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ABSTRACT

Theoretical and experimental methods are applied to study the elementary
steps taking place in the gas phase and on the surface to help guide the rational
design of new precursors and catalysts. The body of this work sets out to im-
prove our fundamental understanding of the reactions taking place on various sur-
faces. A number of reaction pathways are modelled on the surface ranging from
benchmarking the energetics of known reactions to modelling new systems and
unexplored reaction pathways. Atomic layer deposition (ALD) of cobalt thin films is
desirable in the fabrication of complex nanodevices and development of effective
precursors requires a mechanistic understanding of the deposition pathways. The
first two projects set out to understand the reactivity and deposition pathways of
a number of existing and new Co precursors for ALD, and identify promising pre-
cursors to improve deposition. In a third project, the catalyzed oxygen reduction
reaction (ORR) is studied to both benchmark computational methods and identify
electronic trends across different metals and systems. DFT is shown to perform
relatively well compared to CCSD(T) on difficult, high spin systems and modest
model reduction in molecular catalysts is found to improve cost and convergence,
while retaining the calculated chemical trends. A large number of reaction path-
ways are computed for known and new transition metal systems and the results
are reported herein.
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Chapter 1

Introduction

1.1 Background

1.1.1 Organometallic reactions on surfaces

Innumerable natural processes take place on surfaces, spanning from capture and
transport across biological membranes, to rock weathering and formation.[1] Over
the past century, researchers have harnessed the gas-solid and liquid-solid reac-
tions to perform specific functions such as carbon capture using zeolites, metal-
organic frameworks (MOFs) or silicates|2, 3, 4, 5], harnessing energy in electro-
chemical reactions[6, 7, 8], and industrial-scale catalysis.[9, 10, [11] Unlike the
bulk phase of a material, the surface is in constant equilibrium with its environ-
ment, continuously facilitating adsorption and desorption processes. A surface
can host an abundance of sites with varying reactivities. The activity on each
site often depends on the surface morphology and defects such as grooves and
edges, which alter the saturation of the metal atoms, play a key role in the chemical
activity.[12, 113, [14, [15] Catalytic processes take place on active sites where sur-
face atoms serve as a stabilizing scaffold and electron library to facilitate molecular
transformations. To increase the relative number of surface sites available to catal-
yse reactions, rough or porous structures, crystallite particles, and nanoparticles
of the catalyst material are commonly used.[9, 11, [15]

Heterogeneous catalysis is a centerpiece for numerous important industrial pro-
cesses including Haber Bosch,[16] olefin metathesis,[17] hydrogenation,[18, [19,
20] and the synthesis of many chemical reagents. Having a solid-phase cata-



lyst allows for easy separation from reagents and reuse of the catalyst after the
reaction is complete. Electrochemical processes also rely on surface chemistry
to facilitate reactions. In electrochemistry, two paired yet physically separated
charge-transfer reactions take place, only linked by electronic and ionic conduc-
tors. Instead of transferring heat to and from the surroundings through chemical
collisions, the reactants collide with the electrodes to exchange energy in the form
of electricity.[6, [10] During electrolysis, endothermic reactions are driven by an
electrical current to generate a desired product, while in galvanic cells a sponta-
neous set of redox reactions drive the current.[6] Fuel cells are a type of galvanic
cell which generate electricity by harnessing the free energy from spontaneous
redox reactions by a continuous source of reactants (fuel).[21, 22] H, is split at
the anode to provide electrons to the cathode for the reduction of oxygen. The
catalyzed transformation of O, to H,O on the surface is the topic of Chapter 5.

Adsorption and desorption refer to the processes of association and dissocia-
tion of molecules on the surface. The adsorption and desorption properties of a
catalyst have direct implications on catalytic activity.[23, 24, 25] Adsorption is fur-
ther classified into two processes: chemisorption and physisorption. Physisorption
occurs when a molecule becomes attached to a surface through van der Waals
interactions. During chemisorption, electrons on the surface are shared with the
molecule. Physisorption is often a precursor state for chemisorption[26] and phys-
iosorbed compounds will often sample the surface until an eligible chemisorption
site is encountered. In heterogenous catalysis, turnover is often determined by
rate of adsorption and/or desorption.[15, 26] The barrier for desorption must be
higher than the desired reaction step however low enough for the product to des-
orb readily. For example, selectivity for hydrogenation of ethylene on various doped
Ni catalysts can be predicted by comparing the hydrogenation barrier against the
desorption barrier.18 Understanding what factors govern adsorption and desorp-
tion allows for rational catalyst design for optimized performance.

Surface chemistry drives the deposition of thin films and materials. There is
a growing demand for the fabrication of materials possessing specific electronic
and optoelectronic properties for energy conversion, semiconductor applications,
and magnetism.[27, 28] Heterojunction solar cells, transistors, and circuits are all
examples of devices that exploit materials formed by surface deposition and/or
etching methods. Physical vapor deposition (PVD) proceeds through physisorp-
tion while chemical vapor deposition (CVD) harnesses chemisorption to deposit



layers onto a substrate surface. However, these “line of sight” methods offer lit-
tle control over layer thickness and uniformity, and films often suffer from defects
(ie. shunting).[29, [30] With increased knowledge over the chemical processes that
occur on the surface comes increased ability to tune and control the deposition
process. A method which harnesses chemical knowledge to offer the most con-
trol over uniformity, thickness and selectivity of a deposited thin film is atomic layer
deposition (ALD).

1.1.2 Atomic layer deposition

Atomic layer deposition (ALD) is a cyclic gas phase deposition technique used to
grow highly conformal layers of an inorganic material.[31, 32] The birth of ALD is
largely credited to Finnish scientist Suntola in 1974 for patenting atomic layer epi-
taxy (ALE).[33] However, a technique coined molecular layering emerged in the
Soviet Union in the 1960’s which remained unrecognized by the scientific com-
munities in Europe and North America until recently.[34, 135] ALD is becoming the
deposition method of choice for the fabrication of complex semiconductor materi-
als and microelectronic devices around the globe[31, 36, 37] because it offers new
possibilities for advanced nanopatterning through selective deposition[38, 139, 140]
and deposition onto high aspect ratio substrates.[32, 41]

What sets ALD apart from other thin film fabrication techniques such as chem-
ical vapour deposition (CVD) are the discrete steps and self-limiting surface re-
actions which take place. An ALD cycle entails the deposition of a gas phase
precursor followed by the introduction of a co-reactant, separated by a purge or
rinse step (Figure 1.1). In step 1, the gas phase precursor is introduced into the
ALD chamber and coordinates to available surface sites. Once deposited, a well-
designed ALD precursor will self-limit deposition to one molecular layer per cycle
by retaining enough ligands to shield the metal center from remaining gas phase
species. Once the surface sites are fully occupied, the remaining gaseous species
are evacuated from the chamber (step 2). Step 3 marks the second half-cycle
which involves either cleaving the remaining ligands from the surface-bound pre-
cursor, introducing a second precursor for multi-elemental films or, in the case of
thermal ALD, heating the film.42 To remove the remaining ligands, a reactive co-
reagent is introduced into the chamber to reduce the metal center. However, step 3
can also involve exposure to high temperatures (thermal ALD) or plasma (plasma



assisted ALD) to scrub auxiliary species from the surface. In the final step, the
chamber is once again evacuated to remove gas phase species previously gener-
ated, leaving behind an atomic layer of material. These series of steps form one
complete ALD cycle which can be repeated to achieve a desired film thickness.
The self-limiting deposition mechanism allows for uniform thin films to be grown on
high aspect structures with thickness control down to the Angstrom level.[31, 42]

1

gas phase | I ALD chamber
precursor

first half-cycle

3-D patterned substrate

ALD
cycle 3
co-reagent
and/or heat
second half-cycle

Figure 1.1: Schematic depiction of an ALD cycle with numbered steps which can
repeated until a desired film thickness is achieved.

While ALD offers high precision it is an expensive process where a large por-
tion of the precursor dosage becomes waste.[43] Thus, there is a need to maximize
the efficiency of precursor deposition by improving targeted reactivity towards the
surface. Moreover, despite the growing popularity and demand for the technique,
ALD mechanisms remain poorly understood[44, 45] and there are only a limited
number of known reaction pathways for ALD.[31] The rational design of new suc-
cessful metal ALD precursors requires a detailed understanding of the deposition
mechanisms.[44, 46, 47]

A number of studies have accomplished in situ monitoring of deposition to
monitor growth rate, reaction products, surface species and film properties such
as thickness using methods such as quartz crystal microbalance, infrared spec-
troscopy (IR), quadrupole mass spectrometry (QMS), and spectroscopic ellispom-
etry. [48, 149, 50, 51, 52, 53, 54, 155, |56] Goldstein et al.[57] performed in situ
monitoring of Al,O3 ALD using Fourier transform infrared (FTIR) spectroscopy to
characterize surface species along with QMS to track gas-phase products from the



reaction of O; with AIMe;. However, conventional characterization takes place ex
situ, after deposition is complete or between cycles.[48]

Spectroscopic methods including X-ray photoelectron spectroscopy (XPS), IR
and Raman are commonly used to characterize the chemical environment on the
surface while microscopy methods such as atomic force microscopy (AFM) and
scanning electron microscopy (SEM) can be used to characterize the morphology
of surface layers.[49, |58, 59, 60] For depositing multielemental layers, observing
which types of bonds are formed on the surface reveals information about the
bonding environment and potential side-reactions that take place.

Computational chemistry is an emerging method for supplementing experimen-
tal methods applied to advance ALD precursors. Simulations offer molecular level
insight and feedback for predicting the elementary steps during deposition.[61, 62,
63, 64, 65, 66] Moreover, chemical trends can be used to predict and screen more
stable, and/or effective precursors.[67, 68] The capabilities of modern materials
chemistry software allow researchers to simulate realistic surfaces to obtain in-
formation about adsorption energies, reaction intermediates, activation barriers,
thermal stability, and electronic properties. These methods will be discussed in
Chapter 2|

1.1.3 Cobalt and ALD

The deposition of metallic cobalt has important applications in microelectronics.
Atomic layers of Co can act as a diffusion barrier between interposed materials,
preventing charge drift across material junctions, or as a seed layer at interfaces
with poor adhesion such as Cu, an important conductor material, and SiO,.[44, 69,
45] Metallic cobalt is also a desirable material for semiconductors, spintronics and
super-magnetoresistance in memory storage devices.[70, [71] CoSi, also serves
as a common contact material in microelectronics where Co deposited and then
annealed on Si contacts.[44,/45] These applications require the deposition of highly
uniform Co layers onto high aspect-ratio surfaces, a task well-suited to ALD. The
layout of microelectronic devices is rapidly shrinking towards the nanoscale, and
thus the demand only grows for the function and precision offered by ALD for Co
precursors.

As mentioned, there are only a handful of known ALD precursors and fewer
still proposed reaction pathways for the deposition of cobalt.[44, 59, 45, 72,173, 74]



While deposition of Co onto metal surfaces remains fairly straightforward, deposi-
tion onto Si and SiO, have posed challenges.[69] The optimal conditions for de-
position are unique to each compound being deposited, thus precursor design
continues to limit the substrates that can undergo ALD.[31, 47] Cobalt is particu-
larly challenging to deposit as a pure metal because of its relatively low reduction
potential.[44, |45, |66] Metals with more negative electrochemical reduction poten-
tials require stronger reducing agents during the second half-cycle (Figure 1.1) to
reduce them to metals at the surface.

Despite their inherent uniqueness, successful metal ALD precursors share a
number of basic qualities including: adequate volatility such that the substrate
temperature is higher than that required to evaporate the precursor, sufficient ther-
mal stability throughout the ALD process, reactivity which results in only volatile
by-products and, of course, reasonable reaction yields.[75] As the demand for de-
positing Co grows more diverse and broad across different applications, identifying
precursors which are most suited for ALD onto a specific substrate will increase
efficiency, decrease waste and improve the quality of thin films deposited.

Cobalt precursors have been tested for ALD with varying success (Figure 1.2).[76]
In particularl, cobalt carbonyl complexes have gathered attention as promising pre-
cursors due to well-established syntheses, their relatively good volatility, and the
easy cleavage of carbonyls as neutral species.[77, 78, [79, 80] While most pro-
posed Co precursors have an oxidation state of +1, oxidation state ranges between
0 (A) and +2 (D, F). While uncommon, trivalent Co(+3) species have been tested
for ALD as well.[76] For precursor A, a reducing agent is not required; instead, an
annealing step above 125 °C after adsorption is performed to bake off remaining
ligands. For precursor B, the key parameter to deposition was the partial pres-
sure of the coreagent, H,.[58] For Co(+2) complexes, formic acid has been used
to reduce the metal center.[81] Other common reducing agents used includes H,
(sometimes in combination with plasma) hydrazine, and ammonia.[76] In some
cases, a finely tuned mixture of H,/NH3 has shown to affect deposition (ie. for pre-
cursors D and F).[82,83]) While deposition onto metal surfaces works well, limited
success with Co deposition onto SiO, drives a demand for precursors with better
reactivity towards SiO,.[76, 184, 139, 185] The use of silyl-based ligands has shown
some success over simple alkyl groups in depositing low-resistivity Co metal films
without the use of a co-reagent.[86] Cobalt-silyl complexes will be the primary focus
of Chapter [4]
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Figure 1.2: Examples of cobalt precursors that have been proposed and tested
for ALD. A shows Co,(CO)g, B shows tBu-Acetylene-dicobalthexacarbonyl,[72] C
shows tBu-AllylCo(C0O)3,39 D is bis(N,N’-diisopropylacetamidinato)cobalt,[87] and
E and F show CoCp(CQO), and Co(Cp),.[84]

There are multiple studies that have harnessed computational chemistry and
ex situ experimental methods to deduce Co ALD reaction pathways. Kim et al.[S9]
deposited cobalt carbonyl (A) onto Si(100) substrate by remote plasma ALD and
examined the impurity content by Auger electron spectroscopy (AES). They found
that incomplete decomposition of the Co-CO bonds resulted in carbon and oxygen
incorporation into the Co film which in turn suppressed the formation of the desired
CoSi, layer in a subsequent annealing step. Kwon et al.[72] used IR spectroscopy
to characterize the bonds formed on SiO, and Si surfaces after ALD with CCTBA
(B). Bridging carbonyls were observed during intermediate steps of the ALD pro-
cess on Si(111). However after the final ALD step, Co—Si bonds were observed
on Si(111) and Co—0O bonds on SiO,(111). Another observation on Si(111) was
the incorporation of C-Si bonds, suggesting that hydrosilation is taking place with
the terminal alkyne. Subsequent growth was inhibited on sites occupied by carbon
species. They also noted that deposition onto SiO, required much higher tem-
peratures and resulted in more impurities over the course of multiple cycles. In
Chapter [3] the experimental and computational results from modifying CCTBA to
suppress unwanted reactivity of the alkyne are discussed. In another study, Kwon
et al.[39] investigated the deposition of ‘Bu-AllylCo(CO); (C) using AFM, XPS and
computational methods. They measured a striking selectivity for the Si(111) over
the SiO,(111) surface during Co deposition. Simulated reaction pathways show an



energy difference of over 0.8 eV for initial chemisorption steps on Si versus SiO,
which is largely attributed to the thermodynamic difference in activating a Si—H
surface bond versus the O—H surface bond.

The theme of poor reactivity between Co ALD precursors and SiO, is pursued
in Chapter[4] Although the positive reduction potential of cobalt limits the reactive
nature of the metal center, a molecular design which targets specific deposition
mechanisms can help overcome the lack in reactivity on silica substrates. In Chap-
ter [4, a set of ALD precursors specifically target reactivity with a SiO, substrate.
Understanding the deposition pathways of existing precursors can propel the de-
sign of improved or specialized precursors. Broadening the scope of cobalt ALD
will open the opportunity for more industrial applications and allow the design of
smaller and more complex devices. This thesis is motivated by the opportunity and
need for the rational design of cobalt precursors (Chapters |3/ and [4) and catalysts
(Chapter [5) using computational chemistry.

1.2 Agenda

Chapter[1]has introduced background and the motivation for this research. A gen-
eral background on the facets of organometallic surface chemistry is given from a
brief discussion of heterogeneous catalysis, the basics of adsorption and desorp-
tion processes followed by an introduction to atomic layer deposition (ALD). ALD of
Cobalt is then introduced along with a discussion of current progress and ongoing
challenges in the field.

The methods used in this dissertation are introduced in Chapter 2. A gen-
eral overview of computational chemistry along with the selection of computational
chemistry methods applied to simulate various types of chemical systems are ex-
plained. A background of the mass spectrometric methods used to monitor reac-
tions in real-time follows the quantum computational section.

Chapter [3|describes the first project which studies the gas phase decomposi-
tion of two cobalt carbonyl alkynyl precursors using the mass spectrometric and
computational methods that were introduced in Chapter 2. Kinetic experiments
were also conducted by reaction monitoring to compare the formation of the two
Co precursors. Finally, simulations of precursor deposition onto the silicon surface
showed were used to compare the reactivities of the metal center. NEB was ap-



plied to show the decreased reactivity of the modified alkyne ligand and suggests
this ligand may lead to lower amounts of carbon impurities.

Chapter [4]is a computational study on a set of silyl-based Co ALD precursors
and their deposition mechanisms onto various surfaces. These precursors offer an
alternative deposition pathway during ALD on SiO, which has not been explored.
Results show promising energetics for deposition onto silica through this new path-
way.

Methods for simulating the catalytic conversion of oxygen to water are bench-
marked in Chapter 5| This work was conducted during an internship in collabo-
ration with OTI Lumionics in an effort to benchmark their quantum algorithm for
describing the electronic structure of small high spin systems. This work is ongo-
ing, however we also achieved extensive results from DFT benchmarking of atomic,
molecular and periodic catalyst systems. The results and computational trade-offs
of various methods and systems are discussed.

A collection of shorter projects and collaborations are assembled in Chapter [6]
Simulations of transitions states of molecular catalysts were performed to pair with
experimental work done by collaborators. Python tools created for kinetic analysis
and generating figures are also summarized in this chapter.

Finally, Chapter [7| concludes the dissertation, summarizes its contributions to
the scientific community and reflects on the lessons learned from simulating a large
variety of organometallic reaction pathways.
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Chapter 2
Methodology

Theoretical chemistry lends itself well to understanding the chemical processes
taking place on the surface. Calculations can identify stable geometric arrange-
ments of atomic nuclei and the relative energies of these structures can be used
to gain information about their reactivity. Furthermore, molecular properties such
as electronic spin, dipole moments and stability can be assessed. Providing infor-
mation before any experiments are conducted in a lab provides valuable chemical
insights to help direct synthetic targets and understand key mechanisms.

Selecting a suitable level of theory to describe a system and evaluating the qual-
ity of the results lies at the center of theoretical chemistry. To simulate atoms with
multiple electrons, let alone many interacting atoms making up molecules, means
tackling the many-body problem. The implementation of several approximations
has made chemical problems tractable on classical computers. The computational
chemist must regularly deliberate the trade-off between accuracy and system-size
(or computational cost).

This dissertation tackles many transition metal systems, ranging from surfaces
to molecules to single atom catalysts. Hence, a variety of computational methods
are used to describe these systems as well as to benchmark the results. While
density functional theory remains the method of choice because of its reliability
and scaling, wavefunction methods provide a way to prepare the Hamiltonian of
a system for emerging quantum algorithms. Furthermore, DFT and wavefunction
methods in combination produce some of the most reliable and accurate electronic
structure calculations of molecular systems.
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2.1 Quantum chemistry

At the molecular level, electromagnetic interactions dictate the behaviour of par-
ticles, which is captured in Coulomb’s law.[88] The Coulombic equation is an ex-
pression of potential energy as a function of distance,

V coutomb (fy) 99
Fij

where r; is the distance between two charged particles and q is the charge
of the particle. The total energy of a chemical system is the sum of the kinetic
and potential energies of all particles constituting the system. The distinct inter-
acting particles are electrons and nuclei and therefore the molecular Hamiltonian
becomes

Htot - Te + Vne + Vee + Vnn + Tn

The potential energy terms arise from the interactions between each type of
particle where V,. is the coulombic interaction between the nuclei and the elec-
trons, V.. is the interaction between the electrons and V,, is the interaction be-
tween nuclei.
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where e is the elemental charge of a particle, Z is the atomic number which
corresponds to the number of protons in the nucleus, R and r are the nucleic
and electronic positions and ﬁ is Coulomb’s constant containing the vacuum
permittivity, . Note that V,. is an attractive term and the negative sign comes
from the elemental charge g of an electron and the protons in the nucleus having
opposite signs.

To allow for separation of variables, the kinetic energy must be expressed as a
function of a particle’s coordinates and momenta rather than their velocities as they

are in 2mv2. The linear momentum operator of a quantum particle is p = (2.2),
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Substituting this operator into the expression of kinetic energy in terms of p and r

yields
2 “2m 2m\ior)  2m \oOr

As a result, the kinetic energy operators for the nuclei (T,) and electrons (T.)
of a system respectively are

Where h is Planck’s constant, M; is the mass of the nucleus or m. the mass of
an electron and V? is the Laplace operator of particle i,

o? 0? 0?
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One measure to greatly reduce the many-body problem is to apply the Born-
Oppenheimer approximation[89] which solves the motion of the nuclei and elec-
trons separately. Because of the difference in mass between an electron and the
nucleus, there is a large separation in their dynamical timescales. The positions
of the nuclei can essentially be considered fixed when assessing to the motion of
an electron. Therefore, the electronic Hamiltonian H. can be solved in terms of a
stationary set of nuclei,

He:Te+Vne+Vee+ Vn

and the electronic potential obtained subsequently contributes to the motion of
the nuclei. The Born-Oppenheimer approximation excels in systems with heavier
nuclei, however even in the case of lighter atoms such as the hydrogen molecule, or
when multiple solutions to the Schrodinger equations exist close in energy.[90, 191]

There are several methods of modelling chemical systems within computational
chemistry. Molecular models span from classical modelling, which wrap the elec-
tronic and nucleic charges into a single classical potential, to quantum methods
including semi-empirical or ab initio wavefunction methods and density function
theory (DFT). To describe bonds breaking and forming, the electrons involved in
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these interactions must be treated separately from the nuclei which demands a
quantum mechanical approach.

2.1.1 Wavefunction methods

Hartree-Fock (HF) theory is central to ab initio methods,[92, 93] in which each
electron is described by a single orbital and the full wavefunction is the combi-
nation of those orbitals. By addressing electron repulsion term with a mean-field
interaction depending only on the electron’s position, the equation describing each
electron becomes separable into n hydrogen-like equations. The HF solution must
be sought iteratively through the self-consistency cycle (SCF) until an acceptable
convergence is reached. Slater introduced a mathematical formulation for anti-
symmetric spin orbitals in the linear combination of atomic orbitals.[94] While the
HF solution itself neglects electron correlation, post-HF methods offer energetic
corrections to address the electron-electron repulsion more rigorously and correct
the V.. term . The true energy of a modelled system is the sum of the electronic
correlation energy and the Hartree Fock energy (Exr).[90]

Esys - EHF + Vee

For high spin systems, unrestricted Hartree-Fock (UHF) and restricted open
shell Hartree-Fock (ROHF) allow for singly occupied wavefunctions. UHF breaks
the wavefunction into a set of singly occupied anti-symmetric orbitals[95] while
ROHF assigns doubly occupied orbitals for the core electrons and allows open
shell assignment of unpaired valence electrons.[96] However, spin contamination
can influence the ground state energy by mixing different spin states, which leads
to error in estimating the energy in stretched and equilibrium structures.[97, 98]

Once the HF wavefunction has been solved, there are a range of options for
incorporating electronic correlation into the total energy. From completely ignoring
the repulsive interaction to accounting for a complete active space, the researcher
must assess the level of theory to use for their system under study. As mentioned,
HF includes in the interaction between an electron and the mean field at its position.
However, an electron’s position will instantaneously influence the positions of the
other electrons in its proximity which is not captured in the mean field approach.

Perturbation theory can address electron correlation by adding higher order
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correction terms to the simplified Hamiltonian. Mgller—Plesset (MP) perturbation
theory[99] is a common post-HF perturbative method which involves usually a sec-
ond order (MP2) correction of the natural orbitals to account for electron correlation
effects and dispersion interactions by mixing in some added occupancies into the
wavefunction. Full configurational interaction (Cl) is a linear variational approach
for including all electron-electron interactions and includes all possible electronic
configurations possible within the basis function.[100] Coupled cluster (CC) is an-
other post-HF method for handling the many-body problem[101] and is considered
the gold standard in quantum chemistry methods. Starting from the HF wavefunc-
tion, CC uses an exponential excitation operator to mix electronic excited states
into the wavefunction to account for correlation. However, with n® scaling with
system size, CC and full Cl quickly become impossible to apply using current com-
puters, even for moderately small molecules.[100] There are ways to work around
the scaling issue by selecting an active space to treat using CC or CIl. The prob-
lem of size consistency arises if these energies are compared against different
reaction steps, for example. There is no sure-fire way to ensure that each sys-
tem got the same “CAS” treatment since the electronic structure changes across
a reaction. Nevertheless, thoughtful CAS selection can give accurate and valu-
able insight on the electronic structure of reactive centers for larger molecules. In
Chapter [5, an appropriate CAS selection was necessary to prepare the one and
two-electron integrals of the oxygen reduction intermediates for OTI’s qubit coupled
cluster method.[102]

2.1.2 Density functional theory

Rather than solving a large set of orbitals, the electrons can be viewed as a non-
uniform density.[103] Hence, density functional theory (DFT) applies a functional
which is a function of the electron density which is a function of position. The Kohn-
Sham equations evaluate the kinetic energy of the electrons as if they are non-
interacting.[103] This mostly accounts for the kinetic energy, but corrections can
be added in after which take into consideration the effect of electron correlation on
the kinetic energy. DFT has established itself as a pillar in computational chemistry
for the evaluation of electronic structures, geometries, and reaction profiles at much
lower costs than HF methods.[104!, 105, [106]

The exact exchange-correlation functional is not known and different levels
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of approximations can be made. The simplest approximation is the semi-local
exchange-correlation functional which only depends on the local charge density
and its gradient. The local density approximation (LDA) is the simplest exchange-
correlation functional which evaluates E,.(r) using a homogeneous electron den-
sity. However, the LDA functional results in large errors and is insufficient for de-
scribing chemical reactions.[107] The generalized gradient approximation (GGA)[108,
109] marked a significant advance in the accuracy of DFT functionals. In GGA,
a gradient approximation is applied to the exchange functional instead of a ho-
mogeneous density distribution, as done in the local spin density approximation
(LSDA/LDA). GGA offers significant improvement over LDA for computing bind-
ing energies and energetic barriers in chemical reactions, including adsorption
processes.[110, 111, [112]

DFT methods can be divided into non-empirical and semi-empirical approaches,
both finding ongoing use in chemistry research. The non-empirical route involves
ab initio methods while semi-empirical methods use established parameters to fit
coefficients to previously calculated reference values. While semi-empirical meth-
ods tend to achieve closer agreement with experimental values, their accuracy
relies on the agreement between fitted empirical parameters and the system of
study. Non-empirical methods on the other hand attempt to describe a variety of
systems with more consistent chemical accuracy by describing each system from
first principles.[113]

There are a vast number of DFT functionals with varying weaknesses, capa-
bilities and cost.[114] Hybrid functionals combine contributions from Hartree Fock,
LDA and Becke’s gradient-based exchange correction and the Lee, Yan and Parr
(LYP) correlation functional. Among the most reliable hybrid functionals is B2-PLYP,
introduced by Grimme in 2005.[115] B2-PLYP is a double hybrid function because
it mixes electronic exchange from Becke’s GGA with electronic correlation by Lee,
Yan and Parr (LYP) with HF exchange and second order MP-type correlation.

Evw = (1—a,) ES® + a EMF + bESCA  cEPT?

Where a, is the HF-exchange mixing parameter and b and c scale the contri-
butions of GGA and perturbative correlation contributions. While B2-PLYP shows
good performance even for transition metal systems, it is computationally expen-
sive and does not scale well for larger systems. A less expensive but reliable
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alternative to B2-PLYP is the PBEO hybrid functional, which behaves consistently
across a variety of systems. Both PEBO and B2-PLYP were the functionals of
choice for studying modest systems because they tend to be dependable for tran-
sition metal complexes.[115, 116} [117]

Despite many advancements, strong electron correlation remains difficult to
capture using DFT, and there is no straightforward way to systematically improve
these functionals.[106] Nevertheless, over the past few decades, DFT has offered
considerable improvement over HF-based methods in chemical accuracy and es-
pecially in computational scaling with system size.[104]

chemical accuracy
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Hartree-Fock Theory

Figure 2.1: The Jacob’s Ladder of computational accuracy.[118] Each of the rungs
represent a step up in describing electron-electron interactions. The rungs start-
ing from the bottom are i) the local spin density approximation, ii) the generalized
gradient approximation (GGA), iii) the meta-GGA approximation iv) the hybrid func-
tional, and v) the generalized random phase approximation. The lower semi-local
rungs are computationally efficient, can be constructed non-empirically, and can
serve as inputs to fourth-rung functionals.

2.1.3 Choice of basis sets

All quantum-chemical calculations are performed using a finite set of basis func-
tions which are used to build the molecular orbitals of a system.[119, [120] Both
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HF and DFT methods start from a linear combination of atomic orbitals (or plane
waves for some periodic methods). An infinite number of basis functions would be
needed to form a complete basis set (CBS). Regardless of whether a wavefunc-
tion, DFT or hybrid method is used, the basis set approximation will continue to
limit the description of a system. An inadequate basis set will give poor results no
matter the method used to describe the electrons occupying that basis set.

A basis set is defined by number of orbitals used to describe each atom as well
as the type of functions used to describe each orbital. Minimal basis sets are ade-
quate to describe single atoms, which only include enough atomic orbital functions
to contain the electrons of the neutral atoms. However, additional functions allow
for asymmetry and flexibility about the nucleus when molecular orbitals are formed.
One improvement over a minimal basis set is to introduce a split valence basis in
which the number of functions used to describe each valence orbital is doubled
(double-zeta, DZ), tripled (triple-zeta, TZ), quadrupled (QZ), and so forth. Split va-
lence basis sets combine multiple functions to describe a single orbital. Especially
in valence orbitals, split valence basis sets allow the electron density to spatially
redistribute in response to a particular environment.

Furthermore, polarization functions can be added to provide higher angular mo-
mentum functions to describe the electron distribution along a bond. For example,
polarization can be achieved by mixing p-orbitals to polarize s-orbitals or d-orbitals
to polarize p-orbitals and so forth. Adding polarization functions is a reliable way for
improving the accuracy of binding energies in molecules.[121, [122] Finally, diffuse
functions are small exponential functions which add a “tail” to the atomic orbitals.
These help account for long loosely bound electrons and are very important for
capturing vdW interactions, stabilize anionic species, and accurate modeling of
long-range interactions. Diffuse functions are especially useful for describing an-
ions and excited states.[123, [124]

The complex bonding environment of organometallic complexes makes them
costly to describe sufficiently. The valence electrons involved in forming bonds
originate from d-orbitals and there are often a number of degenerate or near-
degenerate electronic states. Capturing the flexible shape of the bonding and
nonbonding orbitals requires a higher number of basis functions per orbital. Even
small changes in the spatial description of the orbitals can result in a different or-
dering of near-degenerate energy states and therefore different minimum energy
descriptions of a system. In order to capture these subtle energy differences in
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transition metal catalysts, we opt for triple-zeta basis sets with added polarization
and diffuse functions. However, this can become costly fast and, depending on
the system at hand, performing geometry optimizations with a smaller basis set
followed by a final single point energy using a larger basis set is an effective way to
obtain the best possible electronic structure while managing computational cost.

Gaussian bases from the Ahlrichs def2 basis set family were selected for cal-
culations involving finite structures. In a benchmarking of DFT geometry optimiza-
tions, def2-TZVP bond lengths remained within 1 pm and angles within 1°.[125] In
particular, DFT calculations paired with the def2-TZVPP basis set tend to improve
results towards the basis set limit.[125] It is important to be selective over the use
of augmented basis sets in DFT because excess diffuse functions can increase
the cost of the calculation, cause SCF convergence issues and do not necessarily
improve basis set superposition error (BSSE).[126] 127, [128] However, describ-
ing the coordination in transition metal systems differs greatly from main-group
elements and adding diffuse functions (def2-TZVPPD) will generally improve elec-
tronic structure, particularly for systems with loosely bound electrons.[129, (128,
117] A common workflow throughout this dissertation is to perform DFT geome-
try optimizations using a smaller basis set followed by a single-point energy cal-
culation using def2-TZVPPD. Effective core potentials (ECP) were often used for
heavy elements to reduce computational cost with minimal sacrifice of accuracy
since the core electrons are not involved in bond breaking and formation.[125] The
def2-ECPs[130] were applied for heavy atoms such as Pt in Chapter [5] and for Pd
and Zr in complexes discussed in Chapter [6]

While large basis sets can be implemented for molecular scale systems as de-
scribed above, a large portion of this dissertation is focused on surface chemistry.
A common approach to describing periodic materials is to use plane wave basis
sets which repeat periodically. However, when describing localized reactions taking
place on a surface, a plane wave description of the localized interactions becomes
cumbersome. Another periodic basis set which involves numerical atomic orbitals
is implemented by the SIESTA method.[131] What sets this basis set apart is that
the bases functions have a numerically defined radial dependence and are only
non-zero within a finite space.[132] This cancels all interactions in regions where
the bases are defined as zero. Selecting an appropriate radius cut-off is essential
to preserve accuracy while also considering added cost and this value can be set
using the PAO.EnergyShift keyword. For all SIESTA calculations, a cutoff of 0.001
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Ry was applied. Moreover, the number of basis functions are kept small by using
effective core potentials. These approximations allow for N-scaling with system
size. Because of this scaling, we are able to monitor metal substrates and atomic
layer deposition pathways on various surfaces with large cell sizes (200+ atoms).

2.1.4 Ab initio studies of surfaces

The two main classes of models to simulate surfaces stem from a molecular and
solid-state chemistry approach.[133] Cluster models are used to simulate a finite
collection of atoms which resemble a surface site. This molecular approach allows
for adjustment of the system size to match the computational method applied. On
the other hand, solid-state chemistry describes the surface as a slab in a repeating
cell of specified dimension. The surface reaction must fit into a single cell and the
periodic distance must be taken into consideration when designing a slab. Peri-
odic boundary conditions enable a continuous material to be modeled while only
simulating cell containing a finite number of atoms which repeat in each spatial
dimension. In some cases, a 2-D surface is required to truly simulate the bonding
environment on the surface (ie. to account for crowding effects).[62] Depending on
the property of interest, both periodic and cluster approaches can serve as models
for systems from first principles.

For both the cluster and periodic approach, DFT generally gives structures that
are in good agreement with crystallographic results. Exchange-correlation ap-
proximations, basis set completeness and the accuracy of pseudopotentials are
all factors which contribute to the accuracy of DFT results. While hybrid func-
tionals tend to describe adsorption processes more accurately,[134] they are not
easily evaluated for periodic systems, making exact electronic exchange difficult
to access.[118] [107] For simulating periodic surfaces, the popular GGA based
Perdew, Becke and Ernzerhof’s PBE functional[135] has become prevalent in ma-
terials simulations. A leading influence on the accuracy of surface interactions,
particularly involving transition metals, is the inclusion of dispersive van der Waals
interactions. Including some form of dispersion correction in DFT greatly influences
the energy landscape of a system, offering higher accuracy for interaction ener-
gies and geometries.[136] In particular, periodic systems which are limited to pure
DFT functionals show considerable improvement in calculated adsorption energies
when empirical dispersion corrections are included.[137] Semi-empirical[115,138]
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or empirical[139] corrections can used to account for long-range dispersive inter-
actions.

Dispersion corrections to supplement DFT calculations involve adding a pair-
wise interatomic GsR~° term (E,qw) to the DFT energy.

1 _
Evaw = — ; fuomp (Rag, RS, RS) CoasRag

Where R, is the distance between atoms A and B, Ggag is the isotropic Gg
term to describes the vdW interaction between two atoms or molecules, R} and
RS are the vdW radii for each atom. A short-range damping function fy,.,,, is incor-
porated to eliminate unrealistic behaviour at short distances. When simulating a
material such as a surface, accounting for screened interactions is important.[140]
Screened vdW interactions are best described by a different set of values for cal-
culating E,qw. Tkatchenko’s screened vdW parameters are implemented for all
surface calculations performed in this work.[140]

Whether the electronic Hamiltonian is treated as a wavefunction or electron
density, tackling large systems and materials requires solutions to scaling. For
heavier elements past the second row, the use of pseudopotentials greatly de-
creases the number of orbitals and interactions that need to be accounted for. A
pseudopotential wraps the inert core electrons into a single potential, leaving only
the reactive valence electrons which are involved in bonding to be optimized.[141,
142] All Troullier-Martins pseudopotentials used in surface calculations were ob-
tained from SIESTA’s GGA Pseudopotential Database.

2.1.5 Ab initio molecular dynamics

Molecular dynamics is a simulation of the movement of atoms in molecules. Each
simulation results in a trajectory containing a specified number of steps. Com-
monly, the movement of the nuclei are governed by Newtonian equations of motion.
After each step, the energy of the system is calculated using either classical or, in
the case of ab initio molecular dynamics (AIMD), quantum chemical methods. The
Nosé-Hoover thermostat[143] provides a thermal bath in which the kinetic energy
of the system can fluctuate. During these calculations, volume V and temperature
T are kept constant. The number of particles N is also held fixed, resulting in a
canonical NVT ensemble. By using a quantum mechanical approach to describe
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the electrons in the system, bond breaking and forming can occur. However, AIMD
is an expensive method; each MD step spans only up to one femtosecond and
for each step an electronic structure calculation must take place. If an appropriate
method is chosen and enough computational resources are available, these calcu-
lations provide a unique opportunity to simulate the dynamics of the study system.
In this work, PBE/DZP with semi-empirical dispersion corrections was paired with
AIMD to simulate periodic systems.

AIMD trajectories carried out allow for the system to sample the potential energy
surface freely. Geometry optimizations for obtaining minimum structures are highly
dependent on the starting geometry. When optimizing binding configurations for a
reaction on the surface, a common issue is to become energetically trapped in the
nearest local minimum of a shallow PES. AIMD allows the system to traverse the
PES and sample many configurations to start geometry optimizations from. This
method was applied to find and confirm complex surface binding configurations
throughout Chapters 3 and 4.

2.1.6 Transition State Methods

Determining the transition state of a reaction is an interesting problem for the com-
putational chemist. Because transition states do not exist long enough to observe
experimentally, computational methods offer a unique approach for studying tran-
sition state configurations. Unlike optimizing a structure to a potential energy mini-
mum, finding a saddle point, let alone the correct saddle point is a challenging task.
The two approaches involve interpolation methods and local surface-walking algo-
rithms and combining these techniques often yields the most success in identifying
reaction barriers.

A reaction pathway can be represented by the minimum energy path (MEP)
which connects the starting energy to the final energy across the potential en-
ergy surface (PES). Depending on the number of elementary steps in the reaction,
the MEP will encounter saddle points corresponding to each transition state. The
highest point along the MEP connecting the reactant and product determines the
energy barrier of a reaction so it is necessary to have an estimate of the MEP.[144]
There are several computational techniques that are used to identify the coordi-
nates of the saddle point connecting the start and endpoints. Generally, finding
the transition state can be done using interpolation methods, surface walking al-
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gorithms or a combination of both. A sound strategy is to use interpolation tech-
niques such as growing string[145] or nudged elastic band (NEB)[146] to establish
the MEP.[144] These methods attempt to connect the final and initial state of the
system along the most energetically favorable pathway. NEB is an interpolation
method that minimizes a set of images connecting the two endpoints. A spring
force is applied to adjacent images to ensure continuity and control the spacing of
these images. To improve the estimation of the transition state, the climbing image
(Cl) NEB method was implemented.[147] CI-NEB is designed to increase the reso-
lution around the saddle point by forcing images closer towards the energy barrier.
One of the images is selected to converge at the highest saddle point.

Once an interpolation method establishes a MEP, the maximum can become
the initial guess for a local saddle point search algorithm. These methods use
local gradient and second derivative information to converge upon the true sad-
dle point. Dimer methods,[148] the Lanczos method[149] and partitioned rational
functionalized methods of Baker[150] are all surface walking methods that can be
used for finding transition states in molecular systems.[151] Starting a saddle point
search from an arbitrary or biased point may result in convergence upon a saddle
point which does not connect the endpoints. While MEPs become very expensive
to converge as the system grows, even a rough interpolation calculation provides
an initial guess that incorporates information about where the saddle point must lie
to connect the endpoints.

NEB calculations were performed for various systems using ORCA and NWChem,
and will be discussed in more details in the coming chapters. Recently, NEB has
also been implemented for SIESTA calculations through the Atomic Simulation En-
vironment (ASE), allowing for transition state searches on surfaces. Previously,
a homemade python script was implemented and used to perform relaxed scans
on the surface by linear transit (see Appendi¥A). These normally resulted in very
rough MEPs and overestimations of saddle points because of their brute-force
nature. However, implementing a step-size smaller than 0.05 A resulted in fairly
smooth energy curves. More refined methods such as NEB allow for much higher
chemical accuracy with fewer computational steps.
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2.1.7 Quantum chemistry software

Academic free license chemical software used for simulating systems includes
SIESTA,[131] ORCA,[152], [153] ASE,[154] PySCF[155, [156] and NWChem.[157]
SIESTA was primarily used to perform DFT geometry optimizations (using both
"DZP” and "TZP”) and ab initio molecular dynamics on periodic surface slabs.
ORCA was used to perform geometry optimizations, transition state searches and
free energy calculations with more rigorous hybrid DFT functionals and basis sets.
Finally, NWChem was also used to perform geometry optimizations and transition
state calculations for small transition metal systems. UHF electronic structure cal-
culations were also performed to generate one and two electron integrals as inputs
for quantum codes.

Transition metals remain a difficult subject for computational chemists as there
are many interacting electrons and degenerate or proximal orbitals. Wavefunc-
tion methods such as coupled cluster are more expensive but can fully incorporate
the electronic interactions when given enough computational resources. Often-
times, parameterizing a system can achieve adequate results with a fraction of
the computational cost which can be particularly helpful in the simulation of ma-
terials containing transition metals. It is the duty of the computational chemist to
weigh the benefits and drawbacks of each compromise, which is often facilitated
by benchmarking these methods.

2.2 Experimental methods

2.2.1 Electrospray ionization mass spectrometry

Electrospray ionization (ESI) is a widely used soft ionization technique to produce
gas phase ions from solution.[158,159] ESI is well suited to the mass spectromet-
ric monitoring of fragile species because it is gentle enough to prevent decomposi-
tion of macromolecules[158,,/160] and, in our case, organometallic complexes.[161]
The high sensitivity and fast acquisition rate of mass spectrometry (MS) make it ex-
cellent for observing transient or low abundance species that may be undetectable
by other methods. To be detected, the analyte must carry a charge before entering
the source of the instrument and must undergo a desolvation process where it is
transformed into gas phase ions. In the case of ESI, the charged analyte is carried
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by solvent through a charged capillary and ejected as fine droplets from a Tay-
lor cone. A nebulizer gas is applied, and the droplets shrink, eventually releasing
gaseous ions which enter the source of the instrument for mass analysis.[162]

There are different models for how gas phase ions are formed from the fine
droplet spray proceeding the Taylor cone. The ion evaporation model first intro-
duced by Iribarne and Thomson suggests that once a droplet shrinks to a critical
radius such that the field strength at the surface of the droplet exceeds the energy
required to disrupt the surface, ions are expelled from the droplet.[163, [164, [165]
Alternatively, the charge residue model, first introduced by Dole, suggests that
the droplet undergoes cycles of solvent evaporation followed by fission when the
Raileigh limit has been reached until a single gas-phase ion remains.[160,
[167] While a theory for the ionization process has not been proven, the general
consensus is that the ion evaporation is likely the ionization process for smaller
ions while the charge residue model best describes the mechanism for ions over
1000 Da and/or organometallic species with long, flexible ligands.[159] In the case
of organometallic species, it might depend on both the size of the species the na-
ture of the ligand. Compact species may be easier to expel while larger, elongated
molecules may remain in the droplet while neutral species evaporate.
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Figure 2.2: Models for the ionization processes. In both description of ionization,
solvent is evaporating throughout, however ion evaporation (a) shows the gradual
release of intact ions from the surface while the charged residue model (b) pre-
dicts for coulombic explosion once the shrinking droplet reaches a critical charge
density.
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2.2.2 Collision induced dissociation

Tandem mass spectrometry offers a highly selective method of separating species
based on their mass to charge ratio (m/z). The electronic field exerts a unique
force on each ion depending on their charge. Using an oscillating electric field,
only ions of a particular mass-to-charge remain between the quadrupoles to con-
tinue towards the detector. [168] Those ions are accelerated into the collision cell
where they collide with argon atoms. The fragmented ions plus any remaining in-
tact precursor are passed onto the detector. As the collision voltage increases,
these collisions become more energetic and cause increased levels of fragmenta-
tion (unimolecular decomposition through deposition of internal energy).

Currently, there are no common experimental methods for characterizing the
behaviour of ALD precursors in the gas phase. However, using collision induced
dissociation (CID) we can directly observe the gas phase decomposition of a
charged analyte. The high energy, gas phase environment in the collision cell
simulates the high temperature, gas phase environment precursors encounter dur-
ing ALD. In both ALD and CID, the weakest bonds will tend to break first and the
strongest bonds last. Therefore, we can use CID to predict how ALD precursors
may behave in the moments before they bind to the surface.

2.2.3 Pressurized sample infusion

In 2010, the McIndoe group introduced the pressurized sample infusion (PSI)
technique to monitor chemical reactions. Pressurized sample infusion (PSl) is a
method used in conjunction with ESI-MS for online reaction monitoring of charged
species. A continuous flow into the mass spectrometer paired with continuous data
acquisition provides unique access to observing short-lived intermediates and elu-
cidating catalytic steps. Reactions involving high-spin intermediates cannot be
easily observed by NMR yet make prime candidates for PSI monitoring if they are
or can become charged. Many air-sensitive reactions have been monitored suc-
cessfully by ESI-PSI-MS including copper-free Sonogashira and Suzuki-Miyaura
cross coupling reactions.[169, [170]

In PSI, the reaction mixture is prepared in a sealed Schlenk flask (or adapted
flask) which is connected to the mass spectrometer using PEEK tubing. The reac-
tion monitoring begins when an overpressure is applied (usually an inert gas such
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as Ar or N,), injecting the reaction mixture into the capillary. Reagents can then
be added through the septum via syringe to initiate the reaction step of interest. A
large benefit of PSI is the addition of reagents does not interrupt the continuous
data collection. However, formation of solid particulates may lead to blocking of the
capillary.

There are a variety of good candidates when selecting a charged-tag to attach
to the analyte. In general, a good charged-tag is chemically inert yet also does
not hinder the reactive center. The counterion must also be chemically inert dur-
ing the reaction. In most cases, a well selected charged-tag and counter ion will
not interfere with a reaction. Triphenyl phosphonium with a hexafluorophosphate
counterion were selected for this work because (i) triphenyl phosphonium is fairly
inert and easy to attach to alkyl halides through SN2 and (ii) hexafluorophosphate
is more inert towards transition metals than the halogen it was exchanged for while
also improving the solubility of the ionic complex.

One advantage of PSI-ESI-MS over other reaction monitoring techniques such
as nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy is the en-
hanced time resolution. While a reaction may have up to tens of data points when
collected by IR spectroscopy and NMR, during PSI-ESI-MS a new spectrum is
collected every second. This high frequency of data collection provides a unique
opportunity to observe short-lived intermediates. Furthermore, the high sensitivity
of the instrument gives access to processes occurring in the baseline. While NMR
and IR work at mmol/L, an appropriate concentration for a MS sample is on the
order of ymol/L.

Some challenges we face with MS are in fact due to this high sensitivity.[171]
Saturation effects can easily occur when a sample is too concentrated which makes
it problematic to run reactions at standard concentrations. Lowered concentrations
will not only suppress the reaction rate, but it will also increase the relative fraction
of catalyst that is consumed by poisoning. Excess reagent and solvent impurities
become more prevalent as a reaction becomes more dilute. Finally, ESI-MS only
identifies charged species. Therefore, to study the behaviour of a neutral species
requires the synthesis of a charge-tagged analog which will be further discussed
in detail.
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Chapter 3

Gas phase decomposition of ALD
precursors

3.1 Abstract

Cobaltcarbonyl-tert-butylacetylene (CCTBA) is a conventional precursor for the se-
lective atomic layer deposition of Co onto silica surfaces. However, the limited
understanding of the deposition mechanism of such cobalt precursors curbs ratio-
nal improvements on their design for increased efficiency and tuneable selectivity.
The impact of using a less reactive internal alkyne to a terminal alkyne was inves-
tigated using experimental and computational methods. Electrospray-ionization
mass spectrometry was used to monitor the formation of CCTBA analogs and
study their gas phase decomposition pathways. Gas phase analysis show that
an internal alkyne dissociates at slightly lower energies than a terminal alkyne,
suggesting that an internal alkynyl ligand may be more suited to low temperature
ALD. Furthermore, the less reactive internal alkyne will result in fewer carbon im-
purities embedded in surfaces, in particular due to its reduced reactivity with Si-H
bonds on the surface of Si wafers. Computational analysis also predicts increased
surface binding in the metal centers of the internal alkynyl complex.

3.2 Introduction

Atomic layer deposition (ALD) is an emerging technique for depositing thin films
with high conformity in a self-limiting manner. However, the development of precur-
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sors with better performance or specific function is limited by a lack of fundamental
knowledge over mechanistic pathways taking place on the surface during ALD.
Cobalt is specifically used as a seed layer for copper interconnects to prevent de-
fects and atom migration across the interface between the conductive and dielectric
layers of devices,[172,!45] however there is a limited number of established Co pre-
cursors for ALD. The organometallic complex Co,(CO)g(12-HCCCMes) (known as
CCTBA, cobaltcarbonyl-tert-butylacetylene) is a common precursor for the chem-
ical vapour deposition (CVD) and ALD of cobalt.[172], 158,173, 174,175,176, [76,
177,172] Its high vapour pressure and relatively small molecular size enhances the
performance of CCTBA as a volatile source of Co, making it desirable compared to
many other Co precursors.[174] Furthermore, the synthesis of cobalt-alkyne com-
plexes is straightforward and well-established across a wide range of alkynes.[?]
The ease of cleaving ligands as neutral molecules minimizes surface impurities
and improves the atom economy during the ALD process. However, during de-
position Co precursors, including CCTBA, participate in undesired side-reactions
which embed impurities into the surface during deposition. In the case of CCTBA,
thermally driven hydrosilation is thought to occur between the alkyne and Si-H ter-
minated surfaces, leaving behind carbon to disrupt the desired material uniformity
and properties such as conductivity.[72] Modifying the properties of the alkyne can
help reduce undesired impurities and direct the surface reactivity towards the metal
center.[72, 131]

Altering the ligands of CCTBA can tune the precursor for deposition onto spe-
cific surfaces. However, these modifications require insight on the mechanisms by
which precursors such as CCTBA undergo during ALD.[47] Studying heterogenous
reactions on surfaces is notoriously difficult using experimental methods. Mass
spectrometric studies have been used for in situ monitoring of the gaseous biprod-
ucts from ALD of Al,O3[57, 52] and ZrO,.[51] Researchers often turn to computa-
tional chemistry to understand the behavior of such systems, however there is a
general lack in experimental data probing Co-ALD mechanisms.[44] For the cobalt
carbonyl complex to interact strongly with a surface, it must first lose ligands, and
the mechanism by which this occurs is currently obscure. Understanding which
ligands are lost first, whether the alkyne leaves intact or in parts and how changing
the ligand might affect these gas-phase processes is a necessary insight into what
chemical processes occur during ALD.

We set out to identify what effect replacing the terminal alkyne with an internal
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alkyne might have on the gas phase behaviour of the precursor. The postulated hy-
drosilation mechanism taking place on a treated Si-H surface will be more hindered
by an internal alkyne. While cobaltcarbonyl-tert-butylmethylacetylene (CCTMA)
has a slightly higher melting point than CCTBA, it has been shown to produce
lower resistivity films on silica, which suggests a lower carbon content.[173] By
synthesizing charged analogs of these alkynyl cobalt carbonyl complexes we can
probe their gas phase reactivity through collision induced dissociation (CID) and
determine whether CCTMA demonstrates similar gas phase decomposition to that
of CCTBA. Insight upon the gas phase decomposition of these alkynyl cobalt car-
bonyl complexes can guide targeted modifications to the precursor and determine
whether CCTMA demonstrates similar behaviour to CCTBA.

3.3 Methods

3.3.1 Synthesis of CCTBA analogs

The conventional synthesis of CCTBA for ALD involves substitution of two carbonyl
ligands for TBA (tert-butylacetylene) (Equation 1 where R=H).[177] This reaction
is fast (minutes) at room temperature and possible across a range of alkynes,
including internal alkynes. The traditional complex containing a terminal alkyne
(R=H) was compared against an internal alkyne (R=Me) to identify differences in
reactivity.

2CO R7Y?L

oc. co

Co(CO) + N\ — oc*cu°/_c|°/*co
R co co

Figure 3.1: The formation of CCTBA. This reaction can be performed either neat
or in a nonpolar solvent at RT.

The prospect of a model system to enable direct probing of the decomposition
of CCTBA was appealing, and accordingly we designed and synthesized a charge-
tagged acetylene ligand that would react with Co,(CO)g analogously to CCTBA.
A charged alkyne enables direct analysis of the ligand using electrospray ioniza-
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tion mass spectrometry (ESI-MS)[178] to observe its reactivity with Co,(CO)g in
real-time,[179] and the gas-phase decomposition of the product complex using
collision-induced dissociation (CID) in the mass spectrometer.

Two charged tags were prepared, one a terminal alkyne [HCC(CH,),PPh3][PF¢]
(1[PFs]) and the other an internal alkyne [CH3;CC(CH,),PPhs][PF¢] (2[PF¢]). Triph-
enylphosphonium groups were attached to alkynyl compounds through Sy2 reac-
tions in toluene and the insoluble product was filtered out of solution after approx-
imately 24 hrs at room temperature. We chose hexafluorophosphate as a coun-
terion to eliminate any chance of the halide ion acting as a ligand itself, and to
improve the solubility of 1 and 2 in the low-polarity solvents preferred for ESI-MS.

Br Ph;P,
PPh; + \/\/\ B \/\/\
Ph3P® Ph3

NaPFg NaBr
Br N\ MeOHH,0

H

}

Figure 3.2: Synthesis of a charged analog ligand of CCTBA [1].
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Figure 3.3: The synthesis of a charged analog ligand of CCTMA [2].
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[1]PFe

Figure 3.4: Crystal structures of [2][I] (left) and [2][PF¢] (right). [2][PFs] was used
in the formation of a charged analog of CCTMA.

3.3.2 Characterization of CCTBA analogs

Once compounds [1][PFs] and [2][PF¢] were synthesized as described in[Figure 3.2
and[3.3] [2]* was recrystallized with both I” and PFg counterions. The solid state
molecular structures were obtained using X-ray crystallography (Figure 3.4). To
generate charged analogs of CCTBA and CCTMA, [1][PFs] and [2][PFs] were each
combined with Co,(CO)s in the same manner as neutral alkynes (Figure 3.1). We
were able to successfully characterize these internal and terminal alkynyl com-
plexes by anaerobic ESI-MS[180] (Figure 3.5). These alkynyl complexes were
prepared to be used as charged analogs of CCTMA ([3]") and CCTBA ([4]") for
further gas phase analysis.

3.3.3 Computational methods

Density functional theory (DFT) was employed to compute the geometries of gas
phase decomposition species using a PBEO/def2-TZVP approach with dispersive
interaction treated using the Becke-Johnson D3 model[181] in the NWChem/v6.8.1
program.[157] For calculations involving surface reactions, a PBE-vdW-TS/DZP
approach was used in the SIESTA 4.0.1 program.[131] Periodic Si(111) slabs con-
sisting of four atomic layers and repeating every six atoms in the x and y direc-
tion were surface-capped with hydrogen. Troullier-Martins effective core potentials
from the SIESTA database [182] were used alongside a DZP basis for atomic and
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Figure 3.5: Mass spectra of species 1, 2, 3 and 4 plotted with their respective
isotope patterns. Panel a plots the m/z of the internal and terminal alkyne charged
tags and b plots the charged analogs of CCTBA and CCTMA.

cell optimizations. A spacing of 50 A was included between slabs in the direction
perpendicular to the surface. All calculations were done at the I point.. The or-
bital energy shift was set to a cutoff energy of 0.001 Ry. Nose-Hoover molecular
dynamics calculations were performed in SIESTA to sample the binding configu-
rations of key intermediates on the surface.[183] Surface-bound transition states
were then identified using the nudged elastic band (NEB) approach. NEB calcu-
lations were performed using the Atomic Simulation Environment (ASE)[154] in
conjunction SIESTA.

3.4 Results and Discussion

3.4.1 Experimental monitoring of CCTBA formation

Having the readily available charged alkynes provided the opportunity to directly
probe the formation of CCTBA. The reaction of [1][PFs] and [2][PFs] at concen-
trations of 10 M with excess Co,(CO)g in dichloromethane was monitored in real
time using PSI-ESI-MS.[184|[185] The reaction proceeded cleanly to Co,(CO) (13-
alkyne) (Figure 3.1). No intermediate Co,(CO),(u:*-alkyne) ions were observed in
either case, even at trace levels. The reaction of 1 with Co,(CO)s was approxi-
mately twice as fast as the reaction between 2 and Co,(CQO)g. The reaction was
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zero order in 1 and 2 at conversions below 70%.
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Figure 3.6: PSI-ESI-MS chromatograms show the rate dependence on the con-
centration of cobalt carbonyl. Formation of 3 (a) and 4 (b) are shown and con-
centrations of 1 mM (purple and red) and 2 mM (blue and orange). Note that the
first thirty seconds of reactivity are missing due to the lag between addition of the
Co,(CO)g and arrival of the reacting solution in the mass spectrometer. Panels b
and d show the time normalized traces of a and b.

Two conclusions can be drawn from monitoring the charged alkynes forming
alkynyl complexes. Firstly, the internal alkyne (Figure 3.6a) reacts significantly
slower than the terminal alkyne (Figure 3.6b). This is expected with increased
steric hindrance introduced by the methyl group and by the phenyl groups in closer
proximity. Secondly, the rate of the reaction depends on the concentration of
Co0,(CO)g. When doubling the Co,(CO)s from 1 mM to 2 mM while keeping [1]
and [2] at 10 uM, the rate of reaction doubles, indicating the reaction is first or-
der in Co,(CO)g. This observation was corroborated by performing variable time
normalization analysis (VTNA) to overlay the chromatograms (Figure 3.6c,d).[186]
Normalizing the time axis by the constant concentration of Co,(CO)s raised to the
first power results in good overlay for the PSI traces in the formation of [3][PFs]
Figure 3.6¢c) and [4][PFs] (Figure 3.6d). This confirms that the reaction is first
order in Co,(CO)s.
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3.4.2 Computational modelling of CCTBA formation

The formation of CCTBA was computationally modelled without the charge tag
to obtain the energy of isomers, potential intermediates, and the overall reaction.
Geometry optimizations were used to analyze the effect of an internal alkyne on
the overall structure and bonding character at the metal center. Two geometries
were optimized for Co,(CO)g with differing symmetry. The C,v isomer has been
reported in crystal structures,[187] and is 7 kd/mol lower in energy than the Ds;d
isomer. This relative stability has been confirmed by solution phase studies with IR
spectroscopy.[188,189] For the alkyne to associate to the metal complex, CO must
first dissociate. We expect CO dissociation to be the rate determining step of the
reaction, thus predicting the overall formation of CCTBA. The electronic energy
cost of losing a carbonyl to form a Co,(CO); intermediate was calculated to be
+110 kd/mol and the overall transformation to CCTBA was +39 kd/mol for both the
internal and terminal alkyne (Figure 3.7). No heptacarbony! species were observed
during PSI-ESI-PSI-MS experiments which suggests that either both carbonyls are
removed before the alkynyl complex fully forms or that the steps following alkyne
binding (CO loss and rearrangement) are concerted or very fast.
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Figure 3.7: The change in energy (kd/mol) during formation of CCTBA. The ener-
gies of D3d (red) and C,v (orange) isomers of Co,(CO)g are shown with respect to
the product P (CCTBA). The relative energy of a possible Co,(CO); intermediate
(Int) is shown in grey.

The geometry optimizations for both the internal and terminal alkynyl complexes
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revealed consistent changes in hybridization in the coordinating carbons. C—C
and Co—Co bond lengths remain nearly identical between the internal and termi-
nal alkyne (Figure ??). Both alkynes change from a linear configuration (R—C—C
= 180°) to a bent configuration with increased p character (R—C—C = 143 A)
when coordinating across the Co—Co bond, which agrees with the known trend
for general cobalt carbonyl alkynyl complexes.[?] Furthermore, upon coordination
the C1—C2 triple bond lengthens to resemble a typical alkene double bond (C—C =
1.34 A). These findings suggest that the metal centers in CCTBA are closer to an
oxidation state of Co(+1) than Co(0) oxidation state as usually presumed for late
transition metal complexes.[72] Oftentimes, alkynes are considered dative ligands
which normally do not affect the oxidation state of a metal, binding side-on and
serving as a 2e o donor. However, the metal center can donate electrons into the
7* orbital carbon to rehybridize the triple bond,[190, [191] forming a metallacyclo-
propene complex.[192, 193] Regardless of the metal oxidation state, all ligands on
CCTBA can dissociate as neutral ligands, making thermal ALD an effective ligand
stripping/reduction technique.

Lo-Co_
oC E:/é CO
0O
compound dci—c2 | dco—co | OR—c1-C2
terminal alkyne | 1.201 180.0°
internal alkyne | 1.203 179.8°
CCTBA 1.336 | 2.423 142.6°
CCTMA 1.338 | 2.424 143.3°
COQ(CO)g (C2 V) 2.495

Figure 3.8: Tabulated bond lengths (4) and bond angles of computed structures
of CCTBA and CCTMA. Values remain consistent across the internal and termi-
nal alkyne and coordination to Co results in lengthening of the C1—-C2 bond and
departure from a linear C1—C2—R bond angle.
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3.4.3 Gas phase decomposition of ALD precursors

The gas phase decomposition of the precursors were probed by mass spectrom-
etry and modelled computationally. There are no conventional experimental meth-
ods to capture information about the gas phase processes that occur in an ALD
chamber. To our knowledge, the decomposition pathway of CCTBA has not been
studied despite it being the main process by which the precursor comes to bind
with the surface. Mass spectrometric techniques can provide a rare glimpse into
what gas phase species are produced by a high energy environment to interact
with the surface. CID increases the internal energy of the ionic complexes through
multiple energetic interactions with a collision gas (argon in this case), resulting in
a series of unimolecular decomposition reactions. CID also offers specific control
over the collision energy which allows one to track the decomposition pathways as
the internal energy gradually increases.

The synthesis of charged CCTBA and CCTMA analogs using 2 and 3 respec-
tively has allowed the inspection of their gas-phase decomposition pathways using
CID experiments summarized in[Figure 3.9. This process resulted in two main frag-
mentation pathways: loss of the alkyne, and carbonyl dissociation. While the two
mass spectra in show some differences in the relative abundances of
decomposition products, the speciation of the 3 (m/z 629, [Figure 3.9@) and 4 (m/z
615, [Figure 3.9c) remains consistent between each precursor, with corresponding
peaks separated by a mass-to-charge ratio of 15 Da (the mass difference between
the internal and terminal charged tags). For both 3 and 4, the intermediates from
the sequential loss of all six carbonyls are observed and the loss of four carbonyls
results in an exceptionally stable Co,(CO),—alkynyl intermediate (m/z 503 and 517
produced from 4 and 3). For the internal alkynyl complex 4, the loss of one CO also
results in a prominent decomposition product (m/z 587) while for 3, loss of two car-
bonyls was more a prominent step (m/z 573) and occurs slightly earlier than the
loss of the alkynyl. Both species result in very low abundance of daughter ions
where the Co-Co bond was broken (m/z 444, 458). We observed no evidence of
other breakdown products, such as decomposition of the charged tag itself, or loss
of neutrals that would suggest C-H activation processes at work (such as H, loss).

The decomposition products are plotted with respect to the collision energy
in and d to rank relative bond strengths. Loss of the first carbonyl
occurs at very low collision voltage (5 V) for both complexes. Loss of the alkyne
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Figure 3.9: CID experiments reveal the gas phase decomposition of 3 and 4.
Spectra a and b plot the m/z values of the daughter ions detected over the course
of the experiment. Panels ¢ and d plot the abundance of daughter ions as the colli-
sion voltage is increased. Predominant traces are labelled with the corresponding
ion mass. Panel e shows the decomposition pathways and the m/z values for
charged species that can be observed by MS labelled in blue (internal alkyne) and
orange (terminal alkyne). The charged components of 3 and 4 are denoted by a
red circle.

ligand occurs after 10 V and competing closely with the loss of one or two and
four carbonyls. Intermediates resulting from cleavage of the Co-Co bond were not
abundant, which is reflected in the calculated metal-metal bond strength versus the
weaker metal-carbonyl bonds. According to the computational results, the loss of
CO requires on average +50 kd/mol less than cleavage of the Co-Co bond at any
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given decomposition step (Figure 3.10). The ability for the alkyne to be removed
intact even after loss of several CO ligands is interesting because it suggests that
C-H activation of the alkyne is not necessary in the decomposition pathway, and
this is doubtless a contributing factor towards the success of CCTBA as a cobalt
ALD precursor. C-H activation can result in tenaciously bound, carbon-containing
fragments that are difficult to release from the metal and contaminate the metal
layer with unwanted carbon.[76]
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Figure 3.10: The predominant decomposition pathways computed for CCTBA.
Orange/top numbers represent dEs for terminal alkyne and blue/bottom numbers
for the internal alkyne. A pink sphere represents the position of H or Me.

These experimental findings were supported by computational results. The de-
composition pathways of the neutral internal and terminal alkynyl complexes were
investigated to directly compare the pathways of the ionic fragmentation observed
by MS to pathways involving neutral species (Figure 3.10). Geometry optimizations
were performed to obtain the minimum energy structure and electronic energy for
each intermediate. The electronic dEs in are very similar between the
terminal and internal alkyne which agrees with the similarities observed between
decomposition of 3 and 4. The most probable first and second steps were found
to be CO dissociation and the cleavage of the Co-Co bond is less energetically
feasible than loss of CO. Computational results also suggest that as carbonyl lig-
ands are lost, the terminal alkyne binds more tenaciously than the internal alkyne.
The dE increases for removing the terminal alkynyl in later decomposition steps.
This is also in agreement with CID data in [Figure 3.9 where the internal alkyne is
removed slightly more easily than the terminal alkyne. Furthermore, the difference
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in stability between the complexes after loss of one versus two carbonyls is also
reflected in the dE for steps 1 and 2 in the middle pathway of The
terminal alkyne proceeds through the first two CO losses with dEs of 133 and 107
kJ/mol for the first and second loss respectively, whereas the internal alkyne pro-
ceeds with a slightly lower energy of 130 kd/mol for the first CO loss. The second
loss of CO is significantly higher in the inernal alkyne, costing 120 kd/mol. Hence,
m/z 587 is a more prominent intermediate than m/z 601 (Figure 3.9a,b). The cal-
culated cost of removing an initial CO is similar to the known experimental BDE of
CO from Co,(CO)g measured to be 138 kd/mol.[77]

3.4.4 Surface deposition simulations

Simulations involving the Si(111) surface identified additional advantages of an in-
ternal alkyne for deposition. The weakened alkyne—Co bond was found to strengthen
the interaction between Co and the surface during precursor decomposition. Fur-
thermore, the internal alkyne also shows reduced reactivity towards the silicone
surface, suggesting fewer impurities embedding into the film during ALD.
Decomposition by sequential loss of carbonyls was simulated on Si(111) for
CCTBA and CCTMA to identify the stabilizing role played by the surface
lure 3.11@). As in the gas phase, the carbonyl bond dissociation energies (BDE)
are very similar between the internal and terminal alkyne. Strong chemisorp-
tion interactions formed in Step 4 after the loss of three carbonyls (Figure 3.11R).
Chemisorption may also take place in earlier decomposition steps in the presence
of a surface defect or with an opportune collision. The dEs were heavily dependent
on the functional used to assess the carbonyl BDEs. Calculating accurate BDEs of
metal-carbonyl complexes requires adequate inclusion of electron correlation.[194]
In the periodic calculations using PBE/DZP, the metal-carbonyl bond strength was
overestimated in the gas phase compared to results from PBEO/def-TZVP calcu-
lations (Figure 3.11b,c. However, trends across reaction paths for both precursors
were consistent between methods. Observing surface interactions at a molecular
level is a useful tool in understanding the deposition of these ALD precursors.
Over the course of precursor decomposition, the surface played an increasing
role in stabilizing the precursor (Figure 3.11b). For both precursors, Step 3 of depo-
sition shows a weakened surface interaction relative to the other steps
b,c; —172 and —115 kd/mol) which precedes Step 4 where chemisorption interac-
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Figure 3.11: Delta Es plotted for the initial deposition steps on an intact Si(111)
surface. Panel a shows the decomposition steps of CCTMA (blue) and CCTBA
(orange) on the surface with corresponding adsorption geometries for each step.
The ddEs values are labeled in orange for CCTBA and blue for CCTMA. Red ar-
rows mark the transition from physisorption to chemisorption as the Co sequentially
loses CO. These energies were benchmarked against gas phase data for CCTMA
(b) and CCTBA (c) and the energetic stabilization offered by the surface is marked
by arrows and numbers at each step. Light blue (b) and salmon (c¢) denote phase
data obtained with PBEO/def2-TZVP(d3BJ), dark blue (b) and dark red (¢) mark
gas phase data obtained with PBE/DZP(TS) which was also the method used for
surface calculations (blue b, orange c).

tions start to form and surface interactions strengthen significantly. [Figure 3.11b
and ¢ show that or every decomposition step, CCTMA shows stronger interac-
tions with the surface than CCTBA. These trends suggest that the internal alkyne
in CCTMA allows Co to interact more strongly with the surface while a terminal
alkyne is more tenaciously bound to the metal centers as observed in the experi-
mental results from CID.
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Figure 3.12: NEB results for hydrosilation of each alkyne on Si(111) surface. The
bond length (x’s) of the newly forming Si-C bond and delta Es (squares) for the
internal alkyne (blue) and the terminal alkyne (orange) are plotted over the course
of the reaction. Snapshots for the initial, transition state and the final step of the
NEB calculation are labelled on the plot.

Finally, the reactivity of the terminal and internal alkyne ligand with Si(111) was
investigated. NEB calculations were performed for an uncatalyzed hydrosilation
reaction step on Si(111) (Figure 3.12). As expected, the reaction barrier for the
terminal alkyne (120 kd/mol) is lower than the internal alkyne (154 kJ/mol), sup-
porting higher reactivity between the surface and a terminal alkyne. The newly
forming carbon-silicon bond lengths are plotted over the course of the reaction
path, showing a shorter bond distance for the terminal alkynyl carbon than the
internal alkyne (yellow dotted lines in[Figure 3.12 versus blue dotted lines). The in-
ternal alkyne remains farther from the surface until the transition state is complete,
likely due to the steric hindrance introduced by the methyl group. These findings
support an expected decrease in carbon impurities embedded into the Si surface
in the presence of an internal alkynyl ligand.
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3.5 Conclusions

The charged analogs of CCTBA and CCTMA precursors displayed trends that were
consistent with computational results for the neutral species. Furthermore, the
terminal and internal alkynyl cobalt carbonyl complexes shared very similar de-
composition pathways both in the gas phase and on the surface. However, the
experimental and computational data indicate that the internal alkyne is lost from
the complex at a lower energy than the terminal alkyne. This suggests that CCTMA
and other variants containing an internal alkyne have an increased facility of alkyne
loss. Easy removal of the alkynyl ligand may be more desirable for ALD requiring
low substrate temperatures. In computational studies, CCTMA showed stronger
interactions with Si(111) during carbonyl loss compared to CCTBA. Finally, the re-
action barrier of inserting each alkyne into a Si-H bond on the surface shows a
higher barrier for a methylated alkyne, suggesting a lower rate of reaction with the
surface and thus likely decreased carbon impurities embedded in Si during ALD.

This work suggests that internal alkyne alternatives will make deposition at
lower temperatures possible due to easier removal of the alkynyl ligand and in-
creased reactivity with the surface. Future work should involve the monitoring of
other alkynes and perhaps new metal carbonyls to fully explore the potential of
alkynyl ligands for ALD. CID data gave a first glimpse at what product ion species
form in the gas phase under energetic stress and is a valuable tool for accessing
gas phase information about precursor reactivity. ALD of CCTMA on Si should
be performed and benchmarked against CCTBA to test the effects of temperature
and measure the carbon-content of the deposited films. Internal alkynes are as
affordable as the terminal TBA (e.g. 2-butyne, 2-pentyne, 2- and 3-hexyne are all
cheaper than the $30/g cost of TBA) (Table S1). Testing the behavior of these
simple alkynes will determine whether an inexpensive alternative to TBA can be
paired with cobalt carbonyl for ALD to optimize the deposition of Co.
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Chapter 4

Surface mechanisms during atomic
layer deposition of cobalt silyl
complexes

4.1 Introduction

Despite desirable properties of known precursors such as CCTBA including good
volatility, thermal stability, and liquid state, deposited films often suffer from high
carbon content.[195| [72] Furthermore, the deposition of cobalt onto silica surfaces
using ALD is difficult due to the reluctant reactivity between the Co center and
the terminal hydroxyl groups, requiring higher temperatures (above 400 K). Rather
than forming an uniform monolayer of metal over the course of an ALD cycle, island
growth is observed after depositing CCTBA onto Si and SiO, surfaces.[72, 139,
85] As mentioned previously, island growth is likely caused by impurities such as
carbon binding to the surface and blocking further growth.[72] The Co species
that do bind to the surface act as nucleation sites for further deposition and result
in patchy, uneven layers which is what ALD is designed to avoid. However, an
inherent lack of reactivity between Co and oxygen species on the surface is a
challenging problem to tackle by modifying the precursor without also providing
alternate mechanism for deposition. A precursor with better reactivity towards SiO,
would have a profound impact on the versatility of ALD.

We propose and test a set of cobalt silyl precursors (patented by industrial col-
laborators at Seastar)[196] that show promise for incorporating of the first layer of
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Co atoms into the surface. Rather than forming a Co-O bond with the surface
ure 4.1@), the silyl group acts as a linker between the metal center and the terminal
oxygen. (Figure 4.1b). In the perfect case, the silyl will react with two surface sites
and eliminate two R groups; however, the first covalent bond formed with the sur-
face can still encourage uniform coverage and avoid island growth. Then a second
ALD step can be performed to target remaining carbonyl and R groups and leave
behind a single layer of Si-Co on the silica surface. Introducing an additional layer
of silicon atoms at the SiO,—Co interface does not change the composition of the
substrate since it simply acts as an extension of the bulk lattice. As depicted in
the CoSi complex can deposit onto the surface via Pathway 1 by loss
of carbonyl (a). We propose an alternative deposition Pathway 2 (b) available to
Co(CO),SiR3 species which is facilitated by targeted reactivity between the surface
and silyl group.

R, ‘5R pathway 1
Si R R
gg;Co co si=R
a co _Z> gg;Cc{ CO =% I co.
OH OH ?
c|>|-| | ?H c|>H I <|)|-| | ?H
Sio,
COco pathway 2
a a
oc- C - pathway O
R~ s. <0 HR OC- c ~Cco HR oCO
PR °"'co oc- c -
b R R~ Si _A %
R \ R"'SI\
OH o) /0
OH | OH / o |

| OH - OH | OH
SiO,

Figure 4.1: The two main deposition pathways of Co-silyl precursors onto SiO2.

The common Co-down pathway proceeds through loss of CO (a). Pathway 2 de-

picts a deposition pathway facilitated by SiR; (b). R represents amine, halogen,

alkyl and alkoxy groups. Note that a varying number of carbonyl groups may dis-

sociate from the complex throughout the reaction.
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4.2 Methods

4.2.1 CoSi precursor species

Cobalt-silyl (CoSi) complexes can be synthesized in a single step from cobalt car-
bonyl and the corresponding silane. The silane can carry a range of functional
groups, making it a versatile handle for tuning the reactivity of the precursor. For
this reason, CoSi precursors make promising candidates for the deposition of seed
layers onto SiO,. In this work, the deposition pathways of CoSi species (Figure 4.3)
were modelled to understand the interaction between precursor ligands and vari-
ous surfaces. Specifically, silyl groups were exchanged to probe the effect of the R
groups on the most favored surface binding configurations and overall deposition
mechanism (Figure 4.1). The gas phase decomposition pathways of 19 candidate
precursors were benchmarked in addition (Figure 4.2). Of these nineteen CoSi
complexes, we chose four representative compounds for closer investigation (SiR3
where R = Me, CI, NH,, OMe).

Different silyl groups were modeled to probe the effects of functional groups
on deposition (SiR; where R = Me, CI, NH,, OMe). Strong reactivity is not ex-
pected with trimethylsilyl ligands in CoSi1 while CoSi4 is expected to deliver chlo-
rine to tenaciously bind to the surface. In practice, a silyl containing a bulkier amine
than CoSi3 such as tris(dimethylamino)silyl should be used to provide better sta-
bility. There are many examples for aminosilanes with good thermal stability for
deposition.[195, [197] By-products such as methanol and amines are preferable
for their lower corrosivity towards metal substrates compared to reactive bipoducts
containing halogens.[31,[198] [Figure 4.2/ shows R groups chosen to identify differ-
ences in stability, reactivity, and decomposition energy on the surface. In practice,
mixing R groups can retain the selectivity for pathway 2 while offering the oppor-
tunity to tune properties of the CoSi precursor. The third R group, designed to be
removed in the second ALD half-cycle, can be used to manipulate properties such
as stability and solubility. Such precursors are included in the larger set studied in
the gas phase.

Deposition pathways were modelled for CoSi1-4 on surface slabs (Figure 4)
with periodic boundary conditions (PBC) using dispersion-corrected density func-
tional theory (PBE-vdW-TS/DZP) in SIESTA. Periodic boundary conditions were
applied for all calculations. The number of atoms per unit cell ranged between 100
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Figure 4.2: The nineteen precursors selected for computational gas phase bench-
marking. From these, four complexes (CoSi1 blue, CoSi2 orange, CoSi3 pink,
CoSi4 yellow) were selected for in-depth simulations of surface deposition Path-
ways 1 and 2.

and 200 to allow for ample spacing between reactive sites. Starting from crystal-
lographic structures, the bulk atoms and lattice vectors were optimized (SIESTA,
PBE/DZP). Finally, 50 angstroms of vacuum were introduced along the z axis and
the terminal atoms in silicon and silica slabs were surface-capped with hydrogens
or hydroxyls. In addition to silicon and silicon dioxide, copper surface was gener-
ated to gain information on performance on metallic surfaces.

All reaction energies were calculated using the general formula

AE - Z Eprod - Z Ereact

where E is the calculated absolute electronic energy of a given species. Adsorption
energies E.4, were calculated by taking the difference between a species in the
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Figure 4.3: CoSi complexes with trimethylsilyl (CoSi1), trimethoxysilyl (CoSi2),
triaminosilyl (CoSi3), and trichlorosilyl (CoSi4) ligands to facilitate surface deposi-
tion.

Figure 4.4: Silicon (a), silicon dioxide (b) and copper (c) surface slabs simulated
in SIESTA. Deposition was simulated on the exposed 100 surface.

gas phase versus it adsorbed.

Three specific mechanisms were considered for the deposition of CoSi com-
plexes which differ slightly from generic Pathways 1 and 2. The de-
position of metal carbonyls generally proceeds via loss of the volatile carbonyl
ligands[80] as the metal strengthens its bond to the surface (Pathway A). Two silyl
down pathways were compared to pathway 1. In Pathway B, the first R group is
replaced by a bond to the surface. The remaining R groups are removed in subse-
quent steps before cleaving carbonyls. In Pathway C, however, one R groups is left
on the silyl while carbonyls are removed. Modelling only the first step of the silyl-
down pathway (Pathway B and C) provides a more direct energetic comparison to
pathway 1 (Pathway A) in which Co coordinates to just one oxygen in the first ALD
cycle. In the subsequent steps, the CoSi species was decomposed to observe
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how the surface stabilizes the precursor during later stages of the ALD process
(Figure 4.5). Comparing the minimum energy structures available for each path-
way determines which pathway is more likely and how exchanging the R groups
may affect these intermediate steps. If the initial steps of Pathway B are less uphill
in energy than Pathway A, it suggests that the silyl will facilitate deposition onto
SiO,.
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Figure 4.5: The three deposition mechanisms explored in this work. Pathway A
is analogous to Pathway 1. Pathway B proceeds via the initial steps of Pathway
2 and is followed by loss of the third R group before loss of CO while Pathway C
proceeds through loss of CO while retaining the third R group.

Ab initio molecular dynamics (AIMD) was employed to produce system trajec-
tories at constant temperature and pressure. This was done to both (i) observe
the interaction between the precursor and the surface over a brief time window
(~1000 fs) and (ii) to ensure the most optimized intermediate structures and ener-
gies were found along the deposition pathway. The high dimensionality of the silica
surface provides countless potential binding configurations which should be sam-
pled beyond the local potential well of the starting geometry. AIMD samples these
configurations freely from which new starting points can be selected for geometry
optimization based on their energy and geometry.

Snapshots from local minima are only selected if they lie along the reaction
pathway. For example, when a carbonyl dissociates from the CoSi complex, the
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trajectory has progressed beyond chemical space containing the reaction step and
cannot be used as a starting geometry (Figure 4.6a). However, this trajectory does
demonstrate progress along the reaction coordinate between step 3A and 4A (dis-
sociation of CO of Pathway A) for CoSi3 deposition on SiO,. When a timestep
samples a local minimum corresponding to the original reaction step, a geometry
optimization can be performed to determine if it leads to a better structure
lure 4.6b). In|Figure 4.6b, a geometry optimization starting from 741 fs yields a
0.074 eV improvement over the original optimized geometry. Performing AIMD of-
ten leads to finding lower energy structures and, in a few cases, new configurations
were nearly 1 eV lower in energy.

Although expensive, incorporating AIMD into the regular workflow greatly in-
creased the confidence in the geometries obtained. In many cases, starting two
geometry optimizations from slightly different positions on the surface resulted in
a significant energy difference (>0.2 eV). AIMD combats this by escaping shal-
low minima and falling into deeper potential wells. In many cases, a single 600
fs simulation yielded one or more alternative configurations of the same reaction
step. Figure 5 shows the workflow for computing reaction paths with precursors
and surfaces containing high degrees of freedom. Once the surface is prepared as
discussed previously, precursors are placed near the surface and optimizations are
performed to obtain an initial guess for the binding configuration. Other structures
can be sampled by performing AIMD to generate alternative binding configurations.

4.3 Results and discussion

4.3.1 Adsorption and surface binding

Surface adsorption energies were investigated for atomic Cobalt and the biprod-
ucts from decomposition of the CoSi precursors. These interactions are influenced
by properties such as electronegativity and intermolecular forces such as hydro-
gen bonding. Three cases were considered for writing balanced reactions for CoSi
deposition onto the surface (Figure 4.8). Case one is the simple adsorption of a
ligand such as CO. Case two results in the elimination of H (using heat and/or a
co-reagent). Case three involves the elimination of two hydrogens, one from the
ligand and one from a capped surface. Note a catalyst and co-reagents which may
be involved to help the reaction proceed have not been included. H, was used
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Figure 4.6: Example plots of the MD trajectory. Energies are plotted from an
AIMD trajectory of CoSi3 on SiO, in step 3A (a) and CoSi3 on Si in step 3B (b).
In a, 120 and 601 fs are good candidates for geometry optimization. However,
while passing 323 fs, the trajectory shows the dissociation of a carbonyl. In b, a
geometry optimization is shown in red, starting from 741 fs and yields a 0.074 eV
improvement over the original geometry.

as a source of hydrogen as a consistent benchmark for energy. Adsorption en-
ergies were calculated from the difference in absolute energies between the gas
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Figure 4.7: The workflow for modelling the deposition reaction pathway using
SIESTA. AIMD (red) was used to sample multiple possible binding configurations
and choose the lowest energy structure per reaction step.

phase adsorbate and the bound adsorbate (Figure 4.8/ Case 1). They represent
how strongly Co interacts with the surface and how difficult it is to remove various
impurities from the surface.

Case 1: no hydrogens CO + surf —>» surf—CO
Case 2: one hydrogens HR + surf —>» surf—R + 0.5H,

Case 2: two hydrogens HR + H—surff —>» surf—R + H»

Figure 4.8: Three cases to consider when writing balanced reactions on the sur-
face. Case 1 is the simple adsorption of a ligand such as CO. Case 2 results in
the elimination of hydrogen (using heat and/or a co-reagent). Case 3 involves the
elimination of two hydrogens, one from the ligand and one from a capped surface
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As expected, Co exhibits very strong binding with the Si surface (Figure 4.9).
Despite starting from a position above the surface, atomic Co embeds itself deep
into the surface layer of silicon. On the other hand, a reaction between Co and
SiO, involves overcoming an activation barrier. During geometry optimization, Co
remains loosely bound to a single terminal oxygen and hovers above the surface
layer. If manually moved or simulated for enough time by AIMD with enough energy
to overcome the barrier, Co will form a much stronger bonding interactions with the
first bulk layer of SiO, (Figure 4.18, bulk layer refers to the start of bridging Si-O-
Si). However, notably fewer AIMD trajectories led to the described strong bonding
interactions on SiO, when compared to the Si surface. The “guarding” OH groups
likely explain the inherent lack in reactivity between Co and SiO,.

Co—surface binding energy

—4 1 B Cu
S
—5 - H SiO,

Figure 4.9: The surface binding energy of a single Co atom onto Cu (brown), Si
(grey) and SiO, (red) (a). Panels on the right b show the corresponding geometries
of Co adsorbed onto Cu, Si, and SiO, (top to bottom).

Furthermore, it is important to consider the affinity of decomposition products
towards the surfaces to identify side reactions that might take place during ALD.
Therefore, the surface reaction energy was calculated for CO and the R group
of each silyl which are produced and exposed to the surface during ALD. Since
surface deposition results in the formation of HR product species, Case 2 should
be considered on copper and 3 should be considered on SiO, and Si surfaces
when writing the balanced reactions show in[Figure 4.8| Shown in|Figure 4.10, HR
adsorption onto SiO, is unfavorable and generally worsens with electronegativity
of the R group. While methyl most easily binds to the surface oxygen species, Cl
and methoxy species showed the least favourable reaction energies with SiO,. The
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coordination of R species to the Si atoms beneath the OH capped SiO, surface was
not explicitly performed and AIMD simulations did not reach these configurations
(over the course of 1000-2000 fs simulations). However, these Si atoms may be
involved in the adsorption of reactive species and should be further investigated.

R—surface binding energy

41 mm C|

a | | mm Me
NH,
1 B OMe

Figure 4.10: The surface binding energy of each R group. Plot a shows the binding
energy of Cl (teal), Me (navy), NH, (yellow), OMe (red) onto Cu (brown), Si (grey)
and SiO, (red). The optimized geometries are shown for binding on copper (b),
silicon (¢), and SiO, (d).

The adsorption energies of CO were calculated to highlight the differences
across surfaces as well as provide a benchmark for other adsorption energies
(Figure 4.11). Carbonyls are a popular ligand for ALD precursors because they
are relatively inert and dissociate as neutral ligands upon adding heat. CO ad-
sorbs strongly onto silicon while its interaction is only somewhat favorable towards
Cu. However, CO adsorption onto SiO, is unfavorable suggesting any side reac-
tions with carbonyl during deposition onto SiO, are unlikely.

Step 1 for Pathways A and B represents the adsorption of the CoSi species
onto the surface. Despite observing a mixture of favorable and unfavorable interac-
tions between decomposition products and the surface, the precursors themselves
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Figure 4.11: Adsorption energies of CO on Cu, Si and SiO, surfaces. Panel a
shows adsorption energies on Cu (brown), Si (grey) and SiO, (red), and panel b
shows the corresponding geometries.

all demonstrate favorable adsorption energies to each surface (Figure 4.12). The
silyl groups demonstrate a strong influence over these trends. While CoSi4 tends
to have weaker interactions with the surface, the methoxy groups on CoSi2 corre-
spond to enhanced adsorption energy across all surfaces. While these interactions
do not describe a change in chemical bonding, they are the first step in deposition.
If a precursor experiences a strong attraction to the surface, it is more likely to
spend greater amounts of time by the surface. This increases the likelihood of a
reaction taking place.

4.3.2 Deposition mechanisms

The primary gas-phase decomposition pathway of all 19 CoSi species were cal-
culated, showing very similar dEs across different silyl groups throughout the se-
quential loss of CO (Figure 4.13). Interestingly, the third loss of CO is the easiest
reaction step and shows the tightest agreement across all species. Steps 4 and 5
show the most disagreement between all species however the most common out-
liers are the silyls containing halogens. As the most electron-withdrawing groups,
they demonstrate the effect of induction on the decomposition pathway; stabilizing
intermediates 2 and 3 during loss of CO whilst resisting steps 4 and 5 with higher
dEs than the rest. Because coordination to CO involves back-donation into the 7*
orbital from the meta center, a strong EWG on the silyl may remove some elec-
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Figure 4.12: The adsorption energies of all precursors in both orientations for
each surface plotted. Eight bars show the adsorption energy of the 4 precursors in
the silyl down and Co down for Cu, Si and SiO, (left to right). Co-down pathways
are plotted in the first cluster while Si-down pathways are depicted in the second
cluster with light colors.

tron density available to the carbonyls, weakening their bonds to the metal. On the
other hand, homolytic cleavage of the metal—silyl bond is more difficult when the
EWG on the silyl are bound tenaciously to the metal as seen during formation of
step 5.

As mentioned, later steps in the decomposition do not occur in the same ALD
step and are often facilitated by a co-reagent. Therefore, early steps in the pathway
(steps 1-3) are the most important indicators of even coverage with minimal side
reactions. The more uniform the behaviour of the precursor, the more an ALD
procedure can be optimized for a specific deposition pathway. Therefore, an energy
separation between the pathways is desirable to avoid both taking place under the
same conditions.

Pathway A and Pathway B were modeled for CoSi1-4 on Cu, Si and SiO, sur-
faces. AIMD was used to confirm binding configurations of intermediate species
and their absolute energies were collected and plotted in reaction coordinate dia-
grams. In all cases, the surface stabilized the decomposition pathway. However,
the preferred Pathway changed depending on the surface (Figure 4.14). The cop-
per surface showed no strong preference for one pathway over the other. However,
Si and SiO, both showed preference for one pathway over the other. Si prefers
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Figure 4.13: The gas phase decomposition of all 19 CoSi precursors. Plot a
shows the dE over the course of gas phase decomposition via loss of CO. Plot b
compares the ddEs for each step across all precursors. Precursors were ordered
by approximated electronegativity spanning R groups from halogens (yellow) to
alkoxy groups (red) to amino groups (purple) to alkyl groups (blue).

Pathway A which offers more interaction with the metal center whereas SiO, shows
preference for Pathway B which involves the silyl group. This results strongly sug-
gests that CoSi will offer better reactivity with SiO, than traditional Co precursors
which are designed to bind to the surface directly through the metal center.

A closer look at individual deposition pathways reveals the effect of the silyl
groups. In the case of Cu, the preferred pathway not only changed across differ-
ent precursors but there was often crossover during middle deposition steps.
lure 4.15 shows the dEs for depositon pathways A, B and C on copper for each CoSi
precursor along with the optimized geometries. CoSi1 and CoSi4 are the most sta-
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deposition for pathway a (blue), b (orange) and ¢ (red) are compared on Cu (a),
Si (b) and SiO, (c) and show that pathway selectivity is largely determined by the

surface type.

bilized by Cu surface during deposition. However, CoSi1 observes a crossover in
optimal pathways between steps 2 and 4. Both Co and Si coordinate strongly to the
Cu surface as the reaction progresses. From these results, it is not apparent that
a silyl group serves a mechanistic purpose for deposition of Co onto Cu. Existing
precursors such as Co,(CO)g or CCTBA already|cite] perform well on copper.

R

3a

..

b I O
h:: 5b
4« T 4a . sc
; Sa
z _.&&‘L 4c 7 R
S8 ST o
CoSi2 + Cu B -
., EERF TR s
e 22 S
%;T' o
ho x E\ :;
ﬁ =
5a
4a K 5¢
d FED)
,1‘ —= 5¢
R et
o s g

,.,L
f. o &

%

%ﬂ%

Figure 4.15: The deposition of CoSi precursors onto Cu. Pathway A (blue), B
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As shown in [Figure 4.14, deposition of CoSi precursors on the silicon surface
favors Pathway A which directly involves the metal center rather than the silyl.
However, CoSi1 is the exception where Pathway B is preferred during the decom-
position steps on Si(100) (Figure 4.17). The strong affinity for a pathway involving
Co corroborates experimental evidence, where relatively good reactivity permits
deposition of Co precursors at lower temperatures (<100 °C). The most stabilized
decomposition pathways on Si were seen for deposition of CoSi3 via Pathway A
and CoSi1 for Pathway B. CoSi4 has the greatest separation in energies between
pathways for steps 2 and 3. Despite the selectivity for Pathway A, selecting a CoSi
precursor for ALD may still provide some advantages. The incorporation of carbon
impurities into silicon can be avoided by using an chloro or amine-based silyl lig-
and. Secondly, CoSi precursors offer the control of stepwise ALD using a reductant
since Co is oxidized unlike cobalt carbonyl which undergoes thermal ALD.
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Figure 4.16: Deposition of CoSi precursors onto silicon. Pathway A (blue), B
(orange), and C (red) are overlaid for the precursors (SiMes (¢), Si(OMe); (b),
Si(NH,)3 (¢), and SiCl3). The Si surface shows a general preference for Pathway A
(blue) except in the case of CoSii.

Finally, modelling CoSi depositing onto SiO, exhibited the potential for a silyl
group to facilitate reactivity. No matter the R group, involving the silyl in depo-
sition through Pathway B or c resulted in much lower energies throughout the
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entire pathway. The most surface-stabilized decomposition pathway once again
involved CoSi1, however, to avoid exposing the surface to reactive carbon species
(methyls), any of the other CoSi precursors showed good separation between path-
ways. In this case, Pathway B was modelled with the silyl only coordinating to one
oxygen to form intermediate 2b (Figure 4.17). However in practice, intermediate 3
can coordinate to a second oxygen to eliminate HR. This may drive the deposition
pathway to even lower energies. Based on these results, CoSi precursors should
be considered very promising candidates for assisting the deposition of Co onto
SiO,. It is worth noting that CoSi only needs to be used for the initial cycles of
ALD to obtain good coverage of SiO, and once the substrate is Co, conventional
precursors can be used for further film growth.
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Figure 4.17: Deposition of CoSi precursors onto SiO,. Pathway A (blue), b (or-
ange), and c (red) are overlaid for the precursors (SiMe3 (a), Si(OMe); (b), Si(NH,);
(¢), and SiCl;). SiO, shows a high selectivity for Pathway C (orange) and B (red)
to involve the silyl group.

Computational results showed no evident benefits from using CoSi for deposi-
tion onto Cu. However, the results from modelling deposition onto silicon favors a
metal-surface bond during decomposition. While this result in particular may not
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indicate a need for the silyl to deposit Co onto Si, a carbon-free precursor such
as CoSi3 or CoSi4 may offer a solution for avoiding carbon-silicon impurities that
plague ALD of common Co precursors. Finally, as illustrated in the
SiO, surface shows a stunning selectivity for involving the silyl group in deposition
rather than the Co. Rather than forcing reactivity between the Co center and termi-
nal OH groups, using a silyl linkage between Co and the surface offers a creative
solution to avoid high temperatures and poor surface coverage.

4.3.3 AIMD simulations on the surface

AIMD provides a glimpse into the interactions at the surfaces. Dissociation of silyls
and carbonyls, tenacious surface binding through the Co center, strong van der
Waals interactions and side reactions were some of the interactions showcased in
the hundreds of simulations performed. Through AIMD interactions, the dynam-
ics of adsorption processes were determined. For example, how many carbonyls
needed to be lost before Co becomes reactive with silicon versus copper versus
silica surfaces (1-2 for Cu, 1 for Si and 3 for SiO,). Treated silicon and copper sur-
faces show reactivity towards CoSi precursors, while the strong stability of the silica
surface, makes it a more inert environment. Therefore, surface interactions were
least observed in simulations involving SiO,. In fact, while atomic Co freely incor-
porated itself into Cu and Si surfaces, strong bonding to the SiO, required initiation
by either placing the atom beyond the guarding OH groups or by running AIMD.
Once the barrier of approaching the first bridging layer of SiO, was overcome, a
much stronger bond formed between Co and the silica surface (Figure 4.18).

—25eV

Figure 4.18: Two geometry optimizations of Co on SiO2. Initializing a couple
angstroms apart result in a 2 eV difference in binding energy.

The strong coordination between atomic CO and Si was also captured with
AIMD when starting from the step 5a intermediate for CoSi1 (Figure 4.19¢). The
Co readily dissociates from SiMe; to dig into the Si surface as seen for atomic Co.
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Since this was not observed for other CoSi precursors, it may indicate a more re-
active Co-silyl bond when electron donating groups are attached to the silyl group.
Furthermore, the silicon surface is an electron-rich environment which may desta-
bilize the Co-silyl bond.

Reaction steps such as free loss of carbonyls were successfully captured by
AIMD (Figure 4.19a). the loss of a carbonyl is necessary to initialize reactivity with
the surface by freeing a coordination site on Co. Furthermore, the loss of subse-

quent carbonyls during later stages of deposition is also observed (Figure 4.19b).
In late stages of Pathway A, an intact silyl ligand forms a bridging R group to tem-

porarily satisfy vacant coordination sites on Co (Figure 4.19b). This is regularly
observed for all R groups during AIMD except for OMe.

Finally, chlorine of CoSi4 is an exciting R group to observe during AIMD. It will
dissociate from the silyl to strongly interact with all surfaces, including SiO,. In
an extreme example, it dissociated from the silyl group during a geometry opti-
mization (Figure 4.19d). While chlorine is corrosive towards metal surfaces, SiCl,
is a common precursor for deposition of both silicon and silica. The question re-
mains whether Cl will interfere with the successful deposition of cobalt. While
a Co(CO),SiCl; complex was successfully synthesized and crystallized by a col-
league, it remains to be determined whether it is suitable for ALD.

AIMD simulations provided some insight on the behaviors of each precursor on
various substrates. Now that likely intermediates have been established by AIMD
and geometry optimizations, reaction barriers can be obtained to quantitate the
reactivity of each reaction step. While the silyl group shows favored reactivity to-
wards the SiO, surface, it is shown that carbonyls readily dissociate, frequently
leaving open coordination sites to interact with the substrate. Measuring the acti-
vation barriers for the elimination of target R groups during deposition
will provide further insight on which R groups best facilitate the silyl-down pathway.

4.4 Conclusion

The cobalt-silyl family of precursors are strong candidates because (i) they are
easy to synthesize and have good volatility, (ii) they offer a Co—CO reactive center
which is a common choice for metal precursors because the carbonyls can leave
as neutral ligands, and (iii) the silyl group is easily functionalized, offering an alter-
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y A
1 CG step 100 CG steps

Figure 4.19: Snapshots from reaction steps which occurred in sequence during
AIMD or geometry optimizations. Panel a shows the association/dissociation of
CO from CoSi4 on Si in a trajectory starting from step 1. Panel b shows associ-
ation/dissociation of a carbonyl from CoSi-3 in a trajectory starting from step 3 on
SiO,. Panel ¢ shows the trajectory of CoSi1 after loss of all carbonyls as depicted
by Pathway A. Panel d shows a geometry optimization of CoSi4 during step 2 of
Pathway B. All Si surfaces were modelled at 250 K, while SiO, system was simu-
lated at 110 K to achieve reasonable atom velocities.



63

native reactive handle for binding to the surface.

In all cases, the silyl-down pathway was lower in energy during deposition onto
SiO,. In particular, the initial steps of deposition are consistently more favorable
which is important for tethering the gas phase precursors evenly across the surface
sites. NH, and OMe groups exhibit strong dispersion interactions with the surface
during the initial adsorption step onto silica. These results all suggest that the al-
ternate deposition pathway offered by the silyl groups may improve ALD deposition
over traditional Co-down mechanism involving sequential loss of carbonyls.

AIMD is a useful tool for observing dynamic behaviour between precursors and
the surface. It can also assist in identifying optimal surface sites for coordination
and sampling multiple binding configurations. The configurations generated from
AIMD often provided lower energy structures in geometry optimizations compared
to starting structures.

The mechanisms were observed for deposition of Co-down species. One which
did not involve the silyl coordinating to the surface, one in which the Co and silyl
both formed strong interactions with the surface and a third where a carbonyl or
R group from the silyl formed a bridging configuration between the Co and Silyl.
In some instances, the Co-silyl bond was broken as both species bound to the
surface. Common trends and binding pathways were identified across precursors
and surfaces. While the Si surface prefers deposition Pathway A which directly
coordinates Co to the surface, the CoSi precursors can offer an alternative to
carbon-based precursors and avoid the incorporation of carbon impurities. Un-
less incorporation of silicon is desired, CoSi precursors showed no advantages for
deposition onto Cu. For most CoSi precursors, the deposition pathways showed
energetic crossover partway through deposition, indicating very little selectivity to-
wards a particular mechanism.

The limited success of Co ALD onto SiO, can be tackled by seeking to un-
derstand the reaction mechanisms that take place on the surface. By directly
addressing the problem of inherent poor reactivity between Co and the surface
oxygen atoms, and seeking an alternative mechanism, the challenges of ALD can
be overcome. The deposition of CoSi precursors shows potential for improving the
reactivity with SiO2, resulting in better coverage and allowing for lower deposition
temperatures. If these precursors show success in practice, the CoSi model can
be applied to improve deposition of other transition metals onto SiO,.

The computational methods employed to simulate CoSi on various surfaces
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provided insight over the promise of a new precursor to overcome challenges with
Co ALD. Understanding the mechanisms by which Co precursors deposit onto
surfaces will guide the design of new precursors. Issues with SiO2 coverage during
ALD arise because (i) the binding energy between Co and the terminal groups is
not strong and (ii) the binding sites on the surface are widely spaced compared
to other substrates such as Si and Cu (Figure If impurities occupy a single
coordination site, it disrupts the buildup across a larger area.
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Chapter 5

Benchmarking methods, system
size and predicted performance of
high spin metal systems during
oxygen reduction

This chapter discusses an ongoing project with colleague Brett Henderson which
was initiated through a MITACS Accelerate internship partnering with OTI Lumion-
ics and the Quantum Algorithms Institute. The work was shared equally between
us. Generally, my role was generating the geometries and energies of periodic
and molecular systems. The optimization of atomic systems were performed by
us both for different metals. Henderson performed subsequent single point cal-
culations using various methods including CCSD(T). Initially, | was the primarirly
person corresponding with OTI and generating one- and two-electron integrals of
neutral single-metal systems for iQCC. However, Henderson took on the corre-
spondence along with the method development for preparing alkaline systems for
OTI. Section|5.3.3 and [5.3.4] discuss work still underway and are therefore some-
what inconclusive.

5.1 Introduction

Several barriers stand in the way of widespread adoption of Proton-exchange
membrane fuel cells (PEMFCs) in commercial vehicles, including durability, power
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density, and cost. Fuel cell stack durability is reduced by factors such as membrane
degradation, carbon electrode corrosion, and catalyst instability.[199, 200, 201]
Power density relies on good transport of O,, high catalyst activity, and high elec-
trochemical surface areas,[202] of which the latter two factors often conflict with the
final barrier to PEMFC adoption: cost. While the US Department of Energy has
set ultimate cost targets at $30/kW,[200, [203] current PEMFCs have an estimated
cost between $50/kW and $75/kW.[200]

One contributor to persistent high costs is the use of platinum, typically in the
form of platinum nanoparticles dispersed on a porous carbon substrate, as a cata-
lyst of both the hydrogen oxidation reaction at the anode and the oxygen reduction
reaction at the cathode.[200, 202, 204, 205, 206] In addition, platinum catalysts
are prone to degradation from contaminants, such as carbon monoxide and NO,
compounds.[205] 206] While PEMFCs typically rely on platinum catalysts at both
electrodes, in practice, areal loadings of platinum are roughly four times higher at
the cathode to compensate for the slower oxygen reduction reaction.[202] There-
fore, much research has gone into reducing platinum group metal (PGM) loadings
at the cathode or replacing Pt altogether in order to reduce costs and make PEM-
FCs a viable commercial product.

Typical strategies to reduce PGM catalyst reliance include increasing the mass
activity of the platinum or eliminating PGM catalysts altogether. Increased mass
activities can be achieved by engineering the platinum nanostructure to increase
the number of catalytic sites, as by generating cage structures[207] or synthe-
sizing especially reactive surface planes.[208, 209] In addition, shape-controlled
nanopatrticles of platinum alloyed with base metals like nickel can increase spe-
cific activities while reducing platinum content.[210, 211}, 212] A related strategy
involves passivating the surface of nanoparticles of other less expensive materi-
als, including platinum alloys, with a thin layer of reactive platinum.[202, 210, 211,
213 214] The most successful approach to eliminating PGM catalysts altogether
has been the use of catalysts containing iron or cobalt coordinated to nitrogen and
carbon, or Fe/Co-N-C catalysts. In 2017, Ballard Power Systems and Nisshinbo
commercialized the first PEMFC with a non-PGM catalyst at the cathode,[205] but
much work remains to make these catalysts competitive with PGM cathode catalyst
layers, especially for EV applications with large power requirements.

Despite their promise, PGM-free catalysts generally demonstrate activities about
10-fold lower than platinum-based catalysts and poor durability.[205] Because of
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the lower activity of PGM-free catalysts, catalyst layers are made significantly
thicker than their PGM counterparts.[202, 205] At high current densities, this can
result in degraded power output due to poor mass transport of O,, protons, and
electrons through the thicker layer.[202, 205, 206] Possible remedies to this situa-
tion include optimizing the mass transport properties of the catalyst layer by tuning
the porosity of the carbon support,[215] increasing the turnover frequency of cat-
alytic sites by carefully tuning the electronic structure and morphology of the M-N
coordination complexes, or increasing site density. The latter two approaches are
quite amenable to computational study via electronic structure methods.

The initial development of Fe/CoNC catalysts was guided largely by chemical
intuition. However, recent computational studies have been crucial in driving ratio-
nal catalyst design by investigating the electronic and geometric structure of cat-
alyst sites and linking them to experimental activities. A combination of advanced
spectroscopic techniques such as X-ray absorption near edge structure and ab ini-
tio calculations using density functional theory have helped identify FeN, sites as
the most stable and catalytically active constituents of FeNC catalysts.[206, 216]
Since then, density functional theory has been used to examine how the elec-
tronic structure and catalytic activity changes upon the presence of solvent,[216]
additional ligands,[217, 1218, 219, [220] metal supports,[221] and bimetallic catalytic
sites containing either a second Fe atom or different metals such as Co, Ni, Cu,
and Pt.[217] 218, 222]

Furthermore, molecular hosts have been shown to host active sites for ORR
with good stability. Porphyrin and phthalocyanine-based macrocycles are com-
mon scaffolds for various metal centers and have been shown to catalyze ORR as
molecular catalysts.[223, 224, [225] These macrocycles also offer opportunities for
ligand functionalization to tune catalyst properties before being incorporated onto
a conductive matrix through pyrolisys, polymerization or more gentle self-assembly
procedures.

Despite these advances in understanding, many open questions remain in the
rational design of PGM-free oxygen reduction catalysts. For one, it is critical to
gain a better understanding of how the coordination chemistry and specific ligands
bound to catalytic metal sites affect their activity in order to improve it. In addi-
tion, most computational studies have supposed a pristine graphene or graphene
nanoribbon support. While this can offer insight into the stability and activity of
catalysts at edge vs bulk sites, more work needs to be done to understand how de-
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Figure 5.1: Two- and four-electron pathways on a graphene-embedded MN, cat-
alyst of the associative pathway for the oxygen reduction reaction. Blue arrows
depict the four-electron pathway and red arrows depict the two-electron pathway.

fects in the local graphene environment, such as vacancies or substitutions, impact
the chemistry of the active site. As poor durability is known to plague PGM-free
devices, further investigation into the various mechanisms for degradation, includ-
ing catalyst poisoning and structural changes in the operating environment, is also
necessary.

Finally, although density functional theory has proven an invaluable methodol-
ogy in investigating these catalysts, its accuracy in treating transition metal catal-
ysis can be called into question. For instance, Anderson and Holby found that
the H-O, H-OH, H-OO, and HO-O bond strengths calculated while examining the
oxygen reduction pathway on these catalysts was significantly overestimated rel-
ative to experiment, leading to incorrect reaction potentials.[219, 220] In addition
to the limitations of simplified solvent models, some of the calculation errors can
be attributed to the approximations made by the exchange-correlation functionals
used, which fail to consistently capture electronic correlations in these systems to
a desired accuracy. These approximate functionals are derived from simpler sys-
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tems of non-interacting electrons and sometimes parameterized with experimental
data,[226, 227] meaning there are many flavors to choose from. Unfortunately, it
can be hard to know a priori which functional will perform best for a given sys-
tem, and the accuracy of DFT generally degrades when studying systems far from
equilibrium (e.g. bond dissociation and some transition states) and transition metal
chemistry, which often involves highly correlated states.[226, 228] Therefore, DFT
can leave much to be desired when studying the catalysis of the electrochemical
reactions at fuel cell electrodes. The importance of the computational modeling
of fuel cell catalysts warrants the exploration of higher-level methods that escape
the approximations and system-dependent parameterization of density functional
theory.

In contrast, higher level methods such as coupled cluster theory or Quantum
Monte Carlo compute this correlation energy to greater accuracy but are only ac-
cessible for small molecular systems on the order of tens of atoms using existing
classical hardware.[228, 229] In addition, to make them more tractable, practical
implementations of coupled cluster usually involve truncations of the theory that
reduce its accuracy in describing states with large correlation energies.[227] In or-
der to study heterogeneous catalysis in fuel cell electrodes, models are needed
that can accurately represent nanostructured transition metal catalysts embedded
in carbon scaffolding.

This work sets out to benchmark a multitude of computational approaches to
describe the ORR pathway. Periodic MNC catalysts are simulated for multiple tran-
sition metals that have been experimentally tested as PGM-free alternatives. Fur-
thermore, molecular scale catalysts with porphyrin and phthalocyanine scaffolds
are simulated at a slightly higher level of theory. Finally, single metals were mod-
eled using a variety of methods to i) test the consistency between these methods,
ii) identify if any trends were replicated from larger systems and iii) compare the
electronic energies along the ORR pathway between the metals.

5.2 Models and methods

5.2.1 Computational models

Three different types of models for non-PGM ORR catalysts were investigated and
are hereafter referred to as the periodic system, molecular systems, and single-
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atom systems. The periodic model consisted of a graphene sheet with six carbon
sites replaced by an MN, unit, where M is Fe, Co, Mn, or Ni (Figure 5.2a). This type
of system is well studied using DFT as a model for catalysts formed by pyrolysis of
precursors such as porphyrins.[230, Our particular model contained 122
carbon atoms and a single MN, site per supercell to allow for adequate spacing
between active sites. The molecular models studied consist of phthalocyanine-
and porphyrin-metal complexes, where the metal site was also substituted with
Fe, Co, Mn, or Ni (Figure [5.2b-d). Such complexes are easily synthesized and
functionalized and they have demonstrated experimental promise in ORR.[230,
231], [232], 233, 224] Finally, the atomic model consisted of a single metal atom of
the element types listed above (Figure [5.2g).

periodic MNC molecular catalyst single atom

f DFT
* GGA functional (PBE)
* Effective Core Potentials

¢ DZP / TZP Pseudoatomic Basis
* Periodic Boundaries
* XDM Dispersion Corrections

Doped Graphene Catalysts

>
Level of Theory

Figure 5.2: Model systems and methods. In the periodic MNC catalysts (a), the
transition metal is embedded in a periodic graphene scaffold. Molecular systems
include phthalocyanine (b), an abbreviated phthalocyanine catalyst (¢) with missing
aryl groups and porphyrin (¢). The single-atom system (e) shows Mn bound to O,
in the first step of ORR. A summary of the computational methods surveyed for
each of the three system types is provided below (d).

5.2.2 Computational methods

In studying the models described above, the computational methods employed fol-
lowed the expected trade-off between system size and theoretical accuracy (Figure
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5.2f). For each system-type, geometries and single-point electronic energies were
computed along the two- and four-electron pathways stemming from the associa-
tive pathway. To assess the free energy along each ORR pathway, the energy of
free H™ + e~ can approximated as being equal to half of the Gibbs free energy of
gaseous H,. This strategy was first introduced by Nerskov as the computational
hydrogen electrode model.[234, [235] In the following reaction pathways, we adapt
this model for electronic structure calculations. Only the electronic components of
the free energies for AEs are used in order to benchmark the various methods
used to assess the electronic structure specifically.

Periodic system calculations employed spin-polarized DFT under periodic bound-
ary conditions using numerical atomic orbitals, as implemented in the SIESTA code
[131]. Exchange and correlation were treated with the generalized gradient approx-
imation using the PBE functional [135] and vdW-TS dispersion corrections were
applied.[236] Troullier-Martins effective core potentials from the SIESTA database
[182] were used alongside a TZP basis for atomic and cell optimizations. A spacing
of 50 A was included between sheets and a single K-point was used. The orbital
energy shift was set to a cutoff energy of 0.001 Ry and the real-space mesh cutoff
was set to 300 Ry.

Molecular systems were studied using open-shell DFT in the NWChem code
and ORCA.[157, [153] Exchange and correlation were treated using hybrid (PBEO
[237] and B3LYP [238]) and double-hybrid (B2PLYP [115]) GGA functionals with
D3(BJ) dispersion corrections [181},239]. Single point energy calculations included
all electrons and used a def2-TZVPPD basis after geometry optimizations were
done using a def2-TZVP basis.[240] Single-atom systems were also studied in
NWChem by applying the same DFT methodologies as for molecular catalysts.

Brett Henderson also performed coupled cluster calculations with explicit single
and double excitations and perturbative triples (CCSD(T)) on the PBEO equilibrium
geometries using the ORCA code, version 5.0.3. Because the correlation energy in
post Hartree-Fock calculations is known to converge more slowly than the Hartree-
Fock or DFT energy,[241] a def2-QZVPPD basis set was used for all elements. For
closed shell species, restricted Hartree-Fock references were used. For open shell
species, unrestricted Hartree-Fock (UHF) calculations were performed. However,
the actual reference determinant was formed from a transformation of the UHF or-
bitals quasi-restricted ones[242] to mitigate spin contamination. In all cases, the
integral threshold was decreased to 1015, the overlap threshold increased to 10~
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to reduce potential linear dependencies for diffuse basis set, and the finest default
ORCA grid, defined by the keyword ‘DEFGRID3’ was used. In addition, the stability
of all Hartree-Fock solutions with respect to orbital coefficients was examined using
the ORCA "STABPERFORM” keyword in the SCF block to ensure the calculation
had reached a minimum. The calculation was restarted until the resulting solution
was stable. It is noted that several reaction intermediates displayed rather large T,
diagnostic values >> 0.02, which is indicative of significant multireference charac-
ter. T, values are a reliable measure of the appropriateness of a single-reference
treatment of correlation.[243] Values larger than 0.02 indicate the result should be
treated with skepticism and that a multi-reference approach may be more appro-
priate This is not altogether unexpected for such transition-metal complexes and
warrants further investigation with multireference methods.

Furthermore, the anionic ORR pathway was used to benchmark the iterative
qubit cluster method. In the anionic pathway, 4OH~ molecules are produced:

0, + 2H,0 + 4e~ — 4OH~ (5.1)

It is well established that anions are notoriously difficult to simulate due to their dif-
fuse properties.[244,245] Therefore, a more diffuse basis set is required compared
to neutral or cationic species along with a better treatment of electronic correla-
tion to capture the elusive electronic structure of these species. The preparation
of one- and two-electron integrals for iQCC was performed using PySCF, version
2.0.1. ROHF was performed on each set of intermediates, followed by unrestricted
MP2 to obtain the MP2 natural orbitals. From these, an active space of 30 spatial
orbitals and either 29 (for species with odd numbers of electrons) or 30 (even num-
bers) electrons was selected. one- and two electron integrals were calculated and
printed to a standard FCIDUMP format, then converted to the Microsoft Broom-
bridge (0.2) format for sending to OTI.

CAS methods for reaction AE’s require special attention to ensure that the CAS
is consistent across different intermediates. We performed our calculations step-
wise, performing the above preparation steps for all reactants and all products
for each reaction step, with all species participating in the step included in each
calculation. Spectator species were omitted from each step to enforce that the CAS
only included relevant orbitals. Thus, each intermediate was actually computed
twice. Once as a product for a given step, and then again as a reactant for the next
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step.

A number of methods were tested to study transition states and minimum en-
ergy spin crossings in the atomic catalyst model reaction pathways. Using the DFT
methodology described above, NEB and CI-NEB calculations were performed us-
ing between 10 and 20 beads between each pair of intermediates. Transition state
estimates from these strings were then optimized using saddle point searches.
For transitions between intermediates with different spin multiplicities, reqular NEB
was performed for the reaction step with both the starting and ending spin multi-
plicity to obtain estimates for the minimum energy spin transitions. In select cases,
unrelaxed scans over two internal coordinates were executed to generate two po-
tential energy surfaces at the different spin multiplicities and their intersections
were evaluated. Transition state methods which account for spin crossings are not
well-established. However, we based our methods off of multiple spin-state NEB
introduced by Zhao et al.[246] Our first objective is to identify which spin results
in the lowest saddle point of a reaction. Then the saddle point can be fixed as an
endpoint to perform further NEB calculations on the side which the spin transition
occurs. Fixing two images between which a spin transition occurs and perform-
ing NEB between them can be done iterative until a satisfactory spin-transition is
obtained. Examples of this approach will be shown in Section[5.3.4.

5.3 Results and discussion

5.3.1 Model reduction

The effect of model reduction was compared for a number of cases. First, the peri-
odic MNCs computed using the SIESTA method were directly compared to single
atom catalysts treated with the same methods (Figure 5.3). The adsorption and
desorption steps are expected to have far different AE values in the unsaturated
metal compared to the embedded metal. Adsorption steps (0—1) are more neg-
ative and desorption steps (4—5 and H,O, desorption in step 2—3 of the 2e~
pathway) are more positive. Binding geometries generally demonstrate more tena-
cious coordination between the intermediate and the catalyst (Figure 5.3e-f). In the
M—0O, complex, 7? binding is observed on the single-atom catalyst (Figure 5.3,

step 1) while the MNC catalysts engage O, in ! side-on binding (Figure 5.3f, step
1). A similar configurational change is observed in the M—OOH intermediate, how-
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ever the 7? binding to the atomic catalyst remains slightly asymmetric (Figure 5.3k,
step 2).
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Figure 5.3: Two and four-electron pathways of oxygen reduction on an embed-
ded graphene catalyst model and single-atom catalyst model are shown relative
to reaction step 1. Dark colours depict periodic systems and light colours depict
single atom pathways for Mn (a), Co (b), Ni (¢) and Fe (d). The optimized binding

configuration for each intermediate step are shown for both systems (e, f). Both
systems were optimized using the PBE/TZP vdW-TS method in SIESTA.

While differences can be deduced from plotting AEs of a reaction path, AAEs
are a better way to compare difference in energy for a given step in the pathway.
shows AAEs for each ORR step for the atomic and periodic systems
of the 4e~ pathway. As discussed, the largest differences are seen in adsorption
and desorption steps (0—1 and 4—5), however intermediate energies are also
affected by the system. There were no consistent trends reflected between the
atomic and periodic systems across different metals. The formation of M—OOH
is less favored by the NINC and CoNC systems but this is not replicated in the
single-atom catalysts, where the AAE of Fe in step 1—2 (M—OOH formation) is
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the least negative in the atomic case whereas NiINC and CoNC are by far the
least negative in the periodic case. The formation of the first H,O molecule leaves
behind an M—O intermediate. The single-atom catalysts see a tighter spread of
energetic change in this step (ranging from —1.5 eV to —1.9 eV), but the AAEs in
the MNC systems range from —0.7 eV in CoNC to —1.4 for FeNC. The formation
of M—OH in step 3—4 was in closest energetic agreement between systems and
metals, where the only outlier is Co for which the single-atom system favors the
step more than CoNC. Finally, the H,O desorption step (4—5) showed somewhat
consistent trends between the two systems, where the smallest positive desorption
energies on the single-atom catalysts (Co and Ni) correspond to the most negative
desorption energies for the same transition metals in the periodic systems. We
expected to see systematic differences between the pathways of single-metal and
periodic MNC catalysts. However, these differences are not consistent between
steps nor metals. While the general energetic profile of the pathway is reproduced
for the intermediate species with a single-atom catalyst, it is not enough to make
assumptions about the performance of the corresponding MNC system.
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Figure 5.4: The AAEs plotted for periodic MNC catalysts and single-atom cata-
lysts. Dark colours depict periodic systems and light colours depict single atom
step energies for Mn (a), Co (b), Ni (¢) and Fe (d).

A more subtle comparison was made between ORR pathways catalyzed by
molecular phthalocyanine catalysts and an abbreviated version where the four
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outer aryl groups are omitted from the geometry (Figure 5.5|e,f). Binding config-
urations of the intermediates remained nearly identical between each system and
as did the AEs for the two- and four-electron pathways. This is expected since the
immediate binding environment of the metal center is unchanged. Optimizing the
electronic structure of the catalysts without the aryl groups reduced the walltime
by more than three-fold in the final DFT optimization step for the same number of
resources (40 core single node, [Table A.2). Despite a similar electronic structure,
the full phthalocyanine systems were much more difficult to converge in geometry
optimizations due to their larger size.

Both catalyst systems show very similar AEs, however, there are a handful
of steps in disagreement. This may be attributed to poor convergence upon the
correct electronic structure during single-point and geometry optimizations, despite
multiple attempts with newly optimized geometries. Spin contamination was also
present in a number of steps, with the calculated s? differing by up to 0.05 from the
expected values. It is interesting to note that steps with strong disagreement (Mn
step 0, Mn—O0 in step 4 and Fe—OH in step 5) all claim the full phthalocyanine to
be at a higher energy. The negative values for H,O, and H,O desorption steps in
the periodic system metal can be attributed to the increased stability of the metal
center. But these values are also important indicators for rate of desorption which
is an indicator of catalytic activity.

The AAEs were plotted to compare the the phthalocyanine and abbreviated
phthalocyanine catalyst systems (Figure 5.6). In this case, there is very strong
agreement between each system and the abbreviated phthalocyanine catalysts
replicate the trends for each metal. The exception is step 3 for Mn (Mn—0), where
the full phthalocyanine is higher in energy.

The comparison between the molecular and atom-scale catalysts calculated
using PBEO also showed large differences as seen in the SIESTA PBE compar-
isons discussed for periodic and single-atoms (Figure 5.3). The AE and AEs did
not replicate trends for different metals consistently and served as poor indicators
for the performance of the corresponding metal within the macrocycle. These re-
sults emphasize the importance of including ligands to represent the local binding
environment at the site of catalysis. Both the periodic and molecular MNC catalysts
coordinate with two x-type Ns and two L-type Ns. While the neutral single-metal
catalysts were not good indicators of the trends observed in periodic or molecular
catalysts, applying a +2 charge to the metal center to match the catalyst oxidation
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Two and four-electron pathways of oxygen reduction on a

phthalocyanine-embedded catalyst are compared to a reduced model. AEs are
plotted relative to reaction step 1. Dark colours depict full systems and light colours
depict abbreviated phthalocyanine models for Mn (a), Co (b), Ni (c) and Fe (d).
The optimized binding configuration for each intermediate step are shown for the
Mn case in both systems (e,f).

state could improve these results (which is currently being investigated). Further-
more, it would be interesting to see if geometry optimizations with such an oxidation
state will produce binding configurations more similar to the intermediates of the
larger systems (ie. side-on binding of O, in the first intermediate).
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Figure 5.6: The AAEs plotted for full and abbreviated phthalocyanine-embedded
catalysts. Dark colours depict periodic systems and light colours depict single atom
step energies for Mn (a), Co (b), Ni (c) and Fe (d).

5.3.2 Impact of exchange-correlation functional

While the importance of catalyst ligands on the calculated trends for ORR are
irrefutable, single-metal catalysts are ideal subjects for benchmarking a large field
of methods for describing the catalyzed ORR pathway. Their small size yet high
complexity and large number of near-degenerate states makes them a challenge
for most methods. Establishing the level of theory required to describe these high-
spin systems consistently is important for validating the results obtained for larger
systems. Can PBEO compete with double-hybrid functionals and coupled-cluster
methods? Lower levels of theory are capable of describing more realistically scaled
model systems which contain the ligands and proper coordination environment on
the catalyst center. However, it is necessary to validate the accuracy of these
methods to ensure the metal-oxygen interactions are captured sufficiently.

We note first that the net AH for the overall 4e~ reaction pathway is relatively
consistent among all three functionals. Thermodynamic calculations were also
performed to compare the 0 K reaction enthalpies against experimental values from
the National Institute of Standards and Technology (NIST) database.[247] Both
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electronic energies and thermodynamic energies are benchmarked in [Table 5.1.
CCSD(T) shows remarkable agreement with the experimental value to within 0.05
eV.

method AE | AH (0 K)
PBEO | -522 | -4.65
B3LYP | —5.13 | —-4.62
B2PLYP | —-5.25| —-4.73
CCSD(T) | —5.48 | —4.91
Exp.[247] —4.95

Table 5.1: H,O formation energies (in eV) benchmarked for various methods. The
electronic energy is shown as well as the thermodynamic AH value at 0 K which
can be benchmarked against the experimental reference.

While there is good agreement on the net reaction, the functionals show greater
discrepancies for intermediate steps. In particular, intermediate 3 shows disagree-
ment of up to +£0.5 eV between functionals for some metals. However, the differ-
ence is not systematic. The lack of a systematic trend between functionals seems
to be the rule, as the relative over and underestimation of energy changes be-
tween functionals varies from step to step even when they do agree on the sign of
the energy change.

To evaluate the DFT functionals, we first optimized geometries of all metal path-
ways using each functional to identify discrepancies in the energy and binding con-
figurations in each step. Bond lengths and angles for each step were also tabulated
in[subsection A.0.2 to identify differences in geometries. [Figure 5.7|shows the AEs
of the ORR pathways on single-atom catalysts. There is good overall agreement
between functionals for most steps, however, as mentioned, intermediate 3 shows
a large spread of AEs for Fe and Co. The Ni pathway boasts the tightest agree-
ment between functionals over the course of the entire pathway (Figure 5.7¢), with
M—QO in step 3 having the worst agreement. In general, step 1—2 to form M—OOH
shows the best energetic agreement across all systems (Figure 5.8).

The range of bond M—O lengths calculated by each functional varied for each
metal and step (Table 5.2). The range was acquired by taking the difference
between the longest and shortest bond length among the set of PBEO, B3LYP
and B2PLYP optimized geometries. The greatest disagreement was observed in
intermediates 2 and 3 (M—OOH and M-0), while step 4 (M—OH) reports the
highest agreement. Mn showed the highest consesus among the metals, how-
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Figure 5.7: AEs for pathways where geometry optimizations were performed with
four common DFT functionals. PBE (dark blue), B2PLYP (blue), B3LYP (light blue),
and PBEO are plotted for Mn (a), Co (b), Ni (¢) and Fe (d).

ever each metal contained a step where the functionals disagreed by over 0.4
Angstroms. For reference, these same functionals agree within 0.021 Angstroms
for the O, molecule, spanning 1.193—1.214 Angstroms which contains the experi-
mental value of 1.2075 Ang.[248]

M-O range
atom M-0, M—-OOH M-O M-OH
Mn 0.020 0.016 0.041 0.010
Co 0.036 0.070 0.011 0.013
Ni 0.007 0.054 0.012 0.026
Fe 0.014 0.018 0.056 0.009

Table 5.2: The difference of M—O bond lengths (AM—0) in geometries optimized
using PBEO, B3LYP and B2PLYP for each ORR step intermediate. For each step,
the spread between the longest and shortest M—O bond length across all opti-
mized structures are reported. Note that PBE structures were excluded due to the
difference in method (different basis set and dispersion treatment).

The geometries of reaction steps for atomic catalysts were optimized at the
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Figure 5.8: AAEs for pathways where geometry optimizations were performed
with four common DFT functionals. PBE (dark blue), B2PLYP (blue), B3LYP (light
blue), and PBEO are plotted for Mn (a), Co (b), Ni (¢) and Fe (d).

PBEO0-D3(BJ)/def2-TZVPPD level of theory. These energies were re-computed us-
ing PBEO0-D3(BJ), B3LYP-D3(BJ) and B2PLYP-D3(BJ) functionals with the same
basis set. This enables us to evaluate energies on a set of identical geome-
tries. Surprisingly, these DFT functionals show greater disagreement for single-
point calculations on identical geometries. plots the AEs from PBEO-
D3(BJ)/def2-TZVPPD (violet), B2PLYP-D3(BJ)/def2-TZVPPD//PBEOQ-D3(BJ)/def2-
TZVPPD (blue), B3LYP-D3(BJ)/def2-TZVPPD//PBE0-D3(BJ)/def2-TZVPPD (light
blue), and coupled cluster (CCSD(T)/def2-QZVPPD//PBE0-D3(BJ)/def2-TZVPPD)
single point calculations for each catalyzed pathway.

While PBEO and B3LYP remain in good agreement, the double hybrid functional
shows the most outstanding energetic disagreement. Once again, AEs involving
the M—O intermediate (3) show the largest spread of energies for all metal types.
Coupled cluster results stray from the PBEO results in a few steps. The Mn metal
is found to be less stable by CCSD(T), driving up the energy of intermediates
involving free catalyst (intermediates 0 and 5) (Figure 5.9@). Steps 1—2 and 2—3
are predicted to be more downhill for the Ni pathway by CCDS(T) while the final
desorption step (4—5) is assigned to be more positive (Figure 5.9c). In the case
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Figure 5.9: AEs resulting from mixed method calculations. PBEO-

D3(BJ)/def2-TZVPPD (violet), B2PLYP-D3(BJ)/def2-TZVPPD//PBEOQ-D3(BJ)/def2-
TZVPPD (blue), B3LYP-D3(BJ)/def2-TZVPPD//PBE0-D3(BJ)/def2-TZVPPD (light
blue), and coupled cluster (CCSD(T)/def2-QZVPPD//PBE0-D3(BJ)/def2-TZVPPD,
fuchsia) results were benchmarked for Mn (a), Co (b), Ni (¢) and Fe (d).

of Fe, CCSD(T) matches the higher B2PLYP energy for the M—O intermediate (3)
but shows good agreement with PBEO otherwise.

The increased differences in energies do not necessarily correspond to steps
with larger ranges in M—O bond length from the functional-specific geometry opti-
mizations. For example, in[Table 5.2]the M—O bond length in the M—OOH interme-
diate showed the largest disagreement among functionals, however the agreement
in energy does not grow worse from single point calculations on the PBEO geom-
etry. On the other hand, intermediate 4 (M—OH) shows tight agreement in M—OH
bond lengths across functionals yet the single-point energies on the PBEO geom-
etry result in greater energetic disagreement. This suggests that geometric and
energetic agreement across functionals are independent for these systems.

The single point energies calculated with B2PLYP are generally higher relative
to other functionals and relative to the energy with a B2PLYP optimized geometry.
However, a handful of steps showed improved agreement between the DFT AAE
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Figure 5.10: AAEs for single point calculations on each atom-catalyzed ORR path-
way for PBEO-optimized geometries. PBEO (violet), B2PLYP (blue), B3LYP (light
blue), and coupled cluster (CCSD(T)/def2-QZVPPD, fuchsia) results were bench-
marked for Mn (a), Co (b), Ni (¢) and Fe (d).

values with the same geometry. The formation of M—OOH (step 1—2) in
lure 5.10 for Co (b), Ni (c), and Fe (d) show slightly closer AAE values (note, this
observation excludes CCSD(T) results plotted in fuchsia). However, most steps
would suggest it is better to calculate the energy using the geometry optimized
with the same functional. This is particularly the case for B2PLYP energies, which
are far different for the PBEO geometry than for B2PLYP-optimized structures pre-
sented in[Figure 5.8 and|Figure 5.7. In both cases, the energies obtained by B3LYP
and PBEO are in highest agreement for the single-atom pathways. There is bet-
ter agreement between functionals when the geometries are optimized using each
respective functional.

5.3.3 Benchmarking the alkaline pathway for Ni

Ongoing collaborative work with OTI Lumionics has involved benchmarking their
iterative qubit coupled cluster method. As mentioned in Chapter |2} it is im-
portant to keep CAS selection as consistent as possible when obtaining any in-
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formation from AEs. Keeping the CAS-size the same is simple but selecting con-
sistent orbitals to treat fully is important to obtain meaningful comparisons across
the entire pathway. To keep CAS selection consistent along the entire pathway,
Henderson generated the following set of reactants/products to benchmark:

Ni + 0, — Ni— O, (5.2)

— 0+ H,O+ e — Ni— OOH + OH~ (5.3)
— OOH + e~ — Ni— O+ OH- (5.4)

— O+ H,O+e — Ni— OH + OH" (5.5)
— OH+ e — Ni+ H,0 (5.6)

[Figure 5.11 shows computational results from the alkaline pathway. 19 iter-
ations of iIQCC were followed up with PT2 projections for the expected conver-
gence upon a ground-state energy. For step 1 and 2, iQCC performs better than
ROHF, however we believe that testing a larger CAS may be needed to improve
the converged electronic structure across all the steps. Testing a larger basis than
TZVPPD may also improve results.
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Figure 5.11: AEs for the anionic ORR pathway on atomic Ni were benchmarked
for iQCC (black), ROHF (light blue), DFT (grey), and CCSD(T) (green) (a). The en-
ergies have all been zeroed relative to the first intermediate. PBEO/Def2-TZVPPD-
optimized geometries were used for energetic evaluation and the intermediate
complexes are shown in b. AAEs are plotted in c.

This work is ongoing as we continue to improve the starting wavefunction used.
Starting from the CCSD(T) solution along with using a larger basis set will provide
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a better starting wavefunction for the iQCC optimization. The multireference char-
acter of the M—O step makes it challenging to converge which may need to be
addressed by incorporating multireference methods. Testing the pathway of lower-
valence metals such as Mn may show better convergence. However, it may be that
a larger CAS selection is necessary to fully capture the electronic interactions.

5.3.4 Transition state and spin transition calculations

Another ongoing avenue of research is identifying transition state barriers for the
splitting of O,. The separation of oxygen atoms upon O, adsorption is another cat-
alytic pathway hypothesized to occur MNC systems.[219] If the catalyst sufficiently
lowers the barrier of O, bond activation, the formation of a M—OOH intermediate
is avoided which may reduce the formation of H,O..

We sought to compute the transition state for O, activation in the dissociative
pathway following step 1, M—0O,— O—M-O. Finding transitions states for most
ORR steps is complicated by spin transitions which also must occur. A spin transi-
tion occurs when both the energy and coordinates of two spin states intersect and
is not to be confused with the transition state. As mentioned in [subsection 5.2.2|
conventional methods such as NEB and CI-NEB (climbing image) do not facili-
tate spin-transitions in common software, which calls for a manual approach and
multiple calculations when a spin-transition occurs during the reaction step.
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Figure 5.12: Coarse NEB scans performed for both spin states separately. The
lowest barrier is identified for multiplicty 3 (orange) after which a spin transition is
expected to bring the system to the lowest multiplicty of the product (m=5, orange).
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Initial coarse NEB scans were performed with both reactant and product multi-
plicities for M—O,—O—M—O.[Figure 5.12 plots the initial NEB results for Ni—-O, —
O—Ni—0. 20 beads were optimized with both multiplicities and the lowest barrier
was selected for a saddlepoint optimization, which in the case of Ni, was the path-
way with multiplicity 3. Using the optimized saddlepoint, further NEB calculations
can performed using the transition state as a fixed endpoint to learn more about
the spin transition and to form a more continuous set of images. Since the spin
remains the same between the optimized transition state and either the reactant or
product (in the case of Ni, the lowest transition state matches the multiplicity of the
starting), further calculations are not necessary on the side of the transition state
where the spin remains the same. However, in the case of the Ni reaction step,
further calculations are required between the transition state and product to nar-
row down where the spin transition occurs between those endpoints. [Figure 5.13b
shows the result from 20 bead NEB calculations connecting the TS to the prod-
uct (an additional calculation was performed to obtain higher resolution between
the reactant and transition state but is not necessary). The orange m5 pathway
is slightly lower in energy than the m3 pathway and it seems that a spin transi-
tion occurs immediately after the transition state. Since the geometries are fixed
and identical at the transition state for both spins, the coordinates are very similar
in the beads immediately proceeding the transition state where the energy of the
blue and orange trace intersect. To obtain an exact spin transition point, the en-
ergy must be identical for both multiplicities for the same geometry which can be
verified by single point optimizations at both spins. In the case of Ni, these NEB
calculations strongly suggest that a spin transition from multiplicity 3 to 5 occurs in
the bead directly following the TS.

The same procedure was applied to Mn which resulted in a much different
energy surface (Figure 5.13@). In the case of Mn, we found that the spin transition
occurs before the optimized saddlepoint. Therefore, NEB scans were performed
with multiplicities 8 and 4 to connect the reactant and transition state. According
to the scans, the lowest possible spin transition energy was found to be 1.3 eV
however further single point calculations should be performed to force geometric
overlap.

Locating spin transitions can be useful, however the most practical aspect of
these calculations is determining whether a spin transition occurs on the reactant
or products side of a saddle point. Knowing the multiplicity of a transition state is
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Figure 5.13: NEB scans to identify where spin-transitions likely occur. Each figure
shows three 20-bead NEB calculations, each of which has a fixed endpoint on the
transition state geometry (red). The reaction step is plotted for Mn (a) starting at
multiplicity 8 (blue) and ending at multiplicity 4, as well as for Ni (a) going from
multiplicity 3 (blue) to 5 (orange).

necessary for determining the correct energetic barrier of a reaction step. How-
ever, finding the exact point of energetic and geometric crossing between two spin
systems is expensive and less useful than determining accurate reaction barriers.

5.3.5 Metal substitution and catalytic activity

Finally, we sought to gain some chemical insight from the metals and systems we
studied. The electronic structure calculations shed some light on the differences
between each metal. In the neutral single-atom catalysts (Figure 5.14a), Pt was in-
cluded as a reference metal. Interestingly, the Pt atom shows the strongest affinity
for O, along with Fe while also having one of the lower energies in the formation
and dissociation of H,O from M—OH after Ni (Figure 5.15a). In general, Fe is in
closest agreement with Pt for steps 0—1, 1—2, and 2—3, however Fe has the
highest H,O dissociation energy followed by Mn in 4—5.

Mn, Co, Ni, and Fe are compared in the periodic graphene lattice (Figure 5.14b).
While atomic Co has the lowest affinity for O, in step 0—1, in the MNC system, Ni
has the lowest O, affinity while Co and Mn have the strongest O, binding energy
(Figure 5.15b). Mn has a value close to 0 eV for the formation and desorption of
H,O while Ni and Co have decidedly negative AAE values, reaching below —1 eV.
Fe is only slightly more negative than Mn, suggesting that these metals have a low
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Figure 5.14: A comparison of the metal performance across different systems.
Single-atoms a, periodic MNC b, porphyrin ¢ and phthalocyanine d catalysts are
plotted for Mn (red), Co (dark blue), Ni (blue), and Fe (orange). Platinum is com-
pared to other single atoms in a (light blue).

drive for converting M—OH to M + H,O.

When comparing metal trends between the single-atom systems and porphyrins,
steps 2—3, 3—4 and 4—5 reflect a similar ordering of energies. In both systems,
Mn and Fe exhibit the strongest drive towards for formation of M—O and H,O and
Ni the weakest. In step 3—4, when M—OH is formed, Co exhibits the most nega-
tive AAE, followed by Ni. Fe is the least negative step of the four metals in both the
single atom and porphyrin case. Finally, while the formation of water from M—OH
in step 4—5 is positive for the single-metal systems, the ordering of the metals is
shared across all four systems. Ni exhibits the most negative AAE followed by Co.
In all system except for the single-atoms, Mn favors step 4—5 the least.

Interestingly, the phthalocyanine system only shares energetic trends with por-
phyrin for the initial steps M + O, -+ M—OOH (0—1, 1—2) and the final step (4—5)
while the middle steps involving M—O and M—OH (2—3—4) are quite different.
However, the general energetic ordering of the metal pathways during the initial
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association of O, to the metal show good agreement between all three systems for
most steps. The four added nitrogen atoms about the metal have a notable effect
on these middle steps (since the abbreviated phthalocyanine closely matched the
AEs of the full system, we can determine that the added aryl groups do not have a
strong effect on the reaction paths). Adding functional groups to tune the pathway
can be easily done on the aryl groups of phthalocyanine. The effect of electron
withdrawing versus donating ligands may achieve desirable outcomes such as en-
hancing O, association energies, reducing the overpotential and decreasing H,O
dissociation energies, and will be among the next areas of investigation in this
work.
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Figure 5.15: The AAEs compared for each metal across different systems.
Single-atoms a, periodic MNC b, porphyrin ¢ and phthalocyanine d catalysts are
plotted for Mn (red), Co (dark blue), Ni (blue), and Fe (orange). Platinum is com-
pared to other single atoms in a (light blue).

Further analysis of free energies and limiting potentials are underway for these
systems using computational methods introduced by Ngrskov.[233] For the time
being, we have shown that hybrid DFT functionals perform relatively well for ge-
ometry optimizations and that system-reduction can improve compu-
tational costs and convergence of electronic structure methods without sacrificing
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accuracy as long as the ligands about the metal center are retained. However, the
high-spin character of these systems makes them challenging for electronic struc-
ture methods to converge. In particular, transition state calculations are limited
because each step also sees a spin-transition. As shown in the previous section,
the spin transition can be roughly located after two NEB calculations which allows
one to identify whether the transition state shares the multiplicity of the reactant or
products. Finding accurate reaction barriers for key reaction steps is important for
determining useful trends and making deductions about catalytic activity.

5.3.6 Conclusion

In this chapter, the ORR pathway was used to benchmark a variety of computa-
tional methods on compact, yet difficult systems. Single-atom centers were bench-
marked using DFT and wavefunciton methods, revealing challenging steps and
metals. CCSD(T) results obtained by Henderson suggest high multireference char-
acter for a handful of steps, illustrating the challenge of simulating these systems
accurately.

Single-atom systems were also used to test transition state methods on reaction
steps where a spin transition occurs. While requiring multiple NEB calculations,
identifying saddlepoints was relatively seamless. We hope to extend this method
to larger systems to identify catalyzed O, bond activation energies for different
metals and systems.

We showed that while trends for single-atoms are a poor reflection of larger
systems, less extreme reductions such as removal of the outer aryl groups on the
phthalocyanine catalysts not only preserves metal trends but also reproduces very
similar AEs to the original system. The removal of these 16 carbons and 8 hydro-
gens sped up the calculations a considerable amount. Unfortunately, including the
aryl groups is necessary for testing the effect of functionalization as they serve as
handles for new groups.

Overall, DFT performs relatively well for most steps. Good starting geometries
and awareness of challenging steps is important when simulating these systems.
Furthermore, keeping tabs on the multiplicities is important. In many steps, multiple
spin states were close in energy (within 0.2 eV), illustrating how complex these
systems are.



91

Chapter 6

Additional projects and
collaborations

Several collaborative projects are summarized in this chapter. Several have re-
sulted in peer reviewed publications. There are four sections dedicated to sepa-
rate collaborations followed by a short fifth section summarizing other work. In the
cases where the collaboration led to a publication, a brief background and motiva-
tion for the project is given followed by relevant results and figures which highlight
my contributions. In the first section, a python tool for handling kinetic data and ac-
counting for catalyst poinsoning is introduced. This project has not been published
but a manuscript is in preparation. In section[6.2} a recent collaboration with Dave
Leitch and Jingru Li is summarized. My major contribution was computing mini-
mum and transition state structures of a large Pd catalyst. These structures were
then used for further ESP analysis by Li. More computational work formed another
collaboration with Gilian Thomas who performed mass spectrometric analysis of
isobaric platinate species in the gas phase. My contributions to this publication
is summarized in Finally, computational analysis of reactive metallocenes was
paired with mass spectrometric analysis by Anuj Joshi for a publication in Dalton
Transations and is presented in section [6.4.3. In 6.5, Catacycle is introduced,
which is an arrow drawing tool used across the chemical community today.
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6.1 Accounting for catalyst poisoning during kinetic
analysis

6.1.1 Background

Variable time normalization analysis (VTNA) is a visual tool recently introduced
by Bures in 2016 for analyzing the kinetics of a reaction.[186] VTNA allows the
order of a reaction with respect to a reagent to be determined. The time axis
is scaled by the relative concentration of the reagent raised to a variable power
[Equation 6.1 When the exponent, «, equals the correct order with respect to the
reagent, the kinetic component is cancelled, and the traces will overlay. Applying
this normalization to each component of the system produces a linear trace can
be obtained of which the slope corresponds to the observed rate constant for the
reaction.
t

[A]*dt (6.1)

t=0

VTNA has proven to be a convenient way for comparing entire abundance re-
action profiles in a figure by overlaying multiple reaction traces. It's simple visual
delivery also makes it appealing to an audience less familiar with kinetic analysis.
In collaboration with fellow lab mates, a Python-powered web tool was designed
whereby users can upload their data and manipulate them into the VTNA format by
use of simple sliding scales. It also allows for auto-fitting of the data. The tool will
be made freely available online for all users at www.catacycle.com/vina. It includes
a modification to the method to account for catalyst poisoning, a phenomenon that
disproportionately affects reactions conducted at low catalyst loadings.

When using conventional kinetic analyses, it has often been noted that reac-
tions are slower than expected at low catalyst loadings. Particularly, when running
experiments at the low concentrations required for ESI-MS, even very low levels
of catalyst poisons reduce the effective concentration of the catalyst to a notice-
able extent. For example, drying solvents much below 5 ppm in H,O is challeng-
ing, yet this concentration level is typical of analyses using ESI-MS. The under-
performance of low catalyst loadings phenomenon is also commonly observed
even at higher concentrations, in cases where the substrate is impure and contains
substances capable of deleteriously binding to the catalyst. We have implemented
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a correction in VTNA that may prove useful to chemists who are trying to account
for these deviations from model behavior. The correction is simple to implement
and understand, it reduces the catalyst concentration by a fixed amount regard-
less of catalyst loading (i.e. 1, 2 and 4% catalyst loadings might all be reduced
by 0.5% to give effective catalyst loadings of 0.5, 1.5 and 3.5%). There are many
examples in the literature of catalyst poisoning in both homo and heterogenous
catalysis.[249] 250, 251]

What distinguishes poisoning from other catalytic deactivation processes such
as decomposition and side reactions, is that it immediately consumes the catalyst
when it is added. It does not add complexity to the reaction traces but to simply
lower the effective concentration of the catalyst by a set amount upon addition of
the catalyst. Other mechanisms such as catalyst decomposition processes will
affect the reaction in a non-linear fashion since they affect the catalyst over the
course of the reaction. Therefore, we can extend the VTNA method to account for
catalyst poisoning during time normalization [Equation 6.2.

t
/ [A — poison]*dt (6.2)
t=0

6.1.2 Methods

In collaboration with Brett Henderson, a python script was created to perform VTNA
and correct for catalyst poison. Two generations of the code exist. The first gen-
eration is a jupyter notebook which uses four python packages: matplotlib for data
visualization, pandas and numpy for data manipulation and ipywidgets for the user
interface. The first user interaction with the program is a prompt for the .xsls data
file. When prompting the user for their file, instructions on the specific format are
included. Then the user is prompted to specify which type of normalization method
should be applied to their data. Maximum value normalization is ideal for data
where the measure of a species’ abundance is directly comparable to the absolute
value of the measurement. For example, we can use the magnitude of change in
an NMR peak integration over the course of a reaction to make direct comparisons
with measurements taken over time. The second option, total (ion) count normal-
ization, normalizes each data point by the sum of all data points in that time-step.
This results in a series of individually normalized data points, each marking the
percent abundance of the species at that point in time. This is useful for meth-
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ods where the nature of measurement causes variations in the absolute counts
recorded because the relative abundance of species can be used as an internal
standard. Normalizing by the total ion count (TIC) is applicable in mass spectrome-
try (MS) where values reported are not an absolute representation of concentration
in a sample. If the user deems neither of these options suitable for their data, their
data won’t be normalized. Another input required is the relative concentrations of
the reagent they wish to test. These values must be given without units as they are
stored as floats for later calculations.

There are a few other adjustments that need to be made to the dataset before
the reaction order can be determined. Firstly, all experiments that will be compared
need to have the same starting point. Because each sheet describes a separate
experiment, the start times may not align. Secondly, the data should be smoothed
if it is noisy. Because each experiment is performed separately, the quality of the
data may vary, and some experiments may require more averaging. The user
manually defines when time equals zero by picking the point on their trace when
the reaction begins. They also select the degree of smoothing for each experiment
in the first interactive plot using ipywidgets. Both the translation and the smoothing
can be done using a slider bar that is directly above the plot, updating the figure
each time the bar is moved. The smoother widget is used to adjust the window
size of a rolling mean. The rolling mean finds the average value of all data points
within the specified range (window size) of each data point. Every data point then
becomes the average of its neighbors. This smoothing is handy because it retains
the same data density regardless of how much smoothing is performed. However,
this may also falsely portray high quality data and should be used in moderation.

The final two widgets are used to adjust the order of the reaction until the traces
align for each reaction and to correct for poisoning. A widget for time normalization
adjusts the x-axis values for each trace so that the time column is normalized by
the concentration of the reagent raised to the power of the widget value. Once
the correct order has been selected, the value is stored in a variable to be used in
the final plot along with all the other adjustments previously made to the dataset.
A second widget allows users to find the degree of poison by subtracting a fixed
"poisoned” concentration of reactant.

In a second edition, Brett Henderson implemented an auto-fit function which
allows the user to select from a number of different cost function they can to use
fit a reaction order. These tools are being made available on GitHub and hopefully
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as a web-interface on Catacycle.com as well.

6.1.3 Discussion

Two datasets were tested using the VTNA tool with and without a poisoning. To ap-
ply VTNA, 1”NMR data of zirconium catalyzed hydroamination[252] (Figure 6.1}a)
was normalized by the measured concentration of Zr added raised to the first power
(Figure 6.1b). Though the reaction is first order with respect to the Zr catalyst, nor-
malizing the time axis did not result in a perfect overlay due to catalyst poisoning.
By subtracting a constant amount of catalyst from all measured concentrations, a

better fit was achieved (Figure 6.1c).
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Figure 6.1: An example of VTNA applied to hydramination experiments. The plots
show overlaid raw data from each experiment in a, time normalized to first order in
catalyst concentration in plot b and ¢ shows improved overlay after adjusting for a
constant amount catalyst poisoning across all experiments.

The second dataset assessed by VTNA was that of the formation of a charged
cobalt carbonyl alkynyl complex which is found to be first order in
Co,(CO)g. Since the Co,(CO)s is in 100-fold excess to the charged alkyne its
concentration approximated as constant during the reaction. Once again, the low
concentration reaction was slower than expected but when a poison correction of
0.16 mM is applied, the traces overlay (Figure 6.2c).

The correction for an unknown amount of poisoning is only meaningful if mul-
tiple experiments are conducted in identical conditions. It is particularly important
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Figure 6.2: VTNA applied to the formation of a bridging alkynyl complex. The
formation of the charged analog to CCTBA was monitored by PSI-ESI-MS at 1 mM
(dark blue) and 2 mM (light blue) Co,(CO)s (a). Good overlay is achieved when the
time axis is normalized by the concentration of Co,(CO)s raised to the first order
(b). An excellent fit is achieved after adjustments are made for poisoning (c).

to have more than two experiments to determine the exact poison levels when the
reaction order is also not previously determined. In some cases, a reaction is not
exactly first order but somewhere between. Knowing the amount of poison in a
reaction and applying adjusting the effective catalyst loading accordingly can be
very helpful in kinetic analysis. Purifying solvents and reagents from persistent
impurities becomes more difficult the higher the desired purity and in some cases,
purchased reagents can be difficult to purify further. Poisoning corrections to ki-
netic analysis can provide a useful substitute when catalyst loadings are within the
limit of the impurities present. This work is in preparation for publication.



97

6.2 Mechanistic trends in the oxidative addition of
aryl halides to palladium

In collaboration with David Leitch and Jingru Lu, the mechanism and reactivity de-
pendencies of oxidative addition (OA) was investigated and our work was published
in RSC.[253] Catalytic cross-coupling is one of the most versatile and widely-used
methods to link molecular fragments.[254] Using the mechanistic features of oxida-
tive addition to Pd(0) as a guide, Lu considered molecular descriptors that would
provide mechanistically meaningful correlations between substrate structures and
oxidative addition reactivity (Figure 3).[255] | performed transition state calcula-
tions on a number of OA substrates to provide structural and electronic information
to back Lu’s linear regression model. A brief introduction is given, followed by
passage and figures extracted from the Sl of the published manuscript.

6.2.1 Background

The oxidative addition of aryl halides to Pd(0) has been studied experimentally[256),
257, 1258, 259] and computationally.[260, 261, 262, 263] The mechanism of this
catalytic step is generally thought to proceed through a 3-centered transition state
where Pd-C and Pd-X formation occurs simultaneously. However, transition state
(TS) calculations reveal that the degree of polarization in a heterocycle influences
the transition state. For the highly polar substrates, we observed a minimum en-
ergy path proceeding through C-X bond cleavage followed by Pd-X bond formation,
resembling the mechanism for nucleophilic aromatic substitution (SyAr).[260, [263]
The mechanisms are illustrated by Lu and Leitch in|Figure 6.3

For both pathways, four steps are considered: the free catalyst and substrate,
the m-complex intermediate, the oxidative addition transition state and the oxida-
tive addition product. The w-complex intermediate structures of ten substrates
were computed and the binding energy was calculated. Based on the structural
and electronic features of the intermediates and transition states calculated for the
oxidative addition pathway, Lu built a reactivity map from a combination of molec-
ular descriptors such as electrostatic potentials (ESP) for specific atoms in the
substrate,[264), 265, 266, 267, 268, [269] A-values to describe sterics,[270] and the
intrinsic bond strength index (IBSI).[271]
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Figure 6.3: The general mechanism for oxidative addition to L,Pd(0), with the -
complex intermediate preceding either Pd insertion into C—X bond, or an SyAr-like
displacement of X (where X=ClI, Br, OTf). Figure and caption reproduced from
published manuscript.[253]

6.2.2 Methods

To locate transition states for oxidative addition, different reaction coordinates were
scanned depending on the nature of the aromatic substrate. For chlorinated pyri-
dine substrates, the transition state of the oxidative addition step was found by
stretching along the CI-C2 bond axis to locate the “SyAr-like” transition state. To
locate the “3-centered” oxidative addition transition state for aryl bromides, we used
a relaxed scan opening the C1-Pd-Br angle from the m-complex intermediate to the
cis oxidative addition product; this cis complex then isomerizes to the more stable
trans geometry (which is the experimentally observed geometry).

Transition state structures used in this work were obtained in ORCA 4.0.1.2[153]
using relaxed scans with an Rl BP86/def2-SVP approach with D3BJ dispersion for
all atoms except for Pd, for which a def2- TZVP basis set was used. Subsequent
electronic structure calculations were then performed with a RI-B2PLYP/def2-TZVP
approach with D3 dispersion to calculate TS energies. The same approach was
used to generate starting, intermediate and product structures. Lu generated aver-
age ESP values using transition state structures. An example input file to compute
a geometry is provided below.
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Geometry:

! RI BP86 def2-SVP def2/J D3BJ TIGHTSCF Opt Grid3 FinalGrid5
%basis newgto Pd "def2-TZVP" end end

Energy:

! RI-B2PLYP D3 def2-TZVP def2-TZVP/C TIGHTSCF

Figure 6.4: Example input files for geometry and electronic structure calculations.

6.2.3 Results and Discussion

The energies of the six intermediates and their corresponding transition states
and products are given in [6.1L The simplified reaction coordinates for oxidative
addition of the 2-chloropyridine and bromobenzene substrates are given in Figure
4. Overall, the trends in reactivity mirror those observed experimentally. One minor
discrepancy is the transition state energy for 4-bromoanisole is slightly lower than
for bromobenzene (3 kJ/mol difference), whereas the experimental AAG* is ~1.5
kJ/mol with bromobenzene lower than 4-bromoanisole. The bent geometry of the
Pd(PCys), starting structure P—-Pd—P bond angle of 160.3° agrees with geometries
previously reported in the literature.[272] Our 7-complex intermediate structures
and transition states are also consistent with previously reported geometries for
related systems.[260]

The reaction pathways calculated for aryl chlorides (Figure 6.5a) show an ele-
vated intermediate energy and transition state barrier during oxidative addition 2-
chloro-6-aminopyridine (orange). For aryl bromides (Figure 6.5b), bromobenzene
boasts the highest transition state barriers closely followed by 4-bromoanisole. In
both cases, electron withdrawing cyano groups stabilize the intermediate and tran-
sition state structures.

These electronic energies provide a benchmarking tool and suggest that inter-
mediate structures along with simple molecular descriptors suffice in predicting the
reactivity of any aryl substrate for oxidative addition. Lu also found that ESP val-
ues found on atoms in intermediate structures successfully reproduced trends from
transition state structures. The reactivity model developed by Lu demonstrates
that a quantitative structure—reactivity model for oxidative addition enables accu-
rate predictions for the outcome of various cross-coupling reactions. By correlating
relative reaction rates with easily-obtained molecular descriptors, Lu’s model can
predict the reactivity of diverse (hetero)aryl electrophiles toward oxidative addition
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7 complex transition | product product
AE (kd/mol) intermediate state (cis) (trans)
2-chloro-6-cyanopyridine +14 +27 —103 —198
2-chloropyridine +18 36 —-125 —164
2-chloro-6-aminopyridine +45 +57 —101 —-179
4-bromobenzonitrile -9 +15 —128 —206
bromobenzene +11 +34 -110 —-190
4-bromoanisole +7 +31 —108 —157
m complex
AE (kJ/mol) intermediate

2-chloro-3-methylpyridine
2-chloro-6-methylpyridine

2-chloro-3-trifluoromethylpyridine
2-chloro-6-trifluoromethylpyridine

2-chloro-3-cyanopyridine

Table 6.1: Tabulated energies (kJ/mol) of key species in the oxidative addition

pathway relative to the unbound substrate and Pd(PCys;)s.

The top table shows

step energies from full reaction steps. The energy of forming the intermediate
precursor complex was also calculated for six additional substrates (bottom table).

to Pd(0) before performing cumbersome reactions or transition state calculations.
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Figure 6.5: Simplified calculated reaction coordinate for oxidative addition of
chloro and bromo substrates. Panel a shows 2-chloro-6-cyanopyridine (purple), 2-
chloro-6-aminopyridine (orange), and 2-chloropyridine (green) to Pd(PCys),. The
calculated structures for 2-chloropyridine derivatives are shown as representa-
tive. Panel b shows the reaction path energies of 4-bromobenzonitrile (purple),
4-bromoanisole (red), and bromobenzene (blue). Calculated structures for the
bromobenzene derivatives are shown as representative. The cis oxidative addi-
tion products are not shown.(b).

6.3 Trichloro(Dinitrogen)Platinate(ll)

In a collaboration with Gilian Thomas, the existence of a dinitriogen ligand on
trichloroplatinate was investigated and the findings were pubished.[273] | performed
DFT calculations to compare the binding energies of various isobaric species to
supplement mass spectrometric results. Excerpts related to my contributions have
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been selected from the published manuscript, and are summarized below.

6.3.1 Background

Zeise’s salt is the oldest known organometallic complex, first isolated in 1830 af-
ter boiling platinum tetrachloride in ethanol.[274] However, the complex has since
been made using ethylene.[275] Crystallographic data [276, 277] shows that the
ethylene binds in a side-on a bonding mode as described by the Dewar—Chatt—
Duncanson model.[278] Zeise’s salt marks the beginning of organometallic chem-
istry research. A variety of derivatives have been prepared since where the ethy-
lene is replaced by another 2-electron ligand.[279, 278| 280, 281] Monodentate
alkenes tend to bind weakly to metal centers, and it is generally difficult to preserve
their coordination even under the mildest of ESI-MS conditions.[282, 283] Since
ethylene ligand binds tenaciously to the platinum, Thomas set out to investigate
whether it would remain bound throughout the desolvation process during electro-
spray ionization mass spectrometry (ESI-MS). However, when Thomas prepared a
[PtCl,4]?~ solution in water a minor peak with the expected m/z and isotope pattern
for [PtCl3(C,H4)]~ was observed in the absence of ethylene. Collision-induced dis-
sociation (CID) experiments of the unexpected peak resulted in the loss of a neutral
species with a molecular weight of 28 Da, as would be expected for the ethylene
species. Since Nitrogen also has the same molecular weight as ethylene (28 Da), it
was a probable explanation for this ion. Dinitrogen is present in abundance during
ESI-MS experiments thanks to its use as a desolvation gas. Dinitrogen complexes
have been reported for metals in Groups 3-9,[284, 1285, 286/, 287, [288] some with
carefully constructed coordination environments,[289, 290, 291), 292] 293, 294/
2935 296, 297] and others evolved for nitrogen fixation,[298, 299, 1300, 301] dini-
trogen complexes are far less common for Groups 10 and 11. However, dini-
trogen complexes involving platinum have not been isolated. Some mass spec-
trometric studies have been performed to study PtN, bonds under specialized
conditions.[302, 1303, 304, [305] There is ample interest in metal centers which will
bind to dinitrogen species due to the inherent difficulty of activating the dinitrogen
bond.[306] The robustness of the observed gasphase [PtCl3(N,)]~ species was
probed using accurate mass analysis, MS/MS studies, ion-mobility spectrometry
(IMS), and computational chemistry by myself. All experiential work was conducted
by Thomas. We compared all molecules of mass 28 Da that can act as a ligand
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for the [PtCl3]~ fragment: ethylene, dinitrogen, and carbon monoxide. The result-
ing [PtCl3(L)]~ complexes are numbered 1 (L=C,H,), 2 (L=N,) and 3 (L=CO). The
binding energies and configurations of these complexes were investigated compu-
tationally as well as a number of adducts with common solvents.

6.3.2 Methods

lon-mobility data for each of the three complexes was collected on a Waters Synapt
G2-Si instrument by Thomas. Computational analysis of the three ions allows us
to assess the strength of binding of the ligands in the gas phase, and in keep-
ing with the tandem mass spectrometric results, the calculations showed the order
of binding strength to be CO>C,H, >N,. Because of the low number of atoms,
calculations could be performed at a high level. Binding energies of N,, CO, and
C2H4 to [PtCl3]~ were calculated using density functional theory (DFT) at the RI-
UB2PLYP/def2-TZVPP level of theory,[115] with D3 dispersion corrections[307] us-
ing ORCA 4.0 software.[152]

6.3.3 Results and Discussion

The difference in drift time in the ion-mobility spectra for 3 and 1 (Figure 6.6) is
somewhat surprising, given the similarities in size of the two complexes (same
nominal mass and number of atoms), but drift times are dependent on factors in-
cluding ion-neutral interactions,[308] drift gas polarizability,[309, 310] shape,[311]
and charge state.[312] Additionally, ions with a more delocalized charge are less
prone to forming short-lived heterodimers with the drift gas molecules.[313, 314],
315] Because CO is more highly polarized than N, (see|Figure 6.6 insets of electro-
static potentials mapped on to the electron density isosurface), it exhibits a longer
drift time despite their similarity in collisional cross-section. The computational re-
sults predict the strongest bond energies for CO, then ethylene, then dinitrogen, in
full agreement with the MS/MS and ion-mobility results obtained by Thomas.

The ligand dissociation energies for L ligands in complexes 1, 2, and 3 were
compared to solvent molecules and O, for context (Figure 6.7]and [Figure 6.8). N,
was found to exhibit stronger coordination to Pt than methanol and slightly weaker
binding than acetonitrile. Other polar ligands examined were water and dimethyl-
formamide (DMF), and these both have markedly lower binding energies than N,.
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Figure 6.6: lon-mobility spectrum for [PtCl;(C,H,)]~ (blue), [PtClz(N,)]~ (green)
and [PtCl3(CO)]~ (red). The area of each trace has been normalized to the same
value. Structures of [PtCI3(N,)]~ (left) and [PtCI3(CO)]~ (right) show the electro-
static potential (red=0.8, blue=0.1) calculated with the orca_vpot keyword and plot-
ted as a cube file mapped onto the electron density isosurface (0.1 eA3).

Dioxygen was the weakest binder of all, with less than half the binding strength of
N> (unlike N,, the strongest binding mode for O, was side-on rather than end-on).

Frontier molecular orbitals were plotted for 1, 2, and 3 (Figure 6.9). All ex-
hibited the synergistic = back-bonding that is a feature of all three ligands, with
filled ligand orbitals o-donating into empty metal orbitals of appropriate symmetry,
and filled metal orbitals donating 7 electron density back to the ligand into empty
7* orbitals.[316], [317] Comparing the calculated N, bond length of 1.112 A in 2
to established bond lengths in structurally characterized dinitrogen complexes is
instructive. Examination of iridium (the closest analogue to Pt) complexes of dini-
trogen in the Cambridge Structural Database (36 unique bond lengths are known),
we find the N, distance falls in the range 0.982 A[318] to 1.183 A,[319] with an
average of 1.117 A, strikingly close to that calculated for 2. The bond length in
2 is most similar to that in an iridium pincer complex prepared by Brookhart and
co-workers in which the dinitrogen ligand (N-N distance 1.119 A) is bound to two
iridium centers.[320]

Given the surprisingly high gas-phase and calculated stability of this platinum
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Figure 6.7: Ligand dissociation energies (LDE) calculated as reaction enthalpies
for the dissociation reaction PtCl;—L — PtCl;+L. Comparison of C,H,4, N, and CO
(diagram) to that of common readily available compounds (table b)

Figure 6.8: Optimized structures of PtCI3 coordinating with common ligands.
The additional ligands considered were O, (a), H,O (b), MeOH ¢, MeCN (d), e)

NMe,CHO (f)

dinitrogen complex, 2 makes for a feasible synthetic target. The relatively high
strength of binding may provide exploitable levels of activation of the dinitrogen
molecule in water, leading to new opportunities in functionalization and catalysis.
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Figure 6.9: Occupied molecular frontier orbitals from complex 1 (a), 2 (b), and 3
(e) involved in binding to their respective ligands.

6.4 Reactive metallocene cations as sensitive indi-
cators of gas-phase oxygen and water

Nitrogen generators are becoming increasingly popular as a gas source for mass
spectrometric applications.[321] Nitrogen generators supply nitrogen on demand
and save a significant amount of money in labs that require a continuous N, sup-
ply. However, in order to conduct air sensitive chemistry, the supply of N, must
be of high enough purity.[322] The Mcindoe lab had recently installed a factory-
refurbished, N, generator, supplied by Peak Scientific. Reduced titanocene(lll)
complexes and cationic zirconocene(lV) alkyls were used as indicators for oxygen
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and water in the N, supply.

6.4.1 Background

Nitrogen generators are becoming increasingly popular as a gas source for mass
spectrometric applications.[321] Nitrogen generators supply nitrogen on demand
and save a significant amount of money in labs that require a continuous N, sup-
ply. However, in order to conduct air sensitive chemistry, the supply of N, must be
of high enough purity. The Mclndoe lab had recently installed a factory-refurbished,
N, generator, supplied by Peak Scientific. Reduced titanocene(lll) complexes and
cationic zirconocene(lV) alkyls were used as indicators for oxygen and water in
the N, supply. The gas phase reactivity of [Cp,ZrMe]* is limited to the work pub-
lished by Richardson et al.[323, 324, 1325] and Chen.[326] Other than comments
about the hydrolytic sensitivity in the experimental sections there is lacking work
published that discusses the reaction with O,. Therefore, the reaction of formation
of [Cp,ZrO,]* from [Cp.ZrMe]" in the gas phase was investigated computationally.

6.4.2 Methods

The oxidation reactions observed by mass spectrometry were modelled compu-
tationally. Reaction paths for the oxidation of [Cp,Ti(CH3CN),]* and [Cp.ZrMe] "
were estimated a series of DFT functionals in the SIESTA 4.0.1 and ORCA 4.0
codes.[131,[152] A spin-polarized UPBE/DZP formalism was used in SIESTA, with
Troullier—Martins norm-conserving pseudopotentials, and dispersive interactions
included at the D2 level of Grimme, which is appropriate for gas-phase metal
species.[236] [115] The effects of Hartree-Fock exchange and basis set size were
considered by using a series of unrestricted methods available in the ORCA soft-
ware. Single point energies for SIESTA-optimized ground and transition state struc-
tures were confirmed using UPBEO/TZVP, UPBE0-D2/TZVP, UPBEO-D3/TZVP, and
RI-UB2PLYP-D3/TZVP in ORCA . The structural convergence of relevant, stable Ti
complexes was confirmed by comparison to RI-UB2PLYP-D3/TZVP-level calcula-
tions in ORCA. Given the agreement between SIESTA-based UPBE/DZP calcula-
tions and ORCA-based RI-UB2PLYP-D3/TZVP, all Zr calculations were performed
in SIESTA.

Transition states were estimated using relaxed scans (linear transit) in SIESTA,



108

using a homemade Python script that reduced and fixed the distance between an
oxygen molecule and the metal complex. Methyl groups are quite energetic, so the
presence of possible methyl-scavenging molecules (O,, N,, methyl radical) was
also considered in the case of [Cp,ZrMe]* oxidation. Additional ab initio molecular
dynamics (AIMD) calculations were performed in SIESTA at the PBE/DZP level, to
follow the behavior of the complexes under ambient temperature conditions. The
AIMD procedure in SIESTA used a Nose-Hoover thermostat ramping from 0 to 300
K, with 1 fs timestep. Between 500 and 1000 timesteps were considered, until the
simulation completed. All SIESTA calculations used a pseudo-atomic orbital (PAO)
confinement energy of 1 mRy.[327]

6.4.3 Results and discussion

Mass spectrometric results obtained by Joshi suggest that [Cp, Ti(NCMe)]" is the
primary source of the oxygen-containing complex [Cp,TiO,]*. Ab initio molecular
dynamics (AIMD) simulations37 at 300 K of [Cp,Ti(NCMe)]*+0O, and [Cp, Ti(NCMe),]*+0,
support this hypothesis, as the titanium in the [Cp,Ti(NCMe),]" complex is inert to
O, while the Ti of [Cp,Ti(NCMe)]* readily binds to O, (Figure 6.10).

Since the concerted pathway from [Cp,Ti(NCMe),]* to [Cp,TiO,(NCMe)]* or
[Cp,TiO,]" is not likely, we calculated energy diagrams for two possible mecha-
nisms, both involving the initial dissociation of acetonitrile from [Cp,Ti(NCMe),]"
to form [Cp, Ti(NCMe)]". A concerted mechanism wherein O, replaces CH;CN as
a ligand was considered as well as a stepwise mechanism where the second O,
binds in a monodentate fashion prior to loss of the second CH3;CN and O, reorien-
tation to 1?-O, (Figure 6.11). Changes in energy for the different steps along the
Ti reaction paths are reported, at various levels of theory (Table 6.2). Energy dif-
ferences obtained from the PBE-D2/DZP methodology in SEISTA were consistent
with higher-level B2PLYP-D3 calculations, thus validating the SIESTA approach for
these systems. Loss of the first acetonitrile ligand in the first step destabilizes the
complex, creating the opportunity for attack from the O, molecules present in the
gas phase. Species 2, 3, and 4 were all observed in the mass spectrometry ex-
periments. The most stable structure of 4 had O, in an »? configuration, replacing
both monodentate CH;CN ligands (Figure 6.11). The 2 — 3 — 4 pathway is a
sequence of bond dissociation and association steps and thus barrier-less, and
the lowest energy pathway in the computational model. However, higher-energy
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Figure 6.10: Snapshots from AIMD simulations at 300 K. Over the course of 1000
fs, a shows O, readily coordinating to [Cp, Ti(NCMe),]*, b shows O, abstracting a

methyl group from [Cp,Zr(O;)Me]* and ¢ shows N, inert towards the same com-
plex.

species are accessible in the ESI-MS setup, making a concerted mechanism for
the 2 — 4 pathway viable.

PBEO/ PBEO- | PBEO- RI- RI-
Step PBE TZVP D2/ D3/ B2PLYP- B2PLYP-
vdW-TS | vdW-TS TZVP TZVP D3/TZVP | D3/TZVP
152 +137 +102 +207 +150 +122 +129
23 —86 —-97 —155 —140 —94 —104
3 — 4kt +159 +112 +145 +128 +167 +143
3 4 +77 +52 +79 +67 +55 +75

Table 6.2: The single point energies (kJ/mol) calculated in SIESTA (column one)
were benchmarked against a range of functionals in Orca. The final column shows
results from unrestricted RI-B2PLYP-D3/TZVP to optimize the geometry and elec-
tronic structure. Note that all calculations are unrestricted DFT.

The possibility of a monodentate binding by O, was considered in the product
4, in addition to the bidentate mode. The x1— O, form is less stable than the 1?— O,
binding mode. This is reflected in the shapes of the highest occupied molecular
orbitals (HOMO) of the two species. Greater overlap between the metal center
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Figure 6.11: The [Cp,Ti(NCMe),]"+ O, reaction pathway calculated with SIESTA
(UPBE-D2). In the stepwise mechanism for Ti ligand exchange, the reaction path-
way can be modelled as a series of bond association/dissociation steps1 —2 — 3
— 4. All steps are single bond dissociation or association steps and are therefore
barrier-less. Although a concerted pathway from 2 to 4 may occur when the Ti/O,
bond forms as the CH;CN breaks away, there is no saddle point along the PES
because the minimum energy of this transition state results in structure 3.

dE (kJ/mol)

and two of the lone pair orbitals of the bidentate O, molecule is evidenced in the
HOMO of the 72 — O, complex (Figure 6.12b), compared to the single lone-pair
participating in binding of the x1 — O, mode (Figure 6.12a).

On the other hand, reaction coordinate analysis through linear transit scans at
0 K identified a stable intermediate where Zr is bound to both O, and Me (Int6 in
Figure 6.13), which was not observed experimentally. The gas phase calculations
of the possible [Cp,ZrMe]™ + O, — [Cp2ZrO,]* + Me* reaction via a concerted
mechanism found that the methyl radical was too reactive to present as an inde-
pendent leaving group. Instead, the metal center accommodated both ligands as
[Cp2ZrMeQ,]*, an intermediate species that is not observed in the mass spec-
tra. Instead, [Cp,ZrO,]" is observed directly in the experiment, suggesting that the
methyl group has to leave through a stabilized pathway, such as by attaching to
a scavenging group. Gas phase scavenging reactions have been observed in MS
previously.[328, [329]
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Figure 6.13: The [Cp.ZrMe]" + O, reaction pathways calculated with SIESTA
(UPBE-D2). The Zr ligand exchange is assisted by stabilizing the Me leaving group

(TS67).

Ab initio molecular dynamics calculations of the reactions between [Cp,ZrMeO,]*
and possible scavengers were carried out at the PBE-vdwTS/DZP level in SIESTA,
at a temperature of 300K, for 2 ps. Fluorobenzene (solvent), N, and O, (present
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in the desolvation gas) being the only species present in abundance during the
transfer from solution phase to the high vacuum of the mass spectrometer were
all considered as scavenger candidates. Fluorobenzene and N, were inert to the
[Cp.Zr(O,)Me]* complex (Figure 6.10¢) but O, readily facilitates the removal of the
methyl radical (Figure 6.10p) and formation of [Cp,ZrO,]*.

Like the Ti complex, O, as a side-on ligand is more favorable than end-on. From
MO diagrams (Figure 6.14), we can make a qualitative argument that this is due
to favorable overlap from p, and p, orbitals in the two highest occupied molecular
orbitals (HOMOs) in the side-on conformation. The end-on binding mode provides
the Zr center overlap with the p, and p, from only one oxygen.

Figure 6.14: HOMOs of the zirconocene complexes: (a) and (b) show HOMO for
monodentate and bidentate-bound O, in [Cp,ZrO,]*.

Only the most reactive ions generate byproduct ions attributable to gas-phase
oxygenation, and in the case of an indicator developed for detection of O,,[330,
331] the extent of oxidation is <4% at the highest flow rate examined by Joshi.
Extremely reactive ions such as the 14e~ [Cp,ZrMe]* complex are much more
reactive towards oxygen and water; using such ions as probes, the source(s) of
contamination within the spectrometer can be readily discovered and corrected for
as in the present work. Computational work provided insight into how the observed
oxidation chemistry proceeded in the absence of species intermediate between the
species injected and that observed, which in the case of the zirconocene species
required the involvement of another oxygen molecule to mediate the removal of the
methyl group. Calculations pointed to both the oxidized titanocene and zirconocene



species having dioxygen coordinated in a side-on binding mode.
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6.5 Other collaborative work

Finally, Catacycle.com was a collaboration with Brett Henderson and James Mc-
Farlane in which we launched a python-powered website, catacylce.com.[332] The
information conveyed by catalytic arrows has not evolved much in recent years.[333]
The concept of Catacycle is to convey rate information through the thickness of the
arrow, where thicker arrows are drawn for faster steps and the thinnest arrows as-
signed to the rate limiting steps. Furthermore, unlimited color options, reversibility,
perfect circles and many more features are available to chemists seeking to make
attractive figures without much fuss. The Catacycle webtool has been widely used
to produce figures since its launch in 2019.[334/ 1335|1336, 1337, 338, 1339, 1340]

Pd,(dba),
L
Ph,NH Phi
LPd oxidative
addition
_Ph A
LPd’ LPd__
“NHPh '
PhNH
W LPd -
deprotonation | N nu&fiﬁgﬂe

bBU NH,Ph

Figure 6.15: Catalytic cycle for the Buchwald—Hartwig amination. Catalyst acti-
vation (fuschia) is relatively slow, as is oxidative addition (green). Addition of the
aniline (red) and deprotonation (blue) are both very fast and reversible. The reduc-
tive elimination (orange) is the slowest step and is the point at which the catalyst
rests.

Additional collaborations include a methodology review article on PSI[184] and
filming tutorials for PythoMS.[341] In the review article, figures were produced to
demonstrate the smoothing effect of normalization on a noisy dataset in mass
spectrometry. In collaboration with Lars Yunker on his python tool for the analysis
of raw mass spectrometric data, tutorials were filmed to aid users in accessing and
using the package in a MacOS environment.[341] Several handy python scripts
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generated over the course of my PhD are made publicly available in |Appendix B
and on Github at github.com/sofiadonnecke along with the PyVTNA package. A
special thank you goes to Brett Henderson who assisted me with writing and trou-
bleshooting many of the complex scripts and python packages.
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Chapter 7
Conclusion

A vast number of important processes take place on surfaces, however many of
these chemical reaction pathways are poorly understood. In this dissertation, a
variety of organometallic surface reactions were visited, ranging from catalysis to
atomic layer deposition processes, with the purpose of understanding their mech-
anisms and benchmarking the methods used to describe them. From atomic layer
deposition to catalytic processes, reaction pathways were investigated using both
periodic and finite models. A mechanistic understanding of ALD deposition path-
ways allowed us to identify promising cobalt precursors to address the challenge of
producing cobalt thin films for complex nanodevices. Theoretical and experimental
methods were applied in combination to study the elementary steps taking place
in the gas phase and on the surface guide the rational design of new precursors
for ALD.

Besides mechanistic understanding, this thesis also focused on method se-
lection, refinement and benchmarking for these complex processes. The tradeoff
between system size and computational expense governs the selection of methods
applied to each system. However, PBEO stood out as a consistent performer for fi-
nite transition metal systems when paired with Ahlrich’s def2 basis sets. Moreover,
the remarkable scaling of the SIESTA method allows us to simulate large periodic
systems with surprising accuracy. ESI-MS allowed us to experimentally observe
the gas phase decomposition pathways of Co ALD precursors in Chapter 3.

Experimental and computational techniques used in combination to study a
system are a powerful tool for better understanding the reaction pathways that
take place. In Chapter 3, the decomposition pathways of CCTBA and CCTMA
were studied in the gas phase by mass spectrometry and revealed very similar
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pathways aside from a stronger alkyne-Co bond in the case of CCTBA. Further
computational simulations of the deposition revealed stronger surface interactions
between CCTMA and the Si(111) surface. The reaction barriers were assessed
for the incorporation of carbon impurities and revealed a lower reactivity between
the internal alkyne. These results strongly suggest that CCTMA may be a more
desirable precursor for atomic layer deposition onto silicon and other substrates
where CCTBA incorporates high amounts of carbon. Experimental testing should
be performed to identify whether CCTMA does in fact outperform CCTBA during
ALD on Si and SiO,.

A novel approach to studying Co ALD precursors was taken to better identify
trends in their gas-phase decomposition pathways. Although mass spectrometry
has been used to monitor the biproducts in some ALD processes, direct analysis of
Co precursors by ESI-MS has not been used to observe their gas phase behaviour.
The use of CID to study transition metal complexes can determine factors such
as their gas phase stability, the reactivity of their ligands, and the order in which
ligands are lost. Performing such an analysis for other precursors such as the CoSi
species can determine trends in gas phase reactivity as the silyl ligand varies.

These cobalt silyl precursors are explored computationally in Chapter 4. While
these precursors have been patented, their reactivity has not yet been system-
atically studied. In this chapter, the reactivities of various CoSi precursors were
assessed on common surfaces for ALD. The computed pathways suggest that in-
corporating a silyl ligand unlocks a new deposition mechanism which incorporates
a Si—Co layer rather than a Co layer on the substrate. According to computed
AEs, these cobalt silyl species offer a more favorable deposition pathway onto
SiO, compared to the pathway initiated by M—CO loss. This enhanced deposition
pathway on the SiO, surface offers a new avenue of depositing the initial layer of
Co onto silica, which has been problematic in practice. Improving the reactivity be-
tween the substrate and the precursors during initial ALD cycles will reduce island
growth and increase the uniformity of the initial layers. Moreover, in this chapter a
streamlined procedure for obtaining robust binding structures on complex surfaces
was developed. By sampling the local PES through AIMD simulations and starting
new geometry optimizations from selected time steps, the structure and energy
become less biased by the initial structure generated manually. In several cases,
this procedure has resulted in significant stabilization for surface binding configu-
rations along energetic pathways. On the other hand, when a more stable binding
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geometry is not found, it offers confidence that the original binding configuration is
a satisfactory minimum on the PES. These results suggest that AIMD simulations
should become a standard approach for exploring stable adsorption configurations
for complex molecules and/or surfaces. This dissertation explains a streamlined
approach for doing so.

In Chapter 5, the oxygen reaction is modeled on a variety of non-precious metal
catalysts. We set out to benchmark the electronic energies and assess the tradeoff
between method and system size. We showed that while trends for single-atoms
are a poor reflection of larger systems, less extreme reductions such as removal
of the outer aryl groups on the molecular phthalocyanine catalysts not only pre-
serves metal trends but also reproduces very similar A Es to the original system.
However, even when modeled at the atomic scale, these high-spin and high-valent
systems pose a challenge for conventional DFT optimization methods. The large
number of degenerate orbitals and closely interacting valence electrons make it
difficult to converge on a solution for the electronic structure of the reactive center.
Even more challenging than finding minima is to find transition state barriers, which
is an important measure of catalytic activity. Conventional transition state methods
do not accommodate spin transitions along a reaction step, so a manual approach
for handling TS calculations is applied to find barriers. Wavefunction methods in-
cluding CCSD(T) were also benchmarked showing good agreement with DFT for
most steps. New questions have opened up from this research such as what to do
when we encounter a particularly challenging species such as the M—QO intermedi-
ate with high multi-reference character. Furthermore, we showed that single-atom
systems cannot replicate trends found for larger systems but would applying an
oxidation state and/or pseudopotentials in place of ligands to the single-metal sys-
tems improve the system? Using the tested and benchmarked methods, ligand
functionalization, applying solvent models to systems and calculating their free en-
ergies will provide practical insight on the performance of these catalysts.

The remainder of my collaborative work is presented in Chapter 6, spanning
from python tools to aid kinetic analysis to DFT calculations of molecular-scale
organometallic systems. In three published projects, DFT methods were applied
to study reactive complexes, their reaction pathways, ligand binding energies and
transition states, and results were paired with experimental data obtained by collab-
orators. Computational findings were in good agreement with experimental results
for all three projects. A common theme across several projects is the compatibility
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of mass spectrometry with DFT for analyzing gas phase species. Unlike solution-
phase reactions, CID experiments occur in the gas phase, which eliminates the
need for solvent models to obtain AEs consistent with experiment.

There are endless avenues for further exploration for these systems thanks to
the multitude of computational techniques available in today’s day and age. How-
ever, a number of reaction pathways were modelled on the surface which ranged
from benchmarking the energetics of known reactions to new systems and their un-
explored reaction pathways. In this dissertation promising Co ALD precursors were
identified to be tested experimentally. Working with such complex systems led to a
computational approach which enhances the process of modelling complex inter-
actions between molecules and surface sites using AIMD. The approach outlined
in Chapter 4 offers a simple way to significantly improve adsorption geometries
and can be used for any system. The next steps in this research should involve
finding reaction barriers of the various CoSi species using the NEB approach as
done in Chapter 3. These reaction barriers will provide insight on precursor stabil-
ity, reactivity towards different surfaces and the effect of ligands on their reactivity.
Expanding the computational analysis to include the precursors which were only
studied in the gas phase, particularly the family of amines, should also be done
to provide specific recommendations for experimental testing. The most impor-
tant lesson from these projects is to learn as much as possible about the system at
hand before setting out to model it. This is important for both identifying all the pos-
sible pathways but also to reduce time spent tackling unlikely reaction pathways or
steps. If no or very little a priori knowledge exists about a pathway, modeling its
mechanism can seem daunting. Identifying similar systems which are known to
base models off of and to validate reaction intermediates can offer an enormous
leg up. In complex systems it is often impractical to model every possible step or
pathway the system could take and relying on chemical intuition to pioneer an initial
guess for an unexplored pathway is a necessary first step towards understanding
the chemistry at hand.
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Appendix A

Additional Information

A.0.1 Surface simulations

Figure A.1: Surface coverage for the initial layer of Co. As OH groups are bound,
the surface becomes less repulsive (Figure 14). Next steps would be to test
whether Pathway B is still preferred after the initial layer of OH is occupied.

A.0.2 ORR supplementary data

Bond lengths and angles from ORR pathways



161

(100)surface literature SIESTA optimized
Cu a=3.61 a=3.73
Co a=2.51, c=4.07 a=2.49, c=4.15
Si a=543 a=5.30
SiO, a=4.91, ¢c=5.40 a=5.17, ¢c=5.40

Table A.1: Optimized lattice parameters for the Cu, Si and SiO,(100) surfaces
compared to crystallographic literature values. Optimizations were performed with

SIESTA as described in H

abbreviated | full catalyst
metal catalyst
Mn 323.8 10704.5
Co 752.5¢ 2602.7
Ni 1094.6 7592 .1
Fe 1874.8 15736.3

1 2 nodes with 40 cores were allocated rather than 4 nodes.

Table A.2: Walltimes in seconds for the final optimization step in the DFT calcula-
tions of abbreviated and full phthalocyanine catalysts.

method | O-O
lit[248] | 1.2075
PBE 1.243
PBEO 1.193
B3LYP | 1.204
B2PLYP | 1.214

Table A.3: O, bond lengths in Angstroms. Note PBE results were paired with a
TZP basis set and vdW-TS dispersion corrections as discussed in the methodology

section.
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Step 1 M-O

metal slab phthalo | a. phthalo porph
Mn 2.001 2.188 2.206 2.171
Co 2.030 2.562 2.374 2.510
Ni 2.452 3.515 3.427 3.255
Fe 1.906 3.367 3.229 3.152

atom PBE PBEO B3LYP B2PLYP
Mn 2.129 2.061 2.081 2.071
Co 1.832 1.980 2.010 1.974
Ni 1.881 1.891 1.897 1.890
Fe 1.988 1.973 1.987 1.985

Step10-0O

metal slab phthalo | a. phthalo porph
Mn 1.310 1.284 1.281 1.289
Co 1.280 1.193 1.196 1.194
Ni 1.264 1.193 1.193 1.193
Fe 1.319 1.193 1.193 1.193

atom PBE PBEO B3LYP B2PLYP
Mn 1.374 1.317 1.332 1.353
Co 1.326 1.301 1.312 1.343
Ni 1.315 1.323 1.341 1.360
Fe 1.390 1.318 1.335 1.355

Table A.4: Step 1 bond lengths reported in Angstroms. The upper sections tab-
ulate values for periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo)
and porphyrin catalysts while the lower half reports the values for single atom path-
ways optimized with different DFT functionals.
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Step 1 M-0-0°

metal slab phthalo | a. phthalo porph
Mn 121.6 72.9 73.1 72.7
Co 118.3 119.6 120.5 119.8
Ni 116.2 109.8 107.0 108.7
Fe 118.2 107.0 107.4 108.2

atom PBE PBEO B3LYP B2PLYP
Mn 71.2 71.4 71.3 71.0
Co 120.2 70.9 71.0 70.2
Ni 115.5 69.5 69.3 69.1
Fe 69.7 70.5 70.4 70.0

Table A.5: Step 1 M—O—-0 bond angles. The upper sections tabulate values for
periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo) and porphyrin
catalysts while the lower half reports the values for single atom pathways optimized
with different DFT functionals.
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Step 2 M—OOH

metal slab phthalo | a. phthalo porph
Mn 1.941 1.943 1.950 1.864
Co 1.901 1.904 1.864 1.944
Ni 2.134 3.127 3.072 2.236
Fe 1.914 1.886 1.891 1.894

atom PBE PBEO B3LYP B2PLYP
Mn 2.002 1.941 1.952 1.957
Co 1.811 1.803 1.814 1.873
Ni 1.847 1.768 1.771 1.822
Fe 1.944 1.842 1.851 1.860

Step 2 MO—-OH

metal slab phthalo | a. phthalo porph
Mn 1.473 1.423 1.423 1.431
Co 1.439 1.359 1.375 1.372
Ni 1.425 1.308 1.308 1.302
Fe 1.482 1.410 1.413 1.417

atom PBE PBEO B3LYP B2PLYP
Mn 1.528 1.465 1.490 1.504
Co 1.500 1.423 1.443 1.491
Ni 1.482 1.436 1.460 1.516
Fe 1.514 1.433 1.454 1.481

Table A.6: Step 2 bond lengths reported in Angstroms. The upper sections tab-
ulate values for periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo)
and porphyrin catalysts while the lower half reports the values for single atom path-

ways optimized with different DFT functionals.



Step 2 M—O-OH°

metal slab phthalo | a. phthalo porph
Mn 102.4 111.3 110.9 109.8
Co 112.8 114.2 113.4 113.4
Ni 112.6 93.0 90.5 108.7
Fe 101.0 113.1 112.6 111.9

atom PBE PBEO B3LYP B2PLYP
Mn 79.1 79.1 79.4 78.1
Co 109.7 115.0 116.5 77.8
Ni 109.2 111.0 111.3 77.2
Fe 80.8 110.0 112.0 99.2
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Table A.7: Step 2 M—O—-0 bond angles. The upper sections tabulate values for
periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo) and porphyrin
catalysts while the lower half reports the values for single atom pathways optimized
with different DFT functionals.

Step 3 M-0O

metal slab phthalo | a. phthalo porph
Mn 1.707 1.624 1.627 1.622
Co 1.685 1.736 1.740 1.727
Ni 1.782 1.963 1.969 1.708
Fe 1.700 1.742 1.912 1.608

atom PBE PBEO B3LYP B2PLYP
Mn 1.697 1.627 1.633 1.586
Co 1.671 1.579 1.590 1.580
Ni 1.710 1.614 1.626 1.618
Fe 1.662 1.600 1.610 1.554

Table A.8: Step 3 bond lengths reported in Angstroms. The upper section tabu-
lates values for periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo)
and porphyrin catalysts while the lower half reports the values for single atom path-
ways optimized with different DFT functionals.



Step 4 M—OH

metal slab phthalo | a. phthalo porph
Mn 1.903 1.774 1.901 1.901
Co 1.913 1.897 1.848 1.784
Ni 2.028 1.965 1.972 1.952
Fe 1.860 1.868 1.864 1.770

atom PBE PBEO B3LYP B2PLYP
Mn 1.893 1.839 1.844 1.849
Co 1.810 1.773 1.783 1.770
Ni 1.823 1.791 1.765 1.791
Fe 1.853 1.798 1.806 1.807
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Table A.9: Step 4 bond lengths reported in Angstroms. The upper section tabu-
lates values for periodic, phthalocyanine, abbreviated phthalocyanine (a. phthalo)
and porphyrin catalysts while the lower half reports the values for single atom path-

ways optimized with different DFT functionals.
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Appendix B

Additional Information

B.0.1 Input files

Orca input file example

' RI-B2PLYP D3 def2-TZVP def2-TZVP/C TIGHTSCF Opt Grid3 FinalGrid5
%scf

MaxlIter 550
end
Yemaxcore 3000
Ypal
nprocs 40
end
»xyzfile 0 1 input.xyz

An NWChem input file example
The following input performs a PBEO/def2-TZVP geometry optimization followed
by a single point calculations with a def2-TZVPPD basis set.

echo
start phthalo
title “phthalo PBEQ”

memory total 3600 mb
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permanent_dir ./perm
scratch _dir ./ perm

geometry units angstroms autosym
load input.xyz
end

basis spherical
« library def2-TZVP
end

dft

direct

cgmin

odft

xc pbe0

mult 6

disp vdw 4
print low
convergence fast
iterations 501
end

scf

print low

semidirect memsize 100000000 filesize O
end

driver
maxiter 350
xyz pbe0
end

task dft optimize
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basis spherical

« library def2-TZVPD

end

dft

tolerances tight
grid fine

end

task dft energy

B.0.2 SIESTA scripts
Generate SIESTA input

The following script was written to generate a set of siesta input files from an xyz
and cell vectors file.

#1/cvmfs/soft.computecanada.ca/nix/var/nix/profiles/16.09/bin/python
import os

from shutil import copyfile as cp

import sys

import glob

import numpy as np

import pandas as pd

from itertools import combinations

sys.path.append(”/home/i/ipaci/donnecke/pyscripts”)
df=pd.read_csv(’/home/i/ipaci/donnecke/pyscripts/tablegrimme.csv’, sep

#element library

DIK = {
"Co” : 27,
"Si” i 14,
0" : 8,
HY 1,

”F” : 9’
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"C” @ 6,
"Cu” : 29,
"N” 7,
"P” 1 15,
S” : 16,
"Cl” 17,
"Zr” 1 40,
"Pd” : 46,
"Br” : 35,
"Fe” : 26,
"Ni” . 28,
"Mn” . 25
¥
def getspeciesblock(species):
block = "~
keys = list(species.keys())

keys.sort ()
for key in keys:

block += species[key] + "\t” + str(DIK[key]) + "\t” + key + "\
return block

def getgrimmeline(al,n1,a2,n2,alscreen=False,a2screen=False):
if alscreen:
al_c6

df [df[ "Element’]==a1][ 'C6scr’].values[0]

al_r0 = df[df[ ’Element’]==a1][ 'ROscr’].values[0]
else:
al_c6 = df[df[ Element’]==a1][ 'C6’].values[0]
al_r0 = df[df[ ’Element’]==a1][ 'R0’ ]. values[0]
if a2screen:
a2_c6 = df[df[ Element’]==a2][ 'C6scr’].values[0]
a2 r0 = df[df[’Element’]==a2][ 'ROscr’].values[0]
else:
a2_c6 = df[df[ Element’]==a2][ 'C6’].values[0]
a2.r0 = df[df[ "Element’]==a2][ 'R0’ ]. values[0]
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pairCé = np.sqrt(al_c6+a2._c6)
pair RO = (al1_r0+a2.r0)
return "\t”.join ([str(n1), str(n2),”Grimme”, ”{:.2f}”.format(pairC

def getgrimmeblock (species):
block = []
pairs = list(combinations(species.keys(), 2))
Co_screen = False
Cu_screen = False
for key in species.keys():

if key == "Co”:
screen = "n” #input(”is {} screened y/n? 7. format(key))
Co_screen = (screen == "y”)

elif key == "Cu”:
screen = "n” #input(”is {} screened y/n? 7. format(key))

Cu_screen = (screen ==
for key in species.keys():
pairs.append((key, key))
for pair in pairs:
screen1, screen2 = False, False

y")

if pair[0] == "Cu”:
screen1 = Cu_screen
if pair[1] == "Cu”:
screen2 = Cu_screen
if pair[0] == "Co”:
screen1 = Co_screen
if pair[1] == "Co”:
screen2 Co_screen

block .append(getgrimmeline (pair[0], species[pair[0]], pair[1],
return "\n”.join (block)

#user inputs
print(”Default_.cell.coor.is.30.0_A_cube”)
sysname = ’job’ #input (”System Name: 7)
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dench = 'n’ #input(”Print WFS? (y/n): 7)

if dench == "y”:
mini = input(”Minimum_Orbital:.")
maxi = input(”Maximum.Orbital:.")

denchar = "WriteDenchar..true .\ nWriteDM.NetCDF.. true .\ nWriteDMHS . N
else:
denchar =

»”n "

#freeze atoms

freez = 'n’# input(”freeze atoms(y/n): 7)
if freez == "y”:

starts = input(”starting _from_.atom:.")

ends = input(”ending._at_.atom:.”)

freeze = "%block_.GeometryConstraints\n....position_from_{}._.to_{}\rf
else:

freeze = 7

typerun = "CG” #input (”TypeOfRun(CG or nose): 7)

if typerun == "nose”:

# length = input(”Total time: ”)
steps = input(”Time._steps:.")
starttemp = input(”initial .temp:.")
target = input(”final._temp:.")

md = 777

MD. InitialTimeStep 1

MD. FinalTimeStep {}

MD. LengthTimeStep 1 fs

MD. UseSaveXV . true.

MD. InitialTemperature {} K

MD. TargetTemperature {} K”””.format(steps, starttemp, target)

else:
md =

netcharge = 0’ #input(”Net Charge: 7)

#spinpol

#spinpol = input(”spinpolarized? (true/false) ”)
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#CobaltCase
slowconv = 'n’ #input(”high mixing & Pulay? y/n 7)
if slowconv == "y”:
mixing = 70.05”
pulay = 710"
else:
mixing = 70.1”
pulay = ”7”

#generate at.coor
xyz = glob.glob(’*.xyz’)[0]
species = {}
counter = 1
numatoms = 0
with open(xyz, ’'r’) as f:
with open(”../at.coor”, 'w+’) as f2:
for line in f.readlines ():
if len(line.split()) == 4:
numatoms += 1
cols line.split ()
spec = cols[0]
if spec not in species:
species[spec] = str(counter)
counter += 1
f2.write(’\t’.join(cols[1:] + [species[spec]]) + ’\n’)
#generate cell matrix
if os.path.isfile(”cell.coor”):
cp(”cell.coor”, ”../cell.coor”)
else:
with open(” ../ cell.coor”, 'w+’) as f3:
f3.write (”730.0\t.0.0\t.0.0\n_0.0\t30.0\t.0.0\n_0.0\1t.0.0\t30.0

#generate .psf

for key in species.keys():
cp(”/home/i/ipaci/donnecke/pseudopotentials/{}.psf”.format(key),

# copy submission script
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cp(”/home/i/ipaci/donnecke/bin/sies.s”, ”../sies.s”)
runtime = 'n’ #input(”edit pro.s? (y/n): ”)
if runtime == "n
cp(”/home/i/ipaci/donnecke/bin/sies.s”, ”../sies.s”)
else:
walltime = input(”walltime.(hrs.up.to.23):.")
nodes = input(”number.of._nodes:.”)
with open(”../sies.s”, "+w”) as cedar:
cedar.write(”””#!/bin/bash
#SBATCH ——nodes={}
#SBATCH —-ntasks—-per—-node=48

#SBATCH ——-mem-per—-cpu=2048M # memory; default megabytes
#SBATCH ——time=0-{}:00 # time (DD-HH:MMV)

#SBATCH ——job-name=siesta_job # Name of job in queue
#SBATCH ——output=job_info.out

#SBATCH —-account=rrg-ipaci-ab # group resource allocation

module load StdEnv/2016.4

module load nixpkgs/16.09 intel/2016.4 openmpi/2.1.1

module load siesta/4.0.1

mpiexec siesta <./file.fdf >> ./file.out”””.format(nodes, walltime))

print(’ready.to.run!”)

foo =

SystemName {}
SystemLabel {}
NumberOfAtoms {}
NumberOfSpecies {}
LatticeConstant 1.0 Ang

%block LatticeVectors < cell.coor
%block ChemicalSpeciesLabel

{}
%endblock ChemicalSpeciesLabel
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%block MM. Potentials

i}

%endblock WW. Potentials
MM. Grimme.S6 1.0

AtomicCoordinatesFormat Ang
%block AtomicCoordinatesAndAtomicSpecies < at.coor

{;
{}

MD. TypeOfRun {}

{}

SpinPolarized .true.

NetCharge {}

MD. NumCGsteps 1000

MD. VariableCell .false.

MD. MaxForceTol 0.01 eV/Ang

SCF.DM. Tolerance 0.00001
SolutionMethod diagon

XC. functional GGA

XC. authors PBE

PAO. EnergyShift 0.001 Ry

PAO. BasisSize TZP

Mesh. Cutoff 300 Ry

DM. NumberPulay {}

DM. MixingWeight {}

MaxSCFlterations 500

WriteMullikenPop 1

WriteCoorXmol . true.

UseSaveData . true.

Diag. Memory 5.0

WriteMDXmol . true .

777 format (sysname, sysname, numatoms, len(species.keys()),
getspeciesblock (species), getgrimmeblock(species),freeze ,denchar,
typerun, md, netcharge, pulay, mixing)
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with open(”../ file.fdf”, ’w+’) as f3:
f3.write (foo)

#submit
import subprocess as sp
submit = input(”’submit?(y/n):.")
if submit == "y~
try:
out = sp.check_output(”(cd...._&&._sbatch.sies.s)”,stderr=sp.STD
print(”{}_has_been_.submitted._.as.{}”.format(sysname, out))
except sp.CalledProcessError as e:
print(”return_code:_{}”.format(e.returncode))
print (”command: _{}”.format(e.cmd))
print(”output:_{}”.format(e.output))

Submit a large set of SIESTA jobs

The following bash script submits a list of separate siesta jobs from a directory
of starting geometries. Note the naming system must be adjusted to work for the
project at hand.

#1/bin/bash
module load scipy-stack

#for i in start/x.xyz; #incase ya messed it up
# do
# job=${i:6:-4}
# rm —-r $job
#done
for i in start/«.out;
do

job=${i:6:-4} #clip i down to name of the file for the job
echo this works $job
mkdir $job;



177

mkdir $job/clean
cp start/”$job”.xyz "$job”/clean/” $job” .xyz;
cp start/”${job:1:3}”«.coor "$job”/clean/cell.coor;
cd "$job”/clean;
python “/pyscripts/siesta.py
cd ../..
done

Check for convergence and collect SIESTA output

The following script was written for collecting energies, optimized geometries and
output files of the completed SIESTA jobs one directory down.

#!/bin/bash
module load CCEnv StdEnv/2020
module load scipy-stack

mkdir data

for i in start/.out;
do
job=${i:6:-4}

cp "$job”/job.xyz data/” $job”.xyz
cp "$job”/ file.out data/” $job”. out
done

python “/pyscripts/collect_E.py

Extract a specific geometry from a sequence of AIMD xyz files

This script extracts a specified geometry step from an ANI file based on its step
number and writes it to a single xyz file.

import numpy as np
import glob

ani = glob.glob(’=.ANI")[0]
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with open(ani, ’'r’) as f:
lines = f.readlines ()
per_.geo = int(lines[0])+2
num_MD _steps = int(len(lines)/(per_geo))
extract = int(input(f”’MD_step._to._extract_({num_MD_steps}._total)”))
start = (extractsper_geo)-per_geo
stop = (extract«per_geo)

with open(f’{extract}.xyz’, ’w+’) as f2:
print(f extracting.lines._{start}.to_{stop}’)
[f2.write(line) for line in lines[start:stop]]
print(f extracted._geometry_stored.in_"{extract}.xyz”’)

Plot data from steps along a SIESTA AIMD trajectory.

The following python script obtains the energy and termperature from each snap-
shot of a SIESTA AIMD trajectory, tabulates the values in text files and plots the
data as a scatter plot with twin axes.

#1/cvmfs/soft.computecanada.ca/nix/var/nix/profiles/16.09/bin/python
import os
#Temp="siesta: Temp_ion = "~
#Energy="siesta: EKS(eV) =’
if os.path.isfile(’E.txt’) == False:
0s.system(”grep.—i.’ siesta:_.Temp_.ion.=."_file .out_.>_temp.txt”)
os.system(”grep.—i. siesta:_E.KKS(eV).="_file.out.>_E.txt")

#plots Energy and termperature over course of run
import numpy as np
import matplotlib.pyplot as plt

print ("PLOTTING_EXTRACTED._.ENERGIES” )
with open(’E.txt’) as f:
lines = f.readlines ()



X =
fig
axi
axi
ax1
axi
axi
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y = [float(line.split()[-1]) for line in lines]

np.arange(len(lines))

,ax1 = plt.subplots(figsize=(5,5))
.scatter(x,y,color="b’ ,label=f’E")
.set_xlabel ('MD-step ')

.set_ylabel ( Energy.(eV) ")

.legend (frameon=False)

.set_title (os.getcwd (). split(’donnecke’)[-1])

#overlay = input(’overlay? y/n: ’)
overlay="n"

if overlay == "y”

with open(’temp.txt’) as f:
lines = f.readlines ()
y2 = [float(line.split()[-2]) for line in lines]

ax2 = ax1.twinx()

ax2.scatter(x,y2,color="r’  alpha=0.5,label="Temp’)
ax2.legend(loc="lower.right’  frameon=False)
ax2.set_ylabel ('Temp.(K) ")

print ("TEMP_PLOTTED”)

save = input(”save.figure.as.’ fig.png’'?.")
if save == "y”:

plt.

plt.savefig(”fig.png”,dpi=500, transparent = True)
show ()
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