we have run
additional VER simulations for CO-am13CO, Exciting the CO molecule by 0.6 eV
of vibrational energy yields essentially the same vibrational stretch frequency as the
average of 13CO host cluster. Figure 6.11 shows all the trajectories (purple) and the
average (gold), where its possible to see that for all trajectories the excited molecule
loses roughly 0.2 eV in vibrational energy in the first 200 ps. Once the frequency
mismatch becomes large again, i.e., the initial resonance condition is lost, the VER
slows down significantly (see Figure 6.11).

We have observed the same resonant energy transfer phenomenon also in crystalline
clusters (not shown). In both amorphous and crystalline it occurs in all 100 trajecto-
ries. This implies that it is independent of the cluster structure and thus the relative
orientation of the CO molecules. Instead, it really only depends on the frequency mis-
match. Furthermore, the average energy redistribution for the entire trajectory reveals
that energy is dominantly transferred into the stretch vibrations of the neighboring
molecules, in the same way as it is shown in Figure 6.9 - albeit much faster initially.
Consequently, we interpret the initial parts of these simulations as classical manifes-
tations of resonant V–V energy transfer, switching over to non-resonant V–V energy
transfer during the remainder of the trajectories. The decay time constants on the
order of ≈ 100 ps that we observe for the former is again consistent with the quantum
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Figure 6.11: Same as Figure 6.3 but using the site-site potential for the CO-am13CO case
with a 0.6 eV excitation energy.

mechanical description provided by Corcelli and Tully 19 for a CO film adsorbed on
NaCl(100).

6.7 Summary and Outlook

We performed classical NEMD simulations of the VER of combinations of four differ-
ent CO isotopologues, in both amorphous and crystalline clusters. Using trajectory
ensembles we have determined average VER lifetimes in the order of nanoseconds from
these simulations.

Originally motivated by the frequency-gap law, we have developed a novel analy-
sis technique which allows to analyze the frequency-gap dependence ∆ν of the decay
time constants τ . An offset between decay time constants at positive and negative
frequency-gaps was observed, where the VER rate was faster when the excited fre-
quency was lower than the accepting frequency. These negative frequency-gaps are
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only possible when the excited molecule is a different isotopes from the cluster, hence,
we attribute this offset to a difference in anharmonic coupling between molecules of
the same isotope and those of different isotopes. Crystalline clusters exhibit a different
frequency-gap dependence than that of the amorphous clusters, where the VER was
most efficient near |∆ν| = 50 cm−1.

A detailed analysis of the energy redistribution has revealed that vibrational en-
ergy dissipated into the cluster predominantly excites vibrational stretch modes of the
surrounding molecules. This is not surprising when comparing to collisions of pairs
of vibrationally excited CO molecules in gas phase: Chen et al. 29 found a lack of
energy conversion between vibrational and rotational or translational energy. They
attributed the lack of energy conversion to the energy-gap law, owing to the fact that
vibrational quanta are much higher in energy than their rotational counterparts or
the continuum provided by translational motion. The fact that rotational and trans-
lational modes form the low-frequency parts of the VDOS of the different forms of
solid carbon monoxide studied here does not change the validity of this argument. Ex-
periments for a monolayer of CO adsorbed on an NaCl(100) surface convey the same
trend. Chang and Ewing 49 measured the rate of vibrationally induced desorption and
found that is a slow process for this system due to inefficient energy transfer from
vibrational to rotational and translation degrees of freedom.

Although the energy transfer occurs continuously in our classical simulations,
further analysis of our trajectory ensembles elucidates very interesting analogies to
the quantum mechanical description of V–V energy transfer for CO adsorbed on an
NaCl(100) established by Corcelli and Tully 19 . While their model assumes parallel
CO molecules that couple only through dipole-dipole interactions only, our cluster
studies include more variation in the angular distribution (amorphous clusters in par-
ticular), and the interactions between CO molecules are not limited to dipole-dipole
interactions. Apart from that, our novel analysis technique has allowed us to identify a
qualitative change of the τ(∆ν) relation when ∆ν reaches the tail of the low-frequency
VDOS – analogous to what the quantum mechanical theory predicts when switching
from one-phonon to two phonon-assisted non-resonant V–V energy transfer. From
the time evolution of the vibrational energy alone it is not easily noticed that this
occurs, thus highlighting the usefulness of our novel technique. Furthermore, when
the frequency-gap was essentially zero, we have observed a classical manifestation of
the resonant V–V energy transfer mechanism described by Corcelli and Tully 19 . We
found this mechanism to be independent of the cluster structure, indicating no strict
dependence on orientation or LVM–LVM coupling. For the crystalline clusters, the
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τ(∆ν) analysis suggests that the VDOS influences the non-resonant V–V transfer in
a different way than for the amorphous clusters, which requires more work to enable
better understanding in the future.

Both non-resonant and resonant V–V energy transfer together with the absence
of pronounced multi-phonon-assisted direct dissipation to low-frequency modes are
the crucial ingredients for the vibrational energy pooling that has been observed for
CO adsorbed on an NaCl(100). Considering that all of these ingredients seem to be
captured by our classical simulations, future work with our computational setup could
help to better understand if and if so how vibrational energy pooling could also occur
in solid CO structures.

6.8 Data Availability Statement

All of the Julia code used for the simulations is publicly available on GitHub at
https://github.com/Cavenfish/JMD. An HDF5 compliant dataset (Julia Data For-
mat “.jld2") of all ensemble averages reported within the manuscript can be found on
Zenodo at https://zenodo.org/records/14237514.

6.A Appendix

6.A.1 Size Convergence Tests

Since we do not employ periodic boundary conditions, we verified that the cluster
size was large enough to capture all long-range interaction influencing the VER. Fig-
ure 6.A.12 shows the ensemble average energy decay for three different cluster sizes
(100, 250 and 500 molecules), along with the cluster temperature below it.

There is very little difference between the three sizes, in agreement with VER
theory which predicts a large radial decay for the vibrational energy transfer efficiency.
Although there is little change in the VER lifetimes, the cluster temperature gain
is largely affected by the size. Despite the temperature reported increasing due to
excitation, the energy remains nearly entirely in vibrational energy which does not
result in evaporation of the cluster. We opted to use clusters of 250 molecules since
it provided an ideal compromise between temperature stability and computational
efficiency.
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Figure 6.A.12: Upper panel: ensemble average of the vibrational energy of an excited CO
molecule within an amorphous CO cluster. Lower panel: the cluster temperature during VER
simulation. In both cases the 10 ps equilibration NVE simulation is included to illustrate the
gain in temperature during excitation.

6.A.2 Geometric and Vibrational Properties for the PIP–NN
Potential

Figure 6.A.13 compares the radial distribution (top left), angular distribution (top
right) and the number of participating molecules per vibrational mode (bottom) of
crystalline and amorphous CO using the PIP–NN potential.
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Figure 6.A.13: Same as Figure 1 in the main article but using the PIP–NN potential
instead of the site–site potential.

6.A.3 Decomposition of Phonon DOS

Figure 6.A.14 shows the decomposition of the phonon DOS into surface and bulk
contributions using the site–site potential.

Figure 6.A.15 shows the decomposition of the phonon DOS into surface and bulk
contributions using the PIP–NN potential.

137



6.A Appendix
N

or
m

al
iz

ed
 D

en
si

ty
 (

ar
b
.)

0.0

0.5

1.0

Amorphous

Frequency (cm− 1)
0 50 100 150

N
or

m
al

iz
ed

 D
en

si
ty

 (
a
rb

.)

0.0

0.5

1.0

Crystalline

Full

Surface

Bulk

Full

Surface

Bulk

Figure 6.A.14: Decomposition of the phonon DOS shown in the upper panel of Figure 2
in the main article (using the site–site potential).

6.A.4 Trajectory Ensemble for Crystalline Clusters

Figure 6.A.16 shows the total energy of the excited molecule versus time (purple lines)
for all simulaitons, and the average (gold) using the site–site potential for crystalline
clusters.

6.A.5 Decomposition of Bi-Exponential Fits for Non-Resonant
Energy Transfer

Figure 6.A.17 show the decomposition of the bi-exponential fit to the data shown in
the top left panel of Figure 10.
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Figure 6.A.15: Decomposition of the phonon DOS shown in the lower panel of Figure 2
in the main article (using the PIP–NN potential).

Figure 6.A.18 show the decomposition of the bi-exponential fit to the data shown
in the top right panel of Figure 10.

Figure 6.A.19 show the decomposition of the bi-exponential fit to the data shown
in the bottom left panel of Figure 10.

Figure 6.A.20 show the decomposition of the bi-exponential fit to the data shown
in the bottom right panel of Figure 10.
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Figure 6.A.16: Same as Figure 3 in in the main article but for crystalline clusters.
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Figure 6.A.17: Decomposition of the bi-exponential fit to the τ data shown in the top left
panel of Figure 10. Note that |∆ν| is plotted here and in the subsequent figures to enable a
better comparison of the exponential fits.
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Figure 6.A.18: Same as Figure 6.A.17 but for the top right panel of Figure 10.
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Figure 6.A.19: Same as Figure 6.A.17 but for the bottom left panel of Figure 10.
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Figure 6.A.20: Same as Figure 6.A.17 but for the bottom right panel of Figure 10.
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Summary

Microscopic interactions are characterized through atomistic simulations using either
first principals quantum chemistry techniques or empirical interatomic potentials. Un-
derstanding these microscopic 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 catal-
ysis. Adsorption is the first step in a catalytic process, and VER is often the rate
limiting step in a catalytic cycle. Thus, understanding the microscopic interactions
that govern adsorption and VER is crucial to understanding catalysis.

Adsorption

Adsorption is the process by which molecules or atoms adhere to a surface, over time
forming a thin film or layer. Experiments offer the most realistic value for the bind-
ing energy, however, they can only measure the statistical average binding energy.
Similarly, experimental measurements of adsorption are often unable to provide re-
aliable data on certain unique cases. This is due to the fact that measurements of
binding energies tend to rely on the desorption of the adsorbed molecules at a certain
termperature. Hence, the unique case of a molecule adsorbing on a solid of the same
species (ie. H2O on H2O) with a binding energy larger than the cohesive energy is
nearly impossible to measure. Simulations can fill in the gaps by providing a complete
distribution of the binding energies, including the unique case mentioned above.

Vibrational Energy Relaxation

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 surround-
ings. This process is crucial in many chemical and physical phenomena, including
energy transfer in biological systems, catalysis, and in the selectivity of chemical reac-
tions. 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.
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The most common way to study VER in simulations is to use non-equilibrium
molecular dynamics (NEMD) simulations. In these simulations the molecule of inter-
est is excited to a higher vibrational state, and the subsequent relaxation process is
monitored over time. A general trend for VER lifetimes is that they decrease with in-
creasing temperature, a result of an increased coupling between the excited molecule
and the surrounding 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.

This Thesis

Chapter 3: A Julia package for atomic simulations, YetAnotherSimulationSuite.jl
(YASS), that was developed during the PhD is described. Benchmarks comparing
the performance of this package to the most popular Python-based package (ASE)
are shown. The Julia package is up to 6 times faster, with initial compilation time
overhead making it slower for very short calculations. As the calculation times grows
the speedup offered by the Julia package also grows.

Chapter 4: The binding energy of H2O on the ice Ih (0001) surface is studied.
The physiochemical properties governing the adorption are broken down and carfeully
scrutinized. We find an abundance of binding sites with binding energy larger than
the cohesive energy of the crystal. This has significant implications for crystal growth,
where the standard model is no longer applicable. Furthermore, we explore how the
local environment on the surface influences the binding energy. From this we produce
a descriptor for the local surface environment that can be used to predict the binding
energy at sites on the surface.

Chapter 5: The binding energy of CO on amorphous and crystalline CO is stud-
ied. 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.
We find that 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 α-CO has a narrower distribution (650 – 800 K), and is orientation
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dependent. The median value 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 ωB97M-V functional performs the
best when treating the CO–CO dimer interaction energy.

Chapter 6: Utilizing NEMD simulations the VER process for CO in amorphous
and crystalline CO is studied. A novel analysis techinique for studying the frequency-
gap dependence of the decay time constant was developed. Anharmonic coupling
between an excited CO molecule and a different CO isotopologue results in vibra-
tional energy relaxation (VER) that is faster when the excited molecule has a lower
frequency than the accepting molecule. Whereas, in crystalline clusters the frequency-
gap dependence exhibited no significant trends other than being most efficient at gaps
of 50 cm−1. Vibrationally excited CO molecules in solid CO redistribute their energy
primarily through vibrational–vibrational energy transfer. This is due to the large
frequency-gap between 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 physiochemical prop-
erties for VER are well captured by the classical pair potentials used to simulate the
VER of CO.

Outlook

The collection of works within this thesis not only presents novel results, but also
opportunities 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. In particular,
the results found in Chapter 5 & Chapter 6 have been used to explain experimental
results that offer some understanding of observed gas-phase CO abundances in the
ISM. Furthermore, YetAnotherSimulationSuite.jl can continue to grow and mature as
an open-source package. As it attracts more user and developer attention it can grow
to be of significant importance to the computational chemistry community.
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Samenvatting

Van adsorptie tot dissipatie: Inzichten uit computer-

simulaties van vast H2O en CO

In dit proefschrift worden de effecten van wisselwerkingen op microscopische schaal
kenbaar gemaakt in simulaties. De simulaties maken gebruik van potentialen die
gevonden zijn met behulp van kwantumchemie op basis van “first principles” of van
empirische potentialen.

Inzicht in deze microscopische wisselwerkingen helpt bij het verklaren van macro-
scopische verschijnselen zoals katalyse, kristalgroei en faseovergangen. Met name ad-
sorptie en vibratierelaxatie van energie (VER) staan in direct verband met katalyse.
Adsorptie is vaak de initiële stap in een katalytisch proces, terwijl VER veelal de
snelheidsbepalende stap is in een katalytische cyclus. Daarom is begrip van de mi-
croscopische mechanismen die adsorptie en VER sturen essentieel voor het begrip van
katalytische processen.

Adsorptie

Adsorptie is het proces waarbij moleculen of atomen zich aan een oppervlak hechten en
in de loop van de tijd een dunne film of laag vormen. Experimenten leveren doorgaans
de meest realistische waarden voor bindingsenergieën, maar meten meestal alleen het
statistische gemiddelde. Daardoor kunnen experimentele technieken moeite hebben
met het identificeren van bijzondere gevallen. Metingen van bindingsenergieën zijn
vaak gebaseerd op desorptie bij een bepaalde temperatuur. Hierdoor zijn gevallen
zoals H2O dat op H2O adsorbeert met een bindingsenergie groter dan de cohesie energie
van de vaste stof bijna niet experimenteel te karakteriseren. Simulaties kunnen deze
lacunes opvullen door volledige verdelingen van bindingsenergieën te leveren, inclusief
zeldzame of lokaal maximaal bindende configuraties.

Vibratierelaxatie van Energie (VER)

Vibratierelaxatie (VER) is het proces waarbij een vibrationeel aangeslagen molecuul
terugkeert naar de grondtoestand door overtollige energie over te dragen aan de omgev-
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ing. Dit proces is belangrijk in vele chemische en fysische contexten, zoals energieover-
dracht in biologische systemen, katalyse en de selectiviteit van reacties. VER kan
verlopen via verschillende mechanismen: vibratie–vibratie (V–V), vibratie–translatie
(V–T), vibratie–rotatie (V–R) en vibratie–elektronische (V–E) energieoverdracht. De
efficiëntie van VER hangt af van de eigenschappen van het molecuul, de omgeving van
het molecuul en het energieverschil tussen aangeslagen toestand en grondtoestand va
hetm molecuul.

In simulaties wordt vibratie energie relaxatie veelal bestudeerd met niet-evenwichts
moleculaire dynamica (NEMD). Hierbij wordt het onderzochte molecuul in een hogere
vibratietoestand gebracht en het relaxatieproces in de tijd gevolgd. Algemene trends
tonen dat VER levensduren meestal afnemen met toenemende temperatuur. Een
hogere temperatuur verhoogt de bezetting van de niveaus van de vibraties in het bad
gevormd door de omringende moleculen en vergroot daardoor de koppeling tussen het
aangeslagen moledcuul en zijn omgeving. Hierdoor wordt het effectieve energie verschil
kleiner.

Dit proefschrift

Hoofdstuk 3: Een in Julia ontwikkeld pakket voor atomistische simulaties, YetAn-
otherSimulationSuite.jl (YASS), wordt beschreven. Benchmarkvergelijkingen met het
veelgebruikte Python-pakket ASE laten zien dat het Julia-pakket in veel gevallen
tot ongeveer zes keer sneller is. De initiële overhead door compilatie maakt korte
berekeningen trager, naarmate de rekentijd toeneemt neemt de relatieve snelheidswinst
toe.

Hoofdstuk 4: De bindingsenergie van een water (H2O) molecuul aan het op-
pervlak van ijs met de Ih(0001) structuur wordt onderzocht. De verschillende fysisch-
chemische bijdragen aan de adsorptie energie worden opgesplitst en zorgvuldig geanal-
yseerd. We vinden een overvloed aan bindingsplaatsen met een bindingsenergie groter
dan de cohesie energie van het kristal. Dit heeft belangrijke consequenties voor kristal-
groeimodellen: het standaardmodel is in dergelijke gevallen niet meer toepasbaar.
Daarnaast onderzoeken we hoe de lokale omgeving in het oppervlak de bindingsenergie
beïnvloedt en ontwikkelen we een grootheid die de lokale omgeving karakteriseert en
gebruikt kan worden om bindingsenergieën te voorspellen.

Hoofdstuk 5: De bindingsenergie van CO op amorf en kristallijn CO wordt
bestudeerd. De belangrijkste bijdragen aan de bindingsenergie worden geïdentificeerd
en het belang van interacties met lange dracht wordt geanalyseerd. Verder wordt een
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benchmark van DFT-functionalen uitgevoerd, waarbij het best presterende functional
wordt gepresenteerd. We vinden dat de CO-binding hoofdzakelijk door dispersie wordt
bepaald, met verwaarloosbare bijdragen van veeldeeltjes-effecten in vast CO.

De verdeling van bindingsenergieën voor CO op amorf CO is breed (200–1600
K) en hangt af van de grootte van het bestudeerde cluster, wat erop wijst dat de
interacties met lange dracht relevant zijn. Correcties voor nulpuntsenergie binnen
de harmonische benadering verlagen de gemiddelde bindingsenergie met ongeveer 20–
30%. De bindings energie van CO op kristallijn CO in de α-phase heeft een smallere
verdeling (circa 650–800 K) en is oriëntatie-afhankelijk. De gemiddelde waarden voor
amorf en kristallijn CO zijn vergelijkbaar, wat eerdere aannames ondersteunt. Ten
slotte blijkt de ωB97M-V functionaal het beste te presteren voor de CO–CO dimeer
wisselwerking.

Hoofdstuk 6: Met NEMD-simulaties wordt het VER-proces voor CO in amorf
en kristallijn CO onderzocht. Er is een nieuwe analysetechniek geïntroduceerd om te
bestuderen hoe de tijdsconstante voor het proces van verval van de vibratieenergie
afhangt van het frequentie verschil. De resultaten tonen aan dat anharmonische kop-
peling tussen een aangeslagen CO-molecuul en een ander CO molecuul met een andere
isotoop samenstelling leidt tot snellere VER wanneer het aangeslagen molecuul een
lagere frequentie heeft dan het accepterende molecuul. In kristallijne clusters vertoont
de afhankelijkheid van het frequentieverschil geen sterke trends, behalve een maximale
efficiëntie bij een verschil rond 50 cm−1. Vibratieaangeslagen CO-moleculen in vast
CO herverdelen hun energie voornamelijk via vibratie–vibratie overdracht. Dit is het
gevolg van het grote verschil in frequenties van de CO-vibraties en die van de rotatie
en roostertrillingen van het cluster. De VER volgt een tweekanaals afhankelijkheid
van het frequentie verschil. Dit is analoog aan de kwantummechanische verwachting
dat VER overschakelt van een eén-foton mechanisme naar een mechanisme gebasserd
op twee foton–overgangen. De gebruikte klassieke paarpotentialen beschrijven de ben-
odigde fysisch-chemische eigenschappen voor VER adequaat.

Vooruitblik

De vier artikelen in dit proefschrift presenteren niet alleen nieuwe resultaten, maar
ook kansen voor toekomstige studies om ons begrip van de bestudeerde onderwerpen
verder te vergroten. In eerder gepubliceerde artikelen zijn sommige vandeze nieuwe
mogelijkheden al benut en zijn er vervolgpublicaties door anderen verschenen.

In het bijzonder zijn de resultaten uit Hoofdstuk 5 en Hoofdstuk 6 gebruikt om-
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experimentele resultaten te verklaren. Resulataten die inzicht geven in waargenomen
gasvormige CO-concentraties in de interstellaire ruimte. Verder kan YetAnotherSim-
ulationSuite.jl blijven groeien en zich ontwikkelen als open-source pakket. Naarmate
het meer gebruikers en ontwikkelaars aantrekt, kan het uitgroeien tot een belangrijk
hulpmiddel voor de computationele chemie gemeenschap.
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I was born in Orlando, Florida to Brazilian immigrant parents on March 6th, 1996. My
father grew up in a very poor family which made him drop out of elementary school to
get a job to support his family. My mother on the other hand was fortunate enough
to complete her schooling and go on to receive a college degree prior to my birth.
Currently, my father has returned to school and finished middle school and my mother
has received multiple graduate degrees. The dichotomy of my parents’ education levels
meant I grew up hearing two perspectives on school and what an education means to
a person. My father advocated that the only purpose of an education was to get a
better job, whereas my mother believed it was a way to become more open-minded,
feel fulfilled, and a source of passion.

My pre-university education was mixed, having gone to school in both Brazil and
the USA. I went to a public elementary school in Florida, then a private middle school
in São Paulo, and finally back to a public high school in Florida. In high school I
couldn’t care less about studying, and at the time I had no ambitions that pushed me
to care. Despite that, I knew I was going to attend university for a bachelor’s degree,
mostly because it made job prospects better. When it came time to decide on a major
I picked physics because it was the class in high school that I found the easiest. My
only reason for picking it was that it came naturally to me (so the courses would be
easy for me), and I found it interesting enough. I was accepted into the University of
Central Florida (UCF) for a physics bachelor’s degree.

During my undergraduate degree I met Dr. Costas Efthimiou, a mathematical
physicist at UCF. He initially took interest in me because I, at the time, was coaching
children’s soccer, and he wanted me to coach his son. At that time, I was also growing
more passionate about physics and considering pursuing a physics graduate degree.
At UCF, Costas was known for having recently mentored a bachelor’s student that
went on to receive multiple prestigious fellowships for a PhD position at Harvard. We
initially agreed that I would coach his son in exchange for him mentoring me; however,
he eventually decided that I needed to solely focus on physics. He outlined a plan for
me to make myself an ideal candidate for a PhD, but he also emphasized that my “low
math grades” at university would likely exclude me from any PhD programs. Although
I was not a bad student, he viewed anything less than perfect in an American school
to be bad compared to European schools (a topic up for debate). The most significant
part of his plan was writing a research proposal for a society of physics students (SPS)

161



Curriculum vitae

chapter research grant. This was a small grant for students to carry out independent
research style projects. I was awarded $ 2,000 to build an experimental setup for
performing the Cavendish experiment to measure the gravitational constant. Upon
completion of this project, it was incorporated into the undergraduate UCF physics
laboratory course for physics majors.

As an undergraduate student I joined a research group, another recommendation
from Costas, headed by Dr. Christopher J. Bennett at UCF. At this point I had
worked for a year as a machinist apprentice, so I was able to construct an ultrahigh
vacuum (UHV) in Chris’s laboratory, as well as design and machine a custom-made
sample holder and various subsequent variants for the chamber. Alongside the lab-
oratory work, I began running computational calculations of astrophysically relevant
molecules. Upon completing my bachelor’s degree, I accepted a PhD position at UCF
to continue working under Chris. It was during this time that I met my wife, Katie
Slavicinska, who a semester after me also accepted a PhD position in the Bennett lab.

At the time, the American science funding was orders of magnitude ahead of the
world, and so it was common for PhD students to apply for grants. Chris advised me
to apply for various NASA grants and fellowships. I managed to secure a $ 165,000
NASA fellowship and an additional $ 4,000 research grant. The NASA fellowship
was a joint NASA Ames and UCF research project where I was supposed to spend
summers at NASA Ames. Unfortunately, COVID prevented me from going to NASA
Ames my first year, and shortly after that, I left UCF.

In search of better PhD prospects, my wife and I applied for two positions in the
Leiden Laboratory for Astrophysics. Unfortunately, only one position was available,
but it was made clear to us that another faculty member at Leiden University was
looking for a PhD student. The other faculty member, Thanja Lamberts, worked in
theoretical chemistry, meaning only I was qualified for the position.

At Leiden I worked under Thanja for the first few years, then transitioned to
working under Jörg Meyer for the remaining time. April 20th, 2023 I completed a
course on scientific conduct at the Graduate School of Science. My PhD work has
culminated in a handful of publications. However, what I’m truly proud to have
produced during my PhD is my Julia package YetAnotherSimulationSuite.jl.
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Chapter 5

All of the Python code used for the simulations is publicly available on GitHub at
https://github.com/Cavenfish/CO_Project. XYZ files for all clusters used in this
work can be found on Zenodo at https://zenodo.org/records/8068393.

Chapter 6

All of the Julia code used for the simulations is publicly available on GitHub at
https://github.com/Cavenfish/YetAnotherSimulationSuite.jl. An HDF5 compliant dataset
(Julia Data Format “.jld2") of all ensemble averages reported within the manuscript
can be found on Zenodo at https://zenodo.org/records/14237514.
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