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Abstract

This dissertation deals with the chemical reactions between radicals in the atmosphere,
and the reaction mechanisms related to these reactions. Radical molecules are key species
in many different atmospheric processes, but the focus of this dissertation is on reactions
that involve peroxyl radicals, which are common reaction intermediates in atmospheric
oxidation reactions.

In this thesis, these reactions were studied by modeling them with theoretical methods,
which enabled to zoom into the elementary reactions, mechanisms, and intermediate
reaction products that all in tandem help to determine, what kind of reaction products are
formed and in what magnitude. Precise understanding of the details of these reactions is
central for predicting what kind of chemical transformations occur in atmospheric reaction
conditions, and what impact these would have on the atmosphere, air-quality, and climate.

However, reactions between radicals are difficult to model because of the involvement
of complicated electronic states. Accurate assessments of these electronic states require
multireference electronic structure methods, whose accuracy and applicability depend on
many variables.

This thesis explores these variables in the context of self- and cross-reactions of per-
oxyl radicals, and in the atmospheric oxidation of ammonia, which are both important
processes in the atmosphere, but for which the current understanding is lacking. Choosing
these reactions as model systems for multireference calculations proved to be extremely
successful — they provided a challenging framework to optimize the multireference method-
ologies for, but the application of the optimized methods for these systems also brought
renewed insight into these reactions.

In terms of the peroxyl radical self- and cross-reactions, the results show that the
propagation of these reactions through the tetroxide intermediate is energetically favor-

able across multiple studied primary- and secondary peroxyl radicals. A more rigorous
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inspection of the MeO,+ MeO, reaction revealed that both the formation and decomposi-
tion reactions of the tetroxide intermediate occur on barrierless potential energy surfaces.
It is currently unknown whether this result is generalizable to all tetroxide intermediates.

As for the atmospheric oxidation of ammonia, based on the results the reaction between
the aminyl radical and molecular oxygen is much faster than previously thought, which
means that part of the atmospheric oxidation reactions of ammonia possibly goes through
the aminoperoxyl intermediate formed in the aforementioned reaction, which potentially
leads to different product distributions than what is currently understood.

In addition to the discussion of the specific results in the original publications, this
thesis provides a thorough literature review of past published works on these reactions,
as well as broader context to why these reactions are important and impactful. Lastly,
many chemists find the multireference methods intimidating. This thesis aims to make
it easier to start using these methods by highlighting important theoretical aspects of
these methods, clearly communicating their limitations, and offering practical guidelines

for carrying out multireference calculations.
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FCI  Full configuration interaction
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Chapter 1

Introduction

1.1 Motivation of the Work

The atmosphere can be thought of as a massive chemical reactor where countless chemical
reactions are constantly taking place. These reactions form a complex network into which
the compounds in the atmosphere enter, go through chemical transformations, and finally
exit in one way or another. This network of reactions is enormous in size, and while
researchers who study the atmosphere and its dynamics have unraveled parts of it, a
complete understanding of how it works remains elusive.

What do we know about this network of reactions? The chemical composition of the
atmosphere can guide us in understanding the general direction in which these chemical
changes proceed. Earth has an exceptionally unique atmosphere in that it contains high
concentration of gaseous oxygen. In fact, oxygen is the second most abundant compound
in Earth’s atmosphere, and out of the abundantly occurring compounds, it is by far the
most reactive. This is why much of the atmospheric chemistry is chemistry with oxygen.

The chemistry with oxygen, also known as oxidation, combustion or burning, is a
phenomenon familiar to everyone. But as we know, oxygen doesn’t ignite things by itself.
To initiate burning, external heat must be supplied. Just like a match is lit by applying
frictional force against the matchbox, also the reactions of oxygen in the atmosphere
require a little help to start. This initial push is provided by the sunlight, which activates
various molecules in the atmosphere such that they start reacting with oxygen.

However, the compounds that react with oxygen — the volatile organic compounds

(VOC) — are present in such minute amounts that the heat formed in these reactions
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readily dissipates to the surroundings, and the fire is not able to keep itself alive; therefore,
the atmospheric reactions with oxygen are often incomplete. To give a sense of how little
VOCs there is in the atmosphere, 21% of the air is oxygen, while the VOCs constitute
only around 0.0003% of the air mass. Imperfect burning means that in addition to the
end products, such as carbon dioxide and water, various intermediate species are present
as well. These intermediates are molecules to which the oxygen has been added, but for
which the heat produced in the reaction has not been sufficient to break the molecule
down further. Overall, these reactions produce molecules that are larger and heavier than

they originally were before the oxidation.

This increase in size and mass is reflected also in other properties of these molecules.
Importantly, the addition of oxygen into these molecules increases their polarity, which
means that they start sticking easily to other polar molecules in the atmosphere, and
ultimately these clusters of sticky molecules become so large that they cannot exist in the
gaseous state anymore, and they phase-transition into aerosols — liquid or solid particles

that are suspended in the gas phase.

These aerosols have a substantial impact on the climate. The moisture in the atmo-
sphere is able to condense on the surfaces of aerosols, which leads to the formation of
clouds. The clouds filter some of the incoming sunlight, which cools the planet’s sur-
face. In fact, without the cloud cover, Earth’s surface temperature would be so high that

biological life in the magnitude and diversity that we have today would not exist.

However, not all chemical compounds and particles entering the atmosphere have such
a benign effect. Small aerosol particles at ground level are harmful to human health —
exposure to these aerosols has been directly linked to, for example, increased risks of var-
ious respiratory and cardiovascular diseases. Additionally, some atmospheric compounds
actually trap sunlight’s heat in the lower atmosphere or partially destroy the sunlight
filtering ability of the higher atmosphere, which has a net warming effect on Earth’s sur-
face. These compounds are collectively known as the greenhouse gases, and their elevated

concentrations in the atmosphere are unfortunately largely caused by human activities.

The motivation of atmospheric sciences is to understand, how the various compounds
that are emitted into the atmosphere, both from natural sources and from human-activities,
affect the atmosphere, climate, and air-quality. In particular, it is important to know the

effect of human caused emissions, because these we can adjust with our own choices.
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However, we do not want to run experiments with the atmosphere to find out what it
likes and what it does not. We have tried that before, for example, with the halocarbon
compounds, which turned out to destroy the stratospheric ozone layer; therefore, it is
necessary to know in advance how different compounds would react in the atmosphere,
such that detrimental emissions could be either limited or banned with emission and
climate policies. But, to convince politicians to act requires credible, accurate, and com-
plete knowledge about the chemistry and dynamics of the atmosphere. The purpose of
this dissertation and its underlying research is to contribute to the accumulation of this

knowledge.

1.2 Preface and the Objectives of the Thesis

The rates of chemical reactions, reaction mechanisms, branching ratios of products formed,
and how different structural properties affect reactivity are central to understanding how
chemical reactions proceed. Usually chemical reactions are studied experimentally in the
laboratory, and while conducting experiments is an irreplaceable method for studying
reactions, experiments do not capture the full picture of chemical reactivity. Ideally, ex-
periments tell how fast the reacting compounds are consumed and how fast stable reaction
products are formed, and what kind of stable products are formed; however, information
related to reaction intermediates or reaction mechanisms may not be easily deduced from
experiments. Moreover, in the context of the atmosphere, the reactions are often between
radicals, so also both the reactants and products are unstable and short-lived. Such reac-
tions are particularly complicated to study with experimental methods, and these methods
often require special conditions, which are far removed from the reaction conditions of
the real atmosphere.

In addition to experiments, chemical reactions can be studied by modeling the interac-
tions between atoms and molecules theoretically. The theoretical models can be applied
for the individual reaction steps, intermediates, and reaction mechanisms — to capture
all the information the experiments miss; thus, experimental observations and theoretical
models complement each other.

However, the theoretical models have their limitations as well. Molecules are such a

small objects that they do not obey the laws of classical physics, but the principles of
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quantum mechanics instead. Quantum mechanics is a complex theory, whose application
to systems even as small as molecules, let alone for chemical reactions between molecules,
was for a long time an unattainable goal — waiting for the future, where powerful computers
could process the massive amounts of underlying physics and mathematics. Fortunately,
that future is now and these computers exist, and the modeling of chemical reactions with
quantum mechanics has become a common tool in the chemists’s toolkit. It is also the
tool that I have chosen to conduct the research for this thesis.

This dissertation centers around quantum mechanical modeling of radical reactions
that are central to atmospheric oxidation. Just like studying these reactions experimen-
tally is particularly difficult, also their theoretical analysis is complicated, and requires
specialized methods. This thesis aims to bring these methods into the attention of a
wider audience of atmospheric scientists and computational chemists. The objectives of

this thesis are:

e Find and optimize computational methodologies required for accurate descriptions

of chemical reactions occurring on complex electronic states.

e Apply these methods to further the knowledge of atmospheric radical reactions.

This is done specifically by studying:

— The peroxyl radical self- and cross-reactions, with particular interest in the for-
mation and decomposition mechanisms of the tetroxide intermediates formed

in these reactions (publications I and IT).

— The formation and stability of the aminoperoxyl radical, which is a currently
overlooked intermediate in the atmospheric oxidation of ammonia (manuscript

III).

e Promote the use of multireference electronic structure methods as a tool for studying

chemical reactions.

The thesis is structured as follows: Chapter 2 introduces atmospheric oxidation pro-
cesses with the focus on the oxidation of hydrocarbon-derived compounds. Chapter 3
provides a closer look to the bimolecular reactions between peroxyl radicals, which has
been the subject of the original publications I and II. Chapter 4 is an introduction to

the atmospheric oxidation of amines, and more specifically to the oxidation of ammonia,
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which is the subject of manuscript III. Chapter 5 presents an overview of the various
theoretical methods used in this research, and the purpose of Chapter 6 is to give a more
hands-on perspective of how to use multireference electronic structure methods, which
have been the principal tools that I have conducted the research with. Chapter 7 is a
discussion of the most important results of the original publications. Finally, Chapter
8 summarizes the thesis and presents a view of what kind of future research could be

expected on the topics discussed in the thesis.
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Chapter 2

Overview of Atmospheric Oxidation

Reactions

Although the Earth’s atmosphere is approximately 21% of molecular oxygen (O,), its
reactions with other molecules are rare, as most of these reactions are kinetically disfavored
in atmospheric reaction conditions. From a biological viewpoint this is great news, because
otherwise organic compounds under the influence of O, would spontaneously burn and
Earth would not facilitate organic life at all. Then again, O,, which is a biradical in
its ground electronic state, is extremely reactive towards other radical compounds in the
atmosphere, and is a central component of atmospheric chemistry through these reactions.
This chapter is an introduction to how these various radical compounds are formed in
the atmosphere, and how their reactions with O, affect the chemical diversity of the
atmosphere.

The discussion begins with a review of how the most important compounds for initiat-
ing oxidation reactions — Ozone (O;), hydroxyl radical (OH), and nitrate radical (NOj) —
are formed in the atmosphere. Afterward, their reactions with VOCs are discussed, along
with the subsequent reactions with O,, which lead to the formation of peroxyl radicals
(RO,). Then, various further reactions of the RO,, namely their bimolecular reactions
and autoxidation reactions, are reviewed. Thereafter, consequent reactions of the oxyl
radicals (RO), which are formed as major products in the reactions of RO,, are discussed.

Some comments on the focus and what has been excluded from the discussion are
warranted: the following sections concentrate on reactions in the troposphere, since the

oxidation of organic compounds predominantly occurs in the lowest part of the atmo-
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sphere. Furthermore, from section 2.3 onwards, the oxidation chemistry is discussed ex-
clusively from the perspective of oxidation of hydrocarbon-derived compounds, although
other compound classes, such as amines, sulphur compounds, and halogens undergo at-
mospheric oxidation as well. This decision is based on the fact that two of the original
publications for this thesis, I and II, relate to reactions of hydrocarbon-derived peroxyl
radicals. Publication III relates to the atmospheric oxidation of ammonia, background

and context for that process is given in Chapter 4.

2.1 Nitrogen Oxides (NO,) — The Generators of Primary
Tropospheric Radicals

The formation of a plethora of atmospheric radicals is closely related to the atmospheric
chemistry of nitrogen oxides (NO, = NO + NO,). Naturally, these compounds are formed
in extreme conditions such as lightning-induced combustion reactions between N, and O,.!
Anthropogenic sources include biomass and fossil fuel burning, and oxidation of ammonia.
Nitrogen dioxide (NO,) is one of the rare photolabile molecules in the troposphere,? and
its photolysis to NO and ground-state triplet atomic oxygen O(3P) is the only known

chemical source of tropospheric ozone:?

NO, 5 NO + O(°P) (2.1)
0, +OCP)+M — O, + M (2.2)

The process occurs also in reverse, where NO, is regenerated and ozone destroyed in

reaction between NO and Oj:
NO 4 O3 — NO, + O, (2.3)

NO, is also regenerated in other reactions of NO, such as in reactions with hydroperoxyl

radical (HO,) and other peroxyl radicals (RO,):

HO, + NO — OH + NO, (2.4)
RO, + NO — RO + NO, (2.5)

Ozone reacts also with NO, to form nitrate radicals (NO,),

NO, + 0, —> NO, + O, (2.6)
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which are important mediators of further oxidation chemistry due to their ability to
abstract hydrogen atoms from various organic compounds, but such chemistry is limited

to night-time, because NO; photolyzes easily in sunlight (420-640nm):*

NO, 5 NO, + O(*P) (2.7)
NO, 5 NO + 0, (2.8)

The NO, photolysis recycles NO and NO,, thus the total effect is a catalytic destruction
of O4 during the daytime.

2.2 Photolysis of Ozone — Formation of OH Radicals

In addition to its reactions with NO,, ozone also photolyzes in the troposphere, albeit
less so than NO,. The lesser photolysis is explained by drastically reduced solar actinic
flux in the wavelength range where O3z absorbs light. Most of the sunlight in this range
is absorbed by ozone, but a different kind — the stratospheric ozone layer,® which with
stratospheric molecular oxygen absorb most of the incoming short wavelength ultraviolet
radiation (UV-C and UV-B, 100-315nm).

Ozone has various photolysis mechanisms.?® Of these mechanisms, those leading to
singlet atomic oxygen, O(1D), are especially impactful, because singlet oxygen reacts with
water to form hydroxyl radicals, which are arguably the most reactive molecules in the

atmosphere:

0; 5 0,(a'A,) + O('D), A < 310um (2.9)
0; 5 0,(°2,7) +O('D), A <4llnm (2.10)
H,0 + O('D) — 20H (2.11)

For the most part, OH radicals are consumed in the oxidation of CO, and in the
oxidation of methane (CH,) and other hydrocarbons.” The oxidation of CO by OH is also

the main source of HO, radicals in the atmosphere:®

CO + OH —» HOCO - — CO, + H 225 CO, + HO, (2.12)
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2.3 Reactions of OH, O;, and NO; With Organic Com-

pounds — Formation of Peroxyl Radicals

OH, O, and NO; are unique compounds in the atmosphere in that they are able to
initiate the oxidation of hydrocarbons.® OH and NO; react with hydrocarbons via two
mechanisms: by hydrogen atom transfer (HAT), which yields carbon-centered radicals and
H,O0/HNO, (Fig. 2.1a), or by radical addition to a C=C double bond, yielding 5-OH/-
NO; substituted carbon-centered radicals (Fig. 2.1b and ¢).'®!® The carbon-centered
radicals are very short-lived intermediates and react readily with molecular oxygen to form
peroxyl radicals (RO,). A minor fraction of the NO, derived carbon-centered radicals may
also decompose to yield an epoxide and NO,. 4

The radical addition of OH and NO; to hydrocarbons, whenever possible, is generally
faster than the corresponding H-abstraction reactions.!®!6 Unsaturated hydrocarbons,
e.g. isoprene, oxidize a lot quicker in the atmosphere than saturated hydrocarbons, such
as methane. This difference in reactivity is reflected in their atmospheric lifetimes, which
is an hour for isoprene, but on the order of 10 years for methane.!™!® Furthermore, the
unsaturated hydrocarbons often undergo both the addition and H-abstraction reactions,
and the availability of multiple oxidation mechanisms decrease their atmospheric lifetimes
even further.

Ozone also takes part in the oxidation of hydrocarbons, albeit by a different mechanism
than OH and NO,. Ozone is unable to undergo direct H-abstraction reactions. Instead,
it adds into a C=C double bond forming a primary ozonide intermediate that ultimately
decomposes to a carbonyl oxide (Criegee intermediate) and a carbonyl compound (Fig.
2.2a).'% The decomposition of the ozonide intermediate is very exothermic,?” so further
unimolecular decomposition reactions of the product fragments instantly follow, unless
they are thermalized by collisions.?! If the terminal oxygen of the carbonyl oxide points
towards S-methylene group, isomerization of the carbonyl oxide by intramolecular HAT to
alkenylhydroperoxide (AHP) is possible.?? The AHPs decompose to OH and enoxyl rad-
icals,?® which tautomerize to 3-oxo alkyl radicals that then react with molecular oxygen

to form B-oxo alkyl peroxyl radicals (Fig. 2.2b).2*
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Fig. 2.1: First reaction steps in hydrocarbon oxidation. a) Hydrogen atom transfer by OH or
NO;, followed by the addition of O,. b) Radical addition of OH into a C=C double bond, followed
by addition of O,, yielding g-hydroxy peroxyl radical. c¢) Radical addition of NO; into a C=C
double bond, followed by either O, addition or unimolecular decomposition to an epoxide and

NO,.
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Fig. 2.2: Oxidation of alkenes by ozone. a) Formation of primary ozonide from the addition
of ozone to alkene, followed decomposition to Criegee intermediate and carbonyl compound,
b) isomerization of the Criegee intermediate to alkenylhydroperoxide (AHP), followed by its
decomposition to OH and enoxyl radical / 8-oxo alkyl radical, which adds oxygen to form 3-oxo

alkyl peroxyl radical.

2.4 Reactions of Peroxyl Radicals

The RO, radicals have a variety of further reactions in atmospheric conditions. 22" In

general, and especially in polluted conditions, the bimolecular reactions with NO are the
predominant fate of RO,. In environments with low NO, mixing ratios, the bimolecular
reactions with HO, and RO, account for most of the bimolecular reactivity. Some RO,
may also undergo unimolecular isomerization reactions,?® potentially leading to autoxi-
dation. ?3° These various reactions will be discussed below. The self- and cross-reactions
of RO, and HO, are only briefly introduced here to set them in context, but these reac-
tions will be discussed in more detail in the following chapter, because these reactions are

central to the Publications I and II.

2.4.1 RO: + NO,

The reaction between RO, and NO occurs via a peroxynitrite (ROONO) intermediate, 273!

which either dissociates into an oxyl radical (RO) and NO, or isomerizes to thermody-
namically much more stable organic nitrate species RONO,,323% which acts as a long at-
mospheric lifetime sink for both the RO, and NO. For small peroxyl radicals the RONO,
yields are negligible, but the fraction of RONO, increases with increasing system size and
pressure and decreasing temperature, so the RONO, channel may even be the dominant
pathway in certain conditions.*® The RO, + NO — RO + NO, reaction contributes to
tropospheric ozone production by forming NO, (eqns. 2.1 and 2.2), and the analogous

reaction with HO, also regenerates OH (eqn. 2.4).
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The RO, + NO,, reaction does not follow the same pattern, as to yield RO and NO;.
Instead, for certain RO,, mainly for acyl peroxyl radicals, the peroxynitrate (ROONO,)
addition product is stable in atmospheric conditions; however, the ROONQO, is in thermal
equilibrium with the RO, + NO,. The dissociation back to reactants is favored in higher
temperatures;® therefore, the ROONO, may form in colder regions and transport far

from the emission source and later dissociate in warmer conditions. 3637

2.4.2 RO, + HO, and RO, + R'O,

The RO, + HO, and RO, + R'O, reactions occur via different mechanisms.3! While the
first predominantly follows the mechanism of the RO, directly abstracting the hydrogen
atom from HO,, giving an organic hydroperoxide (ROOH) and O,,%%3% the latter occurs
via an addition reaction, where the two peroxyl radicals form an intermediate with four
oxygen atoms in a chain.’#! These intermediates, known as tetroxides (or tetraoxidanes,
RO,R’), are extremely unstable in the gas-phase and decompose to give three major
product channels: dissociation to two oxyl radicals (RO + R’0), an alcohol and a carbonyl
compound (Ry=0 + R’OH), and an organic peroxide (ROOR’) by the addition of the
two oxyl radicals. The ROOR’ formation channel provides a mechanism of forming low-

42,43

volatility high molecular mass accretion products, contributing to secondary organic

aerosol (SOA) mass in the troposphere. 4

2.4.3 Unimolecular reactions of RO,

In pristine environments, the RO, can have sufficiently long lifetimes with respect to
bimolecular reactions that unimolecular rearrangement reactions can take place. The

most important unimolecular reactions mediated by the peroxy moiety (Fig. 2.3) are

45-50 51-54

intramolecular HAT reactions, and endo cyclization reactions, which both may

also lead to autoxidation.3°

The HAT reactions are limited to relatively large hydrocarbons, because mostly 1,N-
HAT reactions, where N=5-7, are fast enough to compete with bimolecular reactions of
RO,.%° Moreover, the HAT rates are largely structure dependent, such that functional-

ized hydrocarbons are much more reactive towards HAT reactions and autoxidation in

general, 30:50
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Fig. 2.3: Examples of unimolecular reactions of peroxyl radicals. a) intramolecular 1,5-HAT

RI
-OH HO.
R

reaction, b) endo cyclization by intramolecular addition into a C=C double bond, c) hydrogen
atom abstraction from hydroperoxyalkyl carbon leads to unstable QOOH radical, which decom-

poses to a carbonyl compound and an OH radical.

The autoxidation reactions may occur, when the intramolecular rearrangement reac-
tions yield carbon-centered radicals, which readily add O, to form new peroxyl radicals,
which then may repeat the unimolecular reactions shown in Fig. 2.3. These autoxidation
reactions may continue as long as there are either reactive C-H groups or C=C double
bonds, and for large hydrocarbons this process leads to a rapid increase in the oxygen con-
tent of the oxidizing molecule, giving rise to highly oxidized organic molecules (HOMs),

which have a potential to contribute to tropospheric SOA.3%56

Autoxidation terminates when the RO, functionality no longer has accessible uni-
molecular reactions, or when the radical functionality is lost from the parent hydrocar-
bon molecule. Most probable terminating mechanisms are a-hydroperoxyalkyl radical
(QOOH) decomposition, which yields OH and a carbonyl compound (Fig. 2.3c),*%57
and epoxidation reactions, which may occur when the carbon-centered radical is formed
vicinally to a hydroperoxide group (S-hydroperoxy alkyl radical).?® The hydroperoxide
eliminates OH radical and the remaining oxyl radical recombines with the adjacent alkyl
radical to form an epoxide. For most S-hydroperoxy alkyl radical systems, the O, addition
is still the dominating pathway, but for certain functionalized systems, the epoxidation

reaction may be competitive even under high oxygen concentration. >’
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2.5 Reactions of Oxyl Radicals

The oxyl radicals (RO), which are major products in both the RO, + NO and RO, +

60-62 whose branching

R’O,, reactions, have three further competitive reaction pathways,
depends on the nature of the RO: intramolecular HAT reaction, 8-C-C-scission, and a-H
abstraction (Fig. 2.4). Similarly to the intramolecular HATs mediated by RO,, the RO
HATSs are limited to relatively long hydrocarbons, where at least 1,5 HAT are possible.
These reactions yield carbon-centered radicals susceptible to O, addition reactions, thus
promoting autoxidation. Non-methyl alkyl oxyl radicals (alkoxyl) may also dissociate

63,64 vielding carbonyl functionality in one fragment and a

via (-C-C-scission reaction,
carbon-centered radical in the other. Primary and secondary alkoxyl radicals are prone
to hydrogen abstraction reactions. These reactions are mostly mediated by molecular
oxygen, where the O, abstracts the a-H, giving HO,, and a closed-shell aldehyde or ketone

compound. 9567

1,5 H-shift OH
Rl
. H
O o O R'
1 -SCIssion .
RMR p-scissi R\)k + /Y
H H H H
HH
O

a-H abstraction R MR'
a8

0, HO, H H

Fig. 2.4: Further reactions of oxyl radicals in the atmosphere: 1,5-HAT, which regenerates
carbon-centered radicals, (cf. Fig. 2.3a), 3-C-C scission reaction breaks the parent hydro-
carbon to two fragments — a closed-shell carbonyl compound and a radical fragment, «-C-H

abstraction by O, forming carbonyl and HO,, radical.

The carbonyl products can then react with either OH radicals by H-abstraction (Fig.
2.5a) or photolyze at aldehydic-C-H or a-C-C sites via Norrish type I homolysis reactions
(Fig. 2.5b). The aldehyde + OH, aldehydic-C-H photolysis, and ketonic a-C-C photolysis
(Fig. 2.5¢) are the most important sources of atmospheric acylperoxyl radicals (R(O)O,).

The formyl radical (HCO) formed in the aldehydic a-C-C photolysis predominantly reacts
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Fig. 2.5: Reactions of carbonyl compounds: a) aldehydes react with OH to give acyl radicals,
which add O, to yield R(O)O, radicals, b) photolysis of aldehydes branches to a-C-C scission
and aldehydic-C-H scission reactions that yield RO,, HO,, CO, and R(O)O,, c) photolysis of
ketones yields both RO, and R(O)O, radicals.

with O, to give CO and HO,. Photolysis of formaldehyde yields both the homolysis
products H + HCO, as well as H, + CO, which is the dominant photochemical source of

molecular hydrogen in the atmosphere. %



Chapter 3

Bimolecular Reactions Between

Peroxyl Radicals

This chapter provides a more detailed introduction to the RO, + R’O, reactions. The
section begins with the discussion of the chemical mechanisms involved in these reactions,
followed by discussion of the research done within this area so far and a summary of
observed reactivity trends. The RO, + R’O, reactions are the main theme in publications

I and II. Discussion of the research done in these publications is given in Chapter 7.

3.1 Association Reactions Between Peroxyl Radicals

The general reaction between two peroxyl radicals, RO, + R'O,, is referred to as a self-
reaction when R=R’, and a cross-reaction when R#R’. The association between two
peroxyl radicals can in principle lead to three reactions (Fig. 3.1): direct bimolecular
homolytic substitution (Sp2) reaction, intermolecular HAT, and ”head-to-head” associa-
tion reaction, where the terminal oxygen atoms of the peroxyl radicals form a bond, to
yield a tetroxide (RO,R’). The associating peroxyl radicals are doublets, so the over-
all coupled spin state of the system can be either a singlet or a triplet. The Sg2 and
HAT reactions can occur on both spin states, but the RO R’ formation is limited to the
singlet state. Little is known about the plausibility of the first two mechanisms, apart
from RO, + HO, reactions, which are known to predominantly react through the Sp2
mechanism. The Sy2-type reactions involve geometry inversion transition states with re-

spect to the displacement center, but the RO, + HO, — ROOH + O, reactions do not
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have the energy penalty associated with this inversion, because the displacement center
is a single hydrogen atom. Both the Sy2 reactions and intermolecular HAT reactions
between peroxyl radicals involve simultaneous breaking and forming of covalent bonds,
thus the reactions are likely associated with significant energy barriers, but with the lack
of knowledge about substituent effects and other contributing factors on these reactions,
this assumption should be further investigated. Interestingly, if the intermolecular HAT
reactions of the a-peroxyl hydrogen atoms were to be competitive, it would provide an-

other mechanism for the formation of Criegee intermediates (Fig. 3.1b). The currently

N (o.. S o _r ., 0,

a) R” "0 R0
i
N : HAT .
/O\' /O /O\ /O
b) R™0 H_©O R-OH * RO
/O\. ./O\ ' —_— '
c) R”"0 0" R R/O\O/O\O,R

Fig. 3.1: The bimolecular peroxyl radical association reactions: a) bimolecular homolytic sub-

stitution, b) intermolecular HAT, and c) addition to form a tetroxide.

accepted hypothesis is that the vast majority if not all of these reactions occur through
the RO,R’ forming pathway (when R#H). The presence of the RO,R’ is based on two key
observations. First one is from experiments, where self-reactions of isotopically labelled
RO, - such that the reaction mixture contained both R®0'0 and R'™®0'™0 isotopo-
logues — produces molecular oxygen with isotopic composition of 800.%%7 This result
entails that RO, indeed react “head-to-head” such that the different oxygen isotopes form
a bond, resulting in the postulated RO,R’, whose decomposition yields the OO and
other products. Second observation is that the tetroxides from methyl- and ethylperoxyl
radical self-reactions have been identified in low-temperature matrix isolation experiments

"L72 and some larger tertiary tetroxides have also been observed

using IR spectroscopy,
in liquid-phase experiments.”"™ In the gas phase and atmospherically relevant temper-
atures and pressures, RO,R’ have not been observed, and their decomposition in these

conditions is thought to be rapid.
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3.2 Decomposition of the Tetroxide Intermediate

The mechanism, by which the RO,R’ decomposes, has been a subject of many studies,
including publications I and II. First study on the subject was done already in 1957,4° sug-
gesting a cyclic decomposition transition state, which in later literature has been referred
to as the Russell mechanism (RM), named after the original author. This mechanism in-
volves a concerted decomposition of the RO,R’ intermediate to molecular oxygen, alcohol,
and carbonyl compound (Fig. 3.2). The mechanism provided a fitting explanation for
the observed major product channel in their investigated RO, system, but has since been

disputed due to several observations that contradict it. The RM also poses an interesting

o]
+ "— +|'0
oo + R)LR' R"—OH 2
0 )—(0
Ry 0. 0. R’ };
HX R }‘,'O\
R / H R" 30
R (ﬂ\) + R'—OH + %0,
RYR

Fig. 3.2: Russell-type decomposition of the tetroxide intermediate. The concerted decompo-
sition yields either the carbonyl product or the molecular oxygen in excited electronic state
(molecules in brackets). This type of decomposition is only possible for systems with a-

hydrogen atoms.

dilemma in that as the ground electronic state of RO R is a singlet, its decomposition
directly to molecular products would give one of the product molecules in an excited
electronic state, if the spin conservation rule is to be satisfied. This requires that either
the dissociating molecular oxygen is formed as a singlet, or the carbonyl compound forms
as a triplet.* While both these reactions are exothermic with respect to the free peroxyl
radicals, the energy barrier for the singlet oxygen forming pathway has been found to
be insurmountably high for ethyl peroxyl self-reaction.” On the other hand, some liquid-
phase studies of RO,+R’O, reactions have reported intense chemiluminescence (CL) from

7677 which is in line with the Russell-type decomposition.

triplet carbonyl relaxation,
Studies with large tertiary peroxyl radicals showed that the RO, decay follows second

order kinetics and that at elevated temperatures (above -80 °C) the RO,R’ decomposes

aAlcohol formation in triplet state is very unlikely, because alcohol is not a chromophoric functional

group.
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irreversibly, which strongly suggests that it does not simply decompose back to peroxyl
radicals. ™™ However, tertiary RO, do not have a-peroxyl hydrogen atoms, which are
required for the concerted RM, so the decomposition occurs with another mechanism.
Also, the fastest experimentally observed RO, + RO, reaction is the self-reaction between
two acetylperoxyl radicals, which also lack the a-peroxyl hydrogen atoms; therefore, there

must be another competing decomposition mechanism.

The chemiluminescence from carbonyl triplet state may also originate from other de-
composition mechanisms than the RM. For example, CL from carbonyl triplet state has
been observed during thermal decomposition of trans-alkylhyponitrites (R-O-N=N-O-
R’),”™ where the RM type cyclic decomposition is not possible, as the trans-hyponitrite
functional group is strictly planar. The decomposition of these compounds yields molec-
ular nitrogen and a pair of alkoxyl radicals. The only potential source of triplet carbonyl
is from a reaction between the alkoxyl radical doublets, coupled in an overall triplet elec-
tronic state. The initial decomposition yields the alkoxyl radical doublets coupled in a
singlet state, because the dissociating N, is a singlet. However, an intersystem crossing
(ISC) within the alkoxyl radical pair, followed by HAT, yields a triplet carbonyl and
an alcohol. The reactions between the alkoxyl radicals likely occur within a cage-like
structure after the hyponitrite decomposition, because external radical scavengers do not
significantly decrease the triplet carbonyl CL, ™ i.e. the reactions between alkoxyl radicals

predominantly occur between those from the same hyponitrite.

This three-body dissociation mechanism is also the most likely decomposition mecha-
nism for RO,R’.™ This reaction may either occur via a concerted mechanism or sequenc-
tial mechanism. In the concerted mechanism, both the outer O-O bonds of the RO,R’
are cleaved simultaneously to give two alkoxyl radicals and triplet molecular oxygen. In
the sequential decomposition, the dissociation first yields an alkoxyl radical R'O and an
unstable trioxyl (RO,) intermediate, which then further dissociates into another alkoxyl
radical and triplet molecular oxygen.”™ In the publication II, we found that at least for
the studied MeO,Me system, the concerted decomposition directly to two alkoxyl radicals

and O, is the preferred mechanism.

The three-body decomposition yields a triplet molecular oxygen and a triplet pair of
alkoxyl radicals, so the CL from triplet carbonyl is easily explained by the HAT reaction

between the alkoxyl radicals, which yields the carbonyl compound in the triplet state.
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Moreover, this mechanism explains all different observed reaction products (Fig. 3.3), as

well as the reactivity of the RO, radicals that do not have a-peroxyl hydrogen atoms.

-R'O

dlssomatlon

— RO +R'O
hN
(Ry=0) '(RO..RO)
&
N\
ISC ISC &

Fig. 3.3: The three-body decomposition mechanism of the RO4R’ and the possible product
pathways. The products surrounded by solid boxes are the major products observed in RO, +

R’O, reactions. The products in grey-shaded boxes are usually minor products for simple R.

3.3 Reactivity Trends and Product Distributions in RO,+

R'O, Reactions

The reaction rates of RO, + R'O, are system dependent and affected by various fac-
tors. The ROO—OOR’ bond formation itself is likely a barrierless process, because
radical-radical recombination reactions are electronically exoergic. Energy barriers may
be present for other reasons, such as intermolecular binding between the peroxyl radicals
that must be broken to form the tetroxides, or a free energy barrier caused by the entropic
penalty of forming a single molecule from two reactants. However, the largest contributing
factor to the reaction rate appears to be the energy difference between the free RO, rad-

icals and the RO, R’ intermediate, i.e. the ROO—OOR’ bond enthalpy, which correlates
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strongly with the experimentally obtained gas-phase RO, +R’O, reaction rate coefficients,
across multiple studied self- and cross-reaction systems.® This strongly suggests that the
rate-limiting step in the gas phase RO, + R’O, reactions is the formation reaction of the
RO,R’ intermediate, and not its decomposition. The RO, + R’'O, reaction rates have also
been found to correlate strongly with simulated lifetimes of the corresponding pre-reactive
complexes RO,...R'O,, which further reinforces the picture that the association reaction

is rate-limiting. 8183

The product distributions can be predicted similarly from binding energies to certain
degree. The decomposition of the RO,R’ intermediate can be assumed to lead to interme-
diate product complexes RO...R’O, RO...O,, and R'O...0,. Apart from special cases
(cf. publication IT) the RO...R'O complexes are more stable than the RO...0O, com-
plexes. Then, the binding energy of the RO...R’O complex correlates with the branching
between the dissociation channel (RO + R'O + O,) and the molecular channels (R.g=0
+ R’OH and ROOR/),3+86 as well as with the novel product channels (ethers and esters,
the R’OR_pycno in Fig. 3.3), which have not yet received much attention apart from re-

87:8% and a theoretical structure-activity-relationship study

cent experimental observations,
that investigated in-complex C-C scission reactions for various model systems.® Weaker
RO...R’0 complexes are more prone to dissociation, while stronger complexes are more
likely to react via the other pathways. The HAT pathway depends on the energy bar-
rier height associated with the reaction.®# The ROOR’ formation requires an intersys-
tem crossing (ISC) within the triplet alkoxyl radical complex to facilitate the peroxide
formation. The ISC rate has been found to be both highly system and conformation

dependent. 848590

Tables 3.1 to 3.3 summarize experimentally obtained bimolecular reaction rate coeffi-
cients (k) for atmospherically representative RO,+R’O, self-reactions, along with product
branching ratios (k;/k = RO + R’O, ko/k = Rg=0 + R’OH, and k3/k = ROOR’). Ex-
perimental results of peroxyl radical cross-reactions and RO, + HO, reactions are not
discussed further in this thesis, but available experimental data has been reviewed else-
where. 2”9 The Table 3.1 shows the data for simple alkyl RO, (cf. Fig. 2.1a), Table 3.2
for B-hydroxo alkyl RO, (cf. Fig. 2.1b), and Table 3.3 for f-oxo alkyl RO, and acyl RO,
(cf. Fig. 2.2b and Fig. 2.5).

Few important things to note before discussing the rate coefficients and branching
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ratios further is that experimental RO, decay rates are sensitive to reactive impurities,
such as residual NO,, and feedback reactions with other R'O, that form in reactions
with non-methyl alkyl peroxyl radicals. The alkoxyl radicals, which are formed in the
tetroxide dissociation, decompose further by [-C-C scission reactions, producing alkyl
radicals that readily add molecular oxygen to produce new peroxyl radicals, and increase
the decay rate of the original RO, by cross-reactions. Well-designed experiments account
for these feedback reactions, but the results from experiments with larger peroxyl radicals
are inherently more uncertain due to the competing reactions. Another thing is that
especially in the older studies, often only the radical channel (RO + R’O) formation rates
are measured along with the total reaction rate, so the contribution of other products is
indirectly determined, and the ROOR’ channel is often completely neglected. Some of
the newer studies report considerable branching to the ROOR’ channel, likely because the
mass-spectrometric measurements are able to detect the peroxide products directly. 4392
The experimental rate coefficients demonstrate clear trends in the reactivity. For
the most part, the simple alkyl peroxyl radicals have the slowest reactions, where the
reactivity notably decreases in order of primary > secondary > tertiary peroxyl radicals.
The hydroxyl group at the S-position enhances the reaction rate by one to three orders
of magnitude. Similar rate-enhancing effect is observed also with the -oxo substitution,
albeit the available data is limited to acetonyl peroxyl reactions. In addition, the ROOR’
pathway appears to be competitive with the other channels, likely because of more strongly
bound RO...RO product complex caused by stronger the intermolecular hydrogen bonds
mediated by the polar side-groups. The acyl-RO, self-reactions are considerably faster
compared to other systems, and demonstrate surprisingly system-independent reaction
rates. None of the experimental studies with acyl-RO, report ROOR’ product yields, but
the corresponding tetroxide intermediate forms with extremely high excess energy (cf.
publication I), so the complete dissociation likely outcompetes other available product
pathways. The corresponding acyloxyl radical products easily decompose to CO, and

alkyl radicals, decreasing the probability to form accretion products even further.
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Table 3.1: Experimental peroxyl radical self-reaction rate coefficients (298 K) and product

branching ratios, simple alkyl peroxyl radicals.

Author Ref. Year k (cm® molecule s1) ky /k ko /k ks /k
CH,0, + CH;0,
IUPAC 93 2002 3.5 x 10713 0.35 0.65 n.a.
Tyndall et al. 94 1998 3.5 x 10713 0.42 0.58 < 0.06
Horie et al. 95 1990 n.a. 0.30 - n.a.
Lightfoot et al. 96 1990 4.5 x 10713 0.29-0.8201  0.71-0.18"  n.a.
C,H;0, + C,H;0,

IUPACE 93 2022 9.7 x 1071 0.3 0.7 n.a.
Shamas et al. 97 2022 1.0 x 10713 0.31 0.69 n.a.
Noell et al. 98 2010 1.2 x 10713 0.28 - n.a.
Sander et al. 99 2006 6.8 x 1071 0.60 0.40 n.a.
n—C3H,0, + n—C3H- 0,

IUPAC 93 2002 3.0 x 10713 n.a. n.a. n.a.
Adachi et al. 100 1982 3.65 x 10713 n.a. n.a. n.a.
n—C;H,;0,5 + n—C;H,,0,

Boyd et al. 101 1999 3.9 x 10713 n.a. n.a. n.a.
i—C4H,0, +i—C3H, 0,

IUPAC 93 2002 1.0 x 10715 0.56 0.44 n.a.
Kirsch et al. 102 1979 8.6 x 10716 0.58 0.42 n.a.
Cowley et al. 103 1982 n.a. 0.58-0.740  0.42-0.26"!  n.a.

t—C,H,0, +t—-C,H,0,

IUPACE 93 2011 2.1 x 10717 1.0 - n.a.
Lightfoot et al. 96 1990 1.7. x 10717 1.0 - n.a.
Osborne et al. 104 1984 0.4-8.8x10716 1n.a. - n.a.

Kirsch et al. 105 1981 n.a. 0.88 0.12

[?] The TUPAC recommendation for this reaction has been updated since the 2006 evaluation.* Up-to-
date information can be found at https://iupac.aeris-data.fr (accessed 22.08.2024).
() Determined for a temperature range, branching ratio range corresponds from lower to higher temper-

ature experiments.
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Table 3.2: Experimental peroxyl radical self-reaction rate coefficients (298 K) and product

branching ratios, 5-hydroxo alkyl peroxyl radicals.

Author Ref. Year k (cm?® molecule 1) ki/k ko/k ksz/k
HOCH,CH,0, + HOCH,CH,0,

Murphy et al. 92 2023 2.4 x 10712 0.37 040 0.23
IUPACE 93 2022 2.2 x 10712 05 05 <0.02
Boyd et al. 106 1997 2.3 x 10712 0.5 05 na.
CH,CH(OH)CH(CH,)O, + CH,CH(OH)CH(CH,)0,
IUPACE! 93 2011 6.7 x 10713 0.18 0.88 na.
Boyd et al. 106 1997 6.8 x 10713 0.18 0.88 n.a.
(CH,),C(OH)C(CH,),0, + (CH,),C(OH)C(CH,),0,
Boyd et al. 106 1997 4.0 x 10718 1.0 - n.a.
cyclo—CgH,,(OH)O, + cyclo—CH,,(OH)O,
Boyd et al. 107 2003 1.6 x 10712 n.a. n.a. n.a.
cyclo—CgHg(CH,),(OH) O, + cyclo—CiHg(CH,),(OH)O,
Boyd et al. 107 2003 2.0 x 10714 1.0 - n.a.

[4] The TUPAC recommendation for this reaction has been updated since the 2006 evaluation.®? Up-to-

date information can be found at https://iupac.aeris-data.fr (accessed 22.08.2024).
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Table 3.3: Experimental peroxyl radical self-reaction rate coefficients (298 K) and product

branching ratios, 5-oxo alkyl peroxyl radicals and acyl peroxyl radicals.

Author Ref. Year k (cm® molecule s') ki/k ko/k ks/k

(B-oxo peroxyl radicals

CH,C(0)CH,0, + CH,C(0)CH,0,

Zuraski et al. 108 2023 4.2 x 10712 0.27 - -
Assali et al. 109 2022 5.4 x 10712 0.60 - -
Zuraski et al. 110 2020 4.8 x 10712 0.33 0.37 0.30
Berndt et al. 43 2018 IUPAC2005 rate n.a. n.a. 0.16
IUPAC 93 2005 8.0 x 10712 0.63 0.37 n.a.
Bridier et al. 111 1993 8.0 x 10712 0.75 0.25 n.a.

Acyl peroxyl radicals

CH,C(0)0, 4+ CH,C(0)0,

Assali et al. 112 2022 1.3 x 1071 1.0 - n.a.

IUPAC 93 2002 1.6 x 1071 1.0 - n.a.

Roehl et al. 113 1996 1.4 x 1071 1.0 - na

Moortgat et al. 114 1989 1.7 x 1071 1.0 - na.
CH,CH,C(0)0, + CH,CH,C(0)0,

IUPACH 93 2009 1.7 x 1071 1.0 - na
Crane et al. 115 2005 1.7 x 1071 1.0 - n.a.
(CH,),CHC(0)O, + (CH,),CHC(0)0,

Tomas et al. 116 2000 1.4 x 1074 1.0 - n.a.
(CH,),C(0)0, + (CH,),C(0)O,
Tomas et al. 116 2000 1.4 x 1071 1.0 - n.a.

(2] The TUPAC recommendation for this reaction has been updated since the 2006 evaluation.®? Up-to-

date information can be found at https://iupac.aeris-data.fr (accessed 22.08.2024).
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Chapter 4

Atmospheric Oxidation of Ammonia

Unlike hydrocarbons, whose predominant fate in the atmosphere is to undergo oxida-
tion reactions, the atmospheric chemistry of ammonia and other amines is more diverse.
Amines are Brgnsted bases, which means that they react easily with acidic compounds
and are much more soluble in water than hydrocarbons. For this reason, most of the
atmospheric reactions of amines are either liquid phase reactions within water droplets,
or clustering reactions with acid molecules, such as sulphuric acid or nitric acid; how-
ever, a small but non-negligible fraction of the amines undergo oxidation reactions. These
oxidation reactions are especially impactful for larger amines, due to their lower water-
solubility, but the oxidation is a significant loss mechanism also for ammonia and other
smaller amines. From here on, the reactions of aminyl radicals are discussed only from

the perspective of NH, radical, which is formed in ammonia oxidation.

The oxidation of ammonia begins with a hydrogen atom abstraction reaction by OH
radical, or Cl radical, which leads to the formation of aminyl radical (NH,). The sub-
sequent reactions of the aminyl radical are bimolecular association reactions with other
radicals, most likely reactions being with NO,, O3, O,. The current understanding of the
relative importance of these reactions is that the reactions with NO, /O, dominate, and

that the reaction with O, is too slow to compete in atmospheric conditions.

The association of NH, with NO is a highly exothermic reaction, which yields a ni-
trosamine (NH,NO) intermediate. Theoretical calculations show that nitrosamines are
photolabile, and may photodissociate back into aminyl radicals and NO. " However, the
NH,NO is formed with high excess energy, so other unimolecular reactions are also pos-
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sible, and the thermodynamically most stable products are N, + H,O,''® which are also
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major products observed in experiments.!!® The reaction of NH, with NO is a so-called
deNO, reaction, because the reaction consumes NO, from atmosphere.

The reaction between NH, and NO, branches to two product channels: aminoni-
trite (NH,ONO) and nitroamine (NH,NO,), which is the lower energy product.'?® The
aminonitrite decomposes to NO and aminoxyl radical (H,NO). Thermalized nitroamine
is relatively stable towards unimolecular decomposition in the gas phase, but if it forms
with high excess energy, it decomposes to water and nitrous oxide (N,O). The formation
of N,O is very harmful to the atmosphere because it acts as a reservoir for NO, and
when it reaches the stratosphere it reacts with atomic oxygen to form NO, which destroys
stratospheric ozone.

Although the nitroamine is the lower energy product, the formation of aminonitrite is
statistically favored, because both reactions are barrierless, and the probability of NH, to
collide with one of the oxygen atoms in NO, is higher than with the nitrogen atom. This
is also reflected in the experimental branching of the end products (75% of H,NO + NO,
25% of H,O + N,0).12

The reaction of O4 with NH, is thought to occur only via single reaction pathway,
where the ozone transfers one of its terminal oxygen atom to NH, to form NH,O and
0,.'#? Further reactions of the NH,O radical, which forms in both NH, + NO, and
NH, + O, reactions, are still uncertain, and require further investigations. The most
competitive reactions are likely HAT reactions to form HNO and, ultimately NO (Fig.
4.1). The oxidation of ammonia has an effect on the tropospheric NO, budget. The

O,
H’N\H : -H02 H 0O -H02

N=0O

Fig. 4.1: Further reactions of the aminoxyl radical in the atmosphere.

various bimolecular reactions of NH, can be categorized into either NO, consuming or
producing reactions (Fig. 4.2). The overall effect depends on the relative concentrations
of NO, NO,, and O,.

The results in manuscript IIT show that also the NH,+0O, reaction may be competitive
in atmospheric conditions. If the association product, aminoperoxyl radical (NH,O,), is

sufficiently stable, then the current understanding about the effect of NH4 oxidation on the



Chapter 4. Atmospheric Oxidation of Ammonia 29

i NO, consuming NO, producing !
i NEN + H0 —=— — o :
' N-6 c') + NO
¢ NEN-O + H 0 =—— —_— H’N‘H

Fig. 4.2: Current understanding on the reactions involved in the atmospheric oxidation of am-

monia.

NO, budget changes considerably. This is because the further bimolecular reactions of the
NH, O, radical with NO, NO,, and O, all have a NO,-producing effect (Fig. 4.3); however,
the thermodynamics and kinetics related to these reactions are currently unknown, and

should be investigated further to assess their importance.

NO H. ,.O. N,
N O" o
1 -NO
& 2
.0 0
. O, 0 NO 7 o
_N | 2 H le) N:- 0 . NO
T e N B BN S A L N N —_—
H™ H H’N‘H l;l [ Xe] -NO; H ' H
H
O3 H.,.O...0. O
No o - 20,
H

Fig. 4.3: Possible further bimolecular reactions of NH,O, with NO, NO,, and O,.
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Chapter 5

Theoretical Methods

5.1 Non-Relativistic Time-Independent Quantum Mechan-

ICS
In quantum mechanics, all properties of a quantum system are described with a wavefunc-

tion ¥.* The energy of the wavefunction is calculated by solving the time-independent

Schrédinger equation (SE):
H|W) = E|0) (5.1)

where |U) is the exact wavefunction, F is the exact energy of state described by wavefunc-

tion |¥), and the # is the exact time-independent non-relativistic Hamiltonian operator:

H=Ty+T.+ U+ Use + Uy, (5.2)

In general, the exact form of the wavefunction is unknown and it has to be approximated,

and also the form of the Hamiltonian operator is often simplified. The accuracy of the
energy in SE thus depends on these approximations.

In practice, the total wavefunction of the system is assumed to be separable to nu-

clear and electronic wavefunctions, as per Born-Oppenheimer -approximation (BO). This

approximation leads to electronic SE:

H.|V.) = E.|U,) (5.3)

2Ground electronic states can also be described in terms of electron density, c.f. Section 5.7 for details.
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where the nuclear kinetic energy is assumed to be zero and the Hamiltonian is reduced to
the ”clamped nucleus Hamiltonian” H.. The solution of the electronic SE, the electronic
energy F., depends on the nuclear positions, because U, |¥.) # 0 and the nuclei-nuclei
potential energy U, is a constant but unique for given arrangement of nuclei. Varying
positions of nuclei as a function of E. maps the potential energy surface (PES) of the
system of interest.

Decoupling of nuclear and electronic wavefunctions (and assuming T, = 0) leads to
negligence of coupling between different electronic states and thus prevents crossings be-
tween electronic states. For this reason the BO approximation is also known as the
adiabatic approximation. For the most part, BO is a valid approximation, but for de-
generate or near-degenerate solutions for electronic SE, the coupling between electronic

states can be substantial. '

5.2 Electronic Wavefunctions — Basis Sets

The quantum state of an electron (n, [, m;, m;) is defined in terms of its spatial and spin

functions:
w(nvlamlﬂms) = (zﬁ(n,l,ml)a(ms) (54)

where 1 is known as a spin-orbital - the product of spatial wavefunction ¢ and spin
function o, which is either "spin-up” (a) or ”spin-down” (8). For an atom, the spatial
wavefunction (atomic orbital, ¢ = x(n,l,m;)), is a product of a radial function (R, ;) and

a spherical harmonic function (Y;,,,):
X(na l7ml) = Rn,l X Yz,ml (55)

The atomic orbitals can be approximated with atom-centered atomic orbitals, such as
hydrogenic orbitals (Schrodinger orbitals), Slater-type orbitals (STOs), or Gaussian-type
orbitals (GTOs). The difference between these orbitals is the different ways of approxi-
mating the radial part of the orbital function. Of these, the Schrodinger orbitals are most
accurate, as they properly treat the nuclear cusp region and allow radial nodes for the
wavefunction. The STOs take into account the nuclear cusp but do not describe the radial
nodes, while the Gaussian-type functions describe neither. Nevertheless, GTOs are often

chosen as the atomic orbital basis, because the nuclear cusp region can be approximated
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by a linear combination of primitive Gaussian-functions, and the GTOs have an attractive
property, the ”Gaussian product rule”, which means that a product of Gaussians is an-
other Gaussian. The latter greatly simplifies and speeds up various integrals in electronic
structure calculations, and is the reason GTOs outperform other radial functions.

For molecular systems, the spatial wavefunction is often constructed using the linear
combinations of atomic orbitals - molecular orbitals (LCAO-MO) method. In this method

the spatial wavefunction is a weighted linear combination of multiple atomic orbitals:

Myasis

¢i = Z CriXp (56)

where ¢,; are the orbital expansion coefficients, x, are the atomic orbitals (fixed one-
electron basis functions), and My,gs is the total number of x,, terms and defines the size
of the basis set. The size of M, is generally larger than the number of electrons, so
a basis set defines N occupied spin-orbitals and My.gs — N unoccupied/virtual orbitals.
The larger the basis set, the more accurate the results of electronic structure calculations
are, but simultaneously the calculations become more time-consuming.

As electrons are fermions, they cannot occupy identical quantum states, as per the
Pauli exclusion principle. This entails that a total electronic wavefunction describing a
collection of electrons has to satisfy the antisymmetry principle, meaning that the wave-
function has to be antisymmetric with respect to any permutation of pair of electrons.
This condition can be satisfied by constructing complete linear combination of all per-
mutations of spin-orbitals and electrons. This linear combination can be written in a
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determinantal form, known as a Slater determinant (SD, |®)),'** which for general N-

electron (e, e, ..., en) case is:

Yier) taler) -+ Pn(er)

1(61
_ 1 Yi(e2)  thole2) -+ Yn(ez) (5.7)
NI : : :

=
2

El
|

1/)1(61\1) 1/}2(61\1) ¢N(€N)

The determinants can be constructed under two assumptions: 1) each spatial orbital
¢ is used twice for pairs of a and g electron, which corresponds to restricted determinant,
or 2) spatial orbitals for @ and § electron pairs are allowed to be different in unrestricted
determinant. However, relaxing the spatial orbitals for a and (3 electrons separately

leads to spin contamination, which means that the spin state of the system is no longer
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precisely determined, but a mixture of spin states. The use of determinants have also a
drawback that a single determinant is not guaranteed to describe a pure spin state — the
determinant is not an eigenstate of 52 operator. On the other hand, linear combinations
of determinants can be used to construct pure spin states, which are also known as

configuration state functions (CSFs).

5.3 Hartree-Fock Approximation

Approximate solutions for electronic energies may obtained by using the Hartree-Fock
(HF) method.'?1?8 The HF method assumes that the ground state wavefunction of
the system can be approximated as a single Slater determinant, ®, constructed from an
orthonormal set of spin-orbitals, {¢'}. The Slater determinant corresponding to the lowest
energy (Egr) is obtained by variational minimization of the energy expectation value (eqn

5.8), while constraining the spin-orbitals to remain orthonormal.
Epp = min (D|H|D) (5.8)

A stationary solution of the variation is satisfied by solving a set of equations known
as the Hartree-Fock equations, which state that the energy corresponding to each spin-
orbital depends on an average electrostatic field caused by all the other electrons (mean-
field approximation), i.e., the optimal solution for each spin-orbital depends on the other
spin-orbitals. Consequently, the lowest-energy solution for the spin-orbital energies is
obtained iteratively, using the self-consistent field (SCF) method.!?® In a LCAO basis
(eqn 5.6), the variables are the orbital expansion coefficients {c,;}, and the method is
known as the Roothaan-Hall method for solving Hartree-Fock equations. 129139 The final,
self-consistent solution is a set of Hartree-Fock spin-orbitals, {¢f'}, corresponding to a

Slater determinant with lowest possible energy — the Hartree-Fock determinant, ® 5.

5.4 Electron Correlation

The single determinant approximation, which leads to the mean-field treatment of elec-
tronic interactions, means that there is no distinction between the various types of in-
teractions between the electrons other than that enforced by the antisymmetry of the

determinant. In the HF method, the electrons are spatially confined in their respective
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spin-orbitals, which restricts their movement and neglects longer range interactions, such
as dispersion. In reality, the electrons are not strictly confined, thus the exact wavefunc-
tion allows the electrons to exist in other regions than the spin-orbitals that they are
confined in the HF method. However, if the ground electronic state of the system can be
qualitatively described with a single Slater determinant, then {1/#£} is a reasonable basis
for describing the individual electronic interactions that the mean-field approximation
fails to capture.

The exact wavefunction is more relaxed in terms of electron-electron repulsions than
the Hartree-Fock wavefunction, and thus corresponds to a lower energy than Fyp. The

energy difference of the exact energy and Eyp is known as the electron correlation energy

.131,132
Ecorr~

Ecxact = EHF + Ecorr (59)

Multiple methods exist that aim to solve this correlation energy by using different ap-
proaches to describe explicit electron-electron interactions. In this section, three meth-
ods will be reviewed: configuration interaction, coupled cluster method, and many body
perturbation theory. These methods are called post-Hartree-Fock (post-HF) or single-
reference methods, because E,, is estimated in terms of {t"¥}, which is not reoptimized

in the post-HF methods.

Eexace ~ E[{Y™ }] = Bup[{""}] + Eoone[{v™}] (5.10)

The accuracy and applicability of the post-HF methods depend on how well a single
determinant describes the ground state wavefunction of the system of interest. For certain
systems, the single determinant approximation does not hold, and a different approaches

are needed. These methods are reviewed in section 5.5.

5.4.1 Configuration Interaction

In the configuration interaction (CI) method,'3*133 the electron-electron interactions are
treated by interactions between electron configurations. These configurations are gener-
ated from the ®yr by "moving” electrons from occupied orbitals to unoccupied orbitals,
in a process called CI substitution. The CI wavefunction is constructed by linear expan-

sion of the interacting electron configurations. If all possible determinants generated from



Chapter 5. Theoretical Methods 36

®yp, within the limits of Mg, are considered, the resulting wavefunction corresponds
to full configuration interaction (FCI) wavefunction, which is an exact solution to the
electronic SE for the chosen basis set:

[Wrcr) = Co |Pur) + Y Ci [00) + Y Cyi [®F) + .+ > Cijn [0 (5.11)

i ij ij..N

where i,j...N are indices of occupied v, and a,b...M are indices of virtual orbitals, M =
Mpasis-N. The first term is the Hartree-Fock determinant multiplied by its Cl-coefficient
(the capital C’s), the first sum term collects all single substitutions from ®yp, the sec-
ond sum term collects all double substitutions, and so on all the way to the N-electron
substitutions in the last term. While the FCI yields the exact energy, it is practically
unattainable for many-electron systems. The total number of Slater determinants in the

CI expansion scales with the total spin, number of electrons, and the size of the basis set

A[basis M, basis
o= (375) (573)
T+5)\5-5

In practice, the Cl-expansions are restricted in some fashion. This is done by either re-

as:

stricting the interaction space and/or truncating the expansion order. Interaction space
restriction means that certain orbitals are not substituted at all. This is often applied
for core electrons and their virtual counterparts, which is known as ”frozen core and
frozen virtual approximation”.!3* Expansion order truncation means that only substitu-
tions up to certain order are considered. Example of a such method is to include only
one- and two-electron substitutions in the Cl-expansion (CISD, CI singles and doubles). 3
These systematically truncated methods are attractive in the sense that the truncation is
unambiguous, but the truncation has an unfortunate side-effect that it leads to non-size-
extensivity and size-inconsistency.” A third way for restricting the size of the CI-expansion
is to carry out the substitutions only in a subspace of the total orbital space. The sub-
space can be chosen such that full Cl-expansion can be done within that space, and thus
the resulting wavefunction is both size-extensive and size-consistent. Such a method is
known as the complete active space CI (CASCI).!3¢ An apparent difficulty in CASCI in

contrast to expansion truncation is that the choice of interaction space is not unique and

some choices are better than others.

bSize-inconsistency entails that E(A + B) # E(A) + E(B), i.e., energy of supermolecular system is
not a sum of its components in the limit of no interaction. Size-extensive methods exhibit linear scaling

of the energy with respect to the number of electrons.
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With truncated CI methods the wavefunction corresponding to the lowest energy can
be obtained using the variational method, similarly to HF, except that variables are the
Cl-coefficients instead of the orbital coefficients. The optimized Cl-coefficients, which
show how much a given determinant contributes to the overall state, provide a valuable
tool for estimating the quality of the Hartree-Fock approximation. For non-degenerate
electronic states, the CI coeflicient of the Hartree-Fock state is often much larger than
any other CI coefficient, which suggests that the overall state is mostly of HF-kind. For
degenerate or near-degenerate states, other electron configurations have sizable contribu-
tions to the overall state as well. As a result, the HF approximation is less accurate, hence

the {yF} are a less accurate basis.

5.4.2 Coupled Cluster Method

Coupled cluster is a method closely related to CI in that the total wavefunction is gener-
ated from the ®yp by the use of substitution operators 7, which generate determinants
from the ®pp up to N-electron substitutions (7 = 77 + T3 + ... + Tw). 37139 However,
the total wavefunction (U¢c) is expressed in terms of an exponential of the substitution

operator acting on the ®pp:
[Woo) =€ |Pur) (5.12)
The exponential is approximated with a power series expansion:
T - 1 L g Loy
e :1+7‘+§TQ+67’ tot T

The 7 is often truncated to second order, and when that is inserted into the power series
and terms of similar excitation order are grouped together, the exponential has the form:
T = 1o+ (Th + (o + %7?)2 + (éff +TiTs)s + (%7? + %757? + ;14”54)4 + o
Even though only one- and two-electron substitution operators are included explicitly,
the power series yields product operators of higher order, up to N-electron substitutions.©
These operators are called the connected operators, that directly generate substitutions
of given order (such as 7: and 7}), and disconnected product operators, such as 7? and
7:7>. The disconnected operators, which arise from the exponential ansatz, ensure that

the U is size-extensive in any truncation order.

“Power series is infinite, but only operator terms up to N-electron substitutions are effective.
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The coupled cluster energy is not usually solved variationally, because the disconnected
operators generate all determinants up to N-electron substitutions, and the variational
solution scales similarly to FCI. Instead, the coupled cluster SE is projected onto the

Hartree-Fock determinant, yielding an expression for the coupled cluster energy (Ecc):
(urH|Yoc) = Ecc (®rr|Yec) = Eco (5.13)

Expressing the left-hand side in terms of the substitution operator, the energy equation

reduces to:

Ecc = Enp + ) _{(t8 + t0th — 249) (Vitdltbaths) — (it ntba)) } (5.14)

i,J

where the ¢¢ and t;’;’ are called the single and double substitution cluster amplitudes,
respectively. These are similar to the Cl-coefficients in that a large cluster amplitude
corresponds to a large weight of the respective substituted determinant in the total coupled
cluster wavefunction. The E¢¢ directly depends only on the single and double substitution
amplitudes, but the amplitudes themselves depend on other amplitudes of the same order
as well as on higher terms. Consequently, the coupled cluster energy can be improved by
taking into account higher order substitutions. The amplitudes are solved by projecting
onto determinants of the corresponding substitution order, which yields a set of equations
that are solved to self-consistency.

Amplitudes of higher than second-order substitutions are extremely time-consuming
to solve iteratively, because of the higher number of substituted determinants compared to
singles and doubles. While full iterative methods, such as CCSDT (all amplitudes iterated

140 may be applied for small systems, other approximations for solving high

up to triples),
order amplitudes are usually used. The CCSD(T) method,**! which is widely regarded
as the "gold-standard” method of quantum chemistry, solves the singles and doubles

amplitudes iteratively, while the triples are obtained with perturbation theory.

5.4.3 Many-Body Perturbation Theory

Many-body perturbation theory is based on the assumption that the exact solution to
the SE can be approached by improving a known approximate solution with an external
perturbation. 2 The exact Hamiltonian is expressed as a sum of the known approximate

Hamiltonian H® and a perturbation operator AV. Similarly, the exact wavefunctions
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and their eigenvalues are expressed as corrections to the known approximate solutions.
Importantly, the higher order corrections to the wavefunctions are expressed in the basis
of the known approximate solutions, {1/¥}. The solution to the perturbed SE is an
infinite set of equations of increasing order of corrections. In practical applications, the
corrections are truncated, most often to the second order, where the energy corrected to

second order (Eprs) is:

) 4+ 5O 4 5O — (05700 () [5(0) | W V) 12
Eprs = EQ + EW 4+ E@ — (9 OOy + (O [V} >+ZE(0>—

(5.15)
0

Electron correlation can be assessed with Mgller-Plesset (MP) perturbation theory. 143
In this method, the unperturbed Hamiltonian is defined as the Fock-operator F, whose
eigenfunctions are the Hartree-Fock spin-orbitals {1/#¥}, and eigenvalues the spin-orbital
energies €. The perturbation operator is defined as the difference between the Born-
Oppenheimer Hamiltonian and the Fock-operator, V=1H-F Applying the pertur-
bational corrections to the ® g state, the second-order energy (MP2) reduces equation
to:

| <(I)HF|]>|(I)?Jb> 2

Evps = Enr + Z T ————

%,5,a,b

(5.16)

The second-order correction to the energy involves a denominator term of orbital energy
differences, which shows that the method is not directly applicable for quasi-degenerate
electronic states, as for such cases some denominators would approach zero and correction
term would approach infinity. Higher than second-order energy correction terms also
involve denominators of energy differences between virtual orbitals, and these can yield
highly divergent correction terms, especially in calculations employing diffuse basis sets. 144
Like coupled cluster method, all the MPn methods are size-extensive, but the energies are
solved by projection instead of using the variational method, so the higher level corrections

to energy do not systematically converge towards the exact energy.
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5.5 Multi-Configurational Self-Consistent Field Method
(MCSCF)

So far the discussed electron correlation methods have been based on the assumption that
the ground electronic state can be approximated with the Hartree-Fock determinant, i.e.,
the ground state is dominated by one electron configuration. In several situations, such
as during formation or dissociation of chemical bonds, and for quasi-degenerate electronic
states, the single determinant assumption no longer holds and consequently the Hartree-
Fock spin-orbitals are an inadequate basis for the electron correlation.

To illustrate the necessity of multiple electron configurations, consider a homolytic
dissociation of a covalent chemical bond in a closed-shell molecule in a singlet state (Fig.
5.1). At the equilibrium structure, the bonding orbital o is doubly occupied and the
overall electronic state is dominated by one electron configuration (@) and the HF ap-
proximation is valid. However, the homolysis of the bond leads to formation of two radical
fragments, where one of the bonding electrons moves to the corresponding antibonding
orbital o*, resulting in an electron configuration with two singly occupied orbitals (@4
and ®,). A single determinant with two singly occupied orbitals does not correspond to
a pure singlet electronic state. To retain the spin purity, a linear combination of the two
open-shell determinants (configuration state function, CSF) have to be used to describe
the wavefunction (®;_5), so at the dissociation limit the qualitative description of the
electronic state requires two determinants. Moreover, between these two extrema the
electronic state is a combination of all these determinants, and all of them may have a

large contribution to the overall state.

The optimal wavefunction describing a collection of configurations,® can be constructed
by combining the orbital optimization from Hartree-Fock theory (SCF) with the CI-
expansion in the configuration basis. These methods are called multi-configurational self-
consistent field (MCSCF) methods. 456 Tn MCSCF methods, the energy expectation
value of the CI wavefunction is variationally minimized, and the variational parameters
are both the Cl-coefficients {C;} of the contributing configurations as well as the orbital

coefficients {c,;} of the basis set.

dWithout loss of generality, the term configuration used here instead of specifying either determinant

or CSF.
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Fig. 5.1: Electron configurations involved in homolytic dissociation of a fictitious chemical bond.
At equilibrium structure, the electronic state is @y, where the bonding orbital o is doubly occu-
pied. At dissociation limit, both the o and o* are singly occupied, and the electronic state is
Dy _o.

In the MCSCF procedure, configurations with large C; have individually large con-
tributions to the overall electronic state, and consequently affect the {c,;}. Such con-
figurations are called strongly or statically correlated configurations, and the purpose of
MCSCEF is to account for at least these configurations. Configurations with small C; have
a negligible effect on {c,;}, but these configurations are far greater in number and collec-
tively have a large contribution to the energy. These configurations are called dynamically
correlated configurations.

The {C;} and {c¢,;} are usually not optimized simultaneously but with an alternating
scheme where the CI energy is first minimized by varying the {C;}, and afterwards the
energy is minimized with respect to the {c,;} with the obtained {C;}, repeated until self-
consistency. 4" Even though this decoupling of variational parameters is done, the {C;}
and {c,;} can be strongly coupled for statically correlated configurations, which leads
to slow trailing convergence of the MCSCF procedure. The convergence can be forced
by using second-order variation methods,#®14 but these are more costly due to energy
Hessian calculations, and these methods may converge into a local minimum instead
of a global energy minimum. Often MCSCF solvers begin with the cheaper first order
variation methods until certain energy convergence threshold is reached and then switch
into second-order variation to reach tighter convergence if necessary.

The MCSCF energy can be minimized using two ansétze, first of which is called the

single-state/state-specific MCSCF (SS-MCSCF method), where the {c,;} are optimized
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to minimize the energy of a single selected CI state. Another possibility is to minimize the
energy with respect to a weighted combination of multiple states, but then the resulting
orbitals are not a lowest-energy solution to any of the states individually, but a compromise
between all of them. This approach is called a state-averaged MCSCF (SA-MCSCF). 145:150
The SA-MCSCF methods are beneficial for estimating excitation processes, because the
SA orbitals are equally representative for all of the involved states. For targeted properties
of a given electronic state, the SS-MCSCF methods are more accurate, and these were

solely used in the research underlying this thesis.

As discussed in Section 5.4.1, the CI expansions are truncated to obtain computation-
ally tractable solutions. For MCSCF wavefunctions, the need for truncations is even more
evident, because the variational space is larger due to the orbital optimization; however,
the number of statically correlated configurations is small and these often differ only at the
occupations of the frontier orbitals of the chemical reaction of interest, or at the valence
orbitals around the HOMO-LUMO gap for quasi-degenerate states. These configurations
can be generated by carrying out the Cl-expansion in the subspace of these orbitals. Fur-
thermore, the size non-extensivity problem of truncated CI methods can be bypassed,
if the subspace of orbitals defining the static correlation is small enough such that FCI
within this subspace of orbitals can be carried out, as in the related CASCI method. The
combination of the CASCI expansion with the SCF procedure is known as the complete
active space self-consistent field (CASSCF) method, %1153 which is the most often used
method in MCSCF calculations.

The CASSCF method systematically generates all configurations from the subspace-
FCI (hereinafter complete active space, CAS), which is ideally chosen such that each
statically correlated configuration arises from the CAS expansion. The CAS method also
yields configurations with small CI coeflicients, so both the static correlation and some
amount of the dynamic correlation are solved simultaneously, depending on the size of
the CAS. The orbitals that are not within the active space, are either doubly occupied
or unoccupied in all configurations, i.e., inactive internal orbitals and inactive virtual
orbitals, respectively (Fig. 5.2). The inactive orbitals are essentially of HF quality, as
these orbitals have same occupations in each configuration in the MCSCF procedure. The
choice and size of the CAS is ambiguous, but it should include at least all the orbitals

that qualitatively define the electronic state — the statically correlated orbitals. Inclu-
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Fig. 5.2: Scheme of CAS expansion of a wavefunction.

sion of more orbitals adds more degrees of freedom to the variational solution and always
corresponds to lower and hence more accurate energy, but at a rapidly increasing compu-
tational cost. The number of CSFs in the CASSCF wavefunction defined by distributing
n electrons among m orbitals, notated as CASSCF(n,m), can be calculated using the

Weyl’s dimension formula: >

4 of CSF in CASSCF(n,m) — 251 ( m+d s> (m 1 ) (5.17)

m+1\m—gn— %n—S

The scaling of the number of CSFs in terms of CAS size is illustrated in Table 5.1.

Table 5.1: The number of configuration state functions with various CAS and spin states.

Singlet, S=0 Doublet, S=0.5 Triplet, S=1
CAS(n,m) # CSF CAS(n,m) # CSF CAS(n,m) # CSF
CAS(2,2) 3 CAS(3,2) 2 CAS(2,2) 1
CAS(4,4) 20 CAS(5,4) 20 CAS(4,4) 15
CAS(6,6) 175 CAS(7,6) 210 CAS(6,6) 189
CAS(8,8) 1764 CAS(9,8) 2352 CAS(8,8) 2352
CAS(10,10) 19404 CAS(11,10) 27720 CAS(10,10) 29700
CAS(12,12) 226512 CAS(13,12) 339768 CAS(12,12) 382239
CAS(14,14) 2760615 | CAS(15,14) 4294290 | CAS(14,14) 5010005
CAS(16,16) 34763300 | CAS(17,16) 55621280 | CAS(16,16) 42474432

There are plethora of other widely used MCSCF methods such as restricted active
space SCF (RASSCF), ' generalized active space SCF (GASSCF),%¢ and adaptive sam-
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pling configuration interaction SCF (ASCI-SCF). "1 The RASSCF and GASSCF meth-
ods are similar to CASSCF, but the active space is further partitioned into subspaces. In
RASSCEF, the active space is partitioned to three parts: RAS1 corresponds to occupied
orbital space, from which a predefined maximum number of substitutions are allowed,
RAS2 is analogous to CAS such that FCI is carried out within it, and RAS3 is an unoccu-
pied virtual orbital space that allows for predefined maximum number of electrons within
it. GASSCEF differs from RASSCF only in that the number and types of subspaces are
arbitrary and chosen at will. The purpose of RAS and GAS expansions is to tackle larger
active spaces, while avoiding the exponential scaling of the full CAS. In the ASCI method
the CI solution is calculated with a predefined CAS, but the adaptive sampling only keeps
configurations with coefficients larger than given threshold value, so the method can be
tuned to account either only for strongly correlated configurations or for additional dy-

namically correlated configurations as long as the solution is computationally tractable.

5.6 Electron Correlation Methods for Multiconfigurational

Wavefunctions

The MCSCF wavefunction accounts for more configurations than the Hartree-Fock wave-
function, but it does not necessarily yield much improved electronic energies or other
molecular properties, because the dynamic electron correlation is largely not accounted
for. For a multiconfigurational state, the dynamic correlation can also be solved with
perturbation theory, configuration interaction, and coupled cluster methods. Examples
of such methods (multireference methods, MR) will be discussed in more detail below.
The research underlying this thesis made excessive use of various MR methods, such
as complete active space second-order perturbation theory (CASPT2), 159160 its jonization
potential - electronic affinity (IPEA) shifted variant (CASPT2-IPEA), ! and N-electron
valence state second-order perturbation theory (NEVPT2).627164 Other used MR meth-
ods were extended multiconfigurational quasi-degenerate second-order perturbation the-
ory (XMC-QDPT2)!% and multireference configuration interaction (MRCI). %6168 The
XMC-QDPT2 method was used solely in its state-specific form, which is exactly equiva-
lent to the multireference second-order Mgller-Plesset method (MR-MP2),'% which will

be briefly introduced along the more detailed discussion of the CASPT2 method. The
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multi-state XMC-QDPT2 theory and MRCI methods will not be discussed in detail.

5.6.1 First-Order Interacting Space, FOIS

A concept central to all MR methods is the definition of a first-order interacting space
(FOIS) — the multiconfigurational reference state and all configurations that have non-
vanishing Hamiltonian matrix elements with the reference.!™ The FOIS can be defined a
priori from the results of the single-reference correlation theories. As an example, the first-
order wavefunction required for the second-order energy in perturbation theory depends
only on the Hamiltonian matrix elements of the reference state and doubly substituted
configurations. The substituted configurations can be expressed in terms of either uncon-

166,171

tracted configurations (UC) or internally contracted configurations (IC). Consider

the nth root of a CAS-type MCSCF wavefunction {\IJSP )} as the reference state:

CAS
OO =" Crn 1) (5.18)

which is a linear combination of all the configurations (®,.) arising from the CAS expan-
sion multiplied by their respective Cl-coefficients {C,,} for the nth state. The FOIS is
formed by generating the substituted configurations by applying substitution operator E
of appropriate order to the |\I'§LO>>. In the UC scheme, the substitutions are carried out for
all the constituent configurations individually (E|®,)), and in the IC scheme the substi-
tution operator acts directly on the reference state as a whole (E |\I/£LO)>). Furthermore, if
all types of substitutions are carried out using the IC scheme, the method is referred to

172 and if some substitutions are uncontracted, then

as fully internally contracted (FIC),
the method is partially contracted (PC).!™ Internal contractions are computationally
much more efficient, but less flexible variationally than uncontracted methods. Moreover,
FIC methods are closer to size-consistency, because the FIC scheme spans the FOIS ex-

actly, while uncontracted and partially contraction schemes include functions outside the

FOIS. 1™

5.6.2 Multireference Perturbation Theory

The CASPT2, CASPT2-IPEA, and NEVPT2 methods are briefly presented. These meth-
ods follow so-called ”diagonalize then perturb” procedure, where the zeroth-order refer-

ence wavefunction is first obtained with CASSCF procedure, and then the solution is per-
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turbed to calculate the dynamic correlation. The CASPT2, CASPT2-IPEA, and NEVPT?2
methods are presented below only at their state-specific formalism, details of their state-

averaged extensions, MS-CASPT2, QD-NEVPT?2, can be found elsewhere. 17176

CASPT2

The premise of the CASPT2 method is to generalize the second-order Mgller-Plesset
(MP2) theory for multiconfigurational reference state: the zeroth-order Hamiltonian 7:10
is defined as a one-electron Fock-type operator, the perturbation operator V defined as
the difference between BO Hamiltonian and H, (f/ =7 - 7:[0), and the higher-order
corrections to the wavefunction are constructed from the zeroth-order basis. The energy
corrections up to second-order are

EO + EO = (WO 00) + @OD0)  and  EE =31 2)""@ 2} i

m#n

(5.19)

where {\11572)} are doubly substituted configurations. Any of the Cl-states {\I/%O)} from the
CAS may be chosen as the reference. CASPT2 employs internally contracted FOIS, while
related MR-MP2 uses fully uncontracted FOIS, otherwise the methods are equivalent.
The FOIS required for second-order energy correction is divided into three subspaces
Vi, Vi, and Vsp, which are the reference CAS state \\IJ%O)> = V,, all the other roots of
the CASSCF solution st&n \\I/,io)> € Vk L V,, and the singly and doubly substituted
configurations from the reference state € Vgp.® The Vsp subspace is further divided
into eight double substitution classes, which are shown in Fig. 5.3. The MP2 theory
cannot be extended directly to MR case, because multiconfigurational wavefunctions are
not eigenfunctions of the one-electron F operator, ' which defines the Ho in MP2. In
CASPT2 and MR-MP2, the zeroth-order Hamiltonian is redefined such that the reference
state and all the interacting states are simultaneous eigenstates of the Ho. This is done

by projecting the F onto the reference state and to all the other interacting states:

'}:[é\/[R*MPQ = 75”.7:_75" + ﬁkﬁﬁk + ﬁsD]:-'}SSD, 751 = Z |3) (W] (5.20)

°If the orbitals involved in the substitution are all active orbitals, the substitution belongs to Vi

instead of Vgp
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Fig. 5.3: First-order interaction space in multireference second-order perturbation theory. The
values in brackets show how many electrons are introduced/removed from the active space in

the substitution, primed classes (V’) involve substitutions within the active space.
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If the reference state is a single configuration, the H, reduces to the MP Hamiltonian,

and the single-reference MP method is obtained.

The second-order energy correction terms (eqn 5.19) in non-degenerate perturbation
theories are sensitive to so-called intruder states, which arise when another state be-
comes close in energy with the reference state. In such cases the energy denominator
AFE,, = BV — E,(co) approaches zero, and the second-order energy correction approaches
singularity. There are various techniques to avoid the intruder states, the easiest way (if
affordable) would be to incorporate the intruder states into the reference function, so the
intruding energy denominators do not emerge at all.'™® Another way to avoid small de-

179,180 wwhere an additional term is added

nominators is by using level-shifting techniques,
to the denominator, such that even for degenerate states the denominator is non-zero.
There are two kinds of level shifts: a real level shift,'™ which adds a constant parameter
¢ to each evaluated denominator, and a so-called imaginary level shift £2/AE,;,,**° which
is inversely proportional to the unshifted energy denominator. Real level shifts systemat-
ically lead to overestimated energy corrections, while imaginary shifts only have sizable

effect for quasi-degenerate denominators, such that the overall perturbational energy cor-

rection is less affected by the shift.

As mentioned before, the multiconfigurational wavefunction is not an eigenfunction
of a one-electron operator, because the CAS space is bielectronic, i.e., active space or-
bitals are eigenfunctions of a two-electron operator. The inactive orbitals of the MC-
SCF wavefunction (always doubly occupied + virtual unoccupied) are eigenfunctions of
the Fock-operator. When a substitution is done either into or from partially occupied
orbital (active space orbital), the corresponding energy denominator involves both inac-
tive/virtual orbital energies and CAS orbital energies, which is ill-defined. The poorly
defined denominators reduce the accuracy of absolute energies, but relative energies can
be accurate due to error-cancellation. However, the error-cancellation only applies if the
static correlation does not change drastically during the simulated process. For processes
where the static correlation changes, such as during bond homolysis, CASPT?2 is not suit-
able. '8 CASPT?2 has been found to yield atomization energies and homolytic dissociation
energies that are systematically too low in comparison to experimental values. Moreover,
the underestimation scales by 2-5 kcal mol™ for each emerging unpaired electron in the

81

dissociation process,'®! so other methods should be used for studying nonisogyric reac-
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tions.

CASPT2-IPEA

A variant of CASPT2, known as CASPT2-IPEA was developed to reproduce more ac-

161

curate homolytic dissociation energies.'®* The IPEA term stems from the generalized

Koopmans’ theorem, 82183

which states that the diagonal elements of the generalized Fock
matrix (orbital energies) correspond to negative ionization potentials (IP) for occupied
orbitals and to negative electron affinities (EA) for virtual orbitals. In this framework,
the CAS orbital energies are weighted averages of IP and EA, because these orbitals are
neither fully occupied nor empty. The purpose of CASPT2-IPEA method is to shift the
CAS orbital energies away from the average towards EA, when a substitution introduces
an electron in an active orbital, and towards IP, when the substitution is from an active
orbital, such that the interpretation of the CAS orbital energies are more consistent with
the Koopmans’ theorem, and the related denominator terms are consequently less erro-
neous. The orbital energy shifting is done by introducing a parameter, which depends on
the energy difference IP-EA shift. The definition of individual IP and EA values for the
CAS orbitals is not clear, so the CASPT2-IPEA method employs a single shift value for
all denominators involving CAS orbitals. The optimal shift value is purely empirical, and
varies for different reactions, and should be benchmarked against either experimental or

more accurate theoretical values, if possible.'® The IPEA shift also alleviates intruder

state problems present in CASPT?2, although it is not its original purpose.'™

NEVPT2

In NEVPT2 method, the zeroth-order Hamiltonian with respect to the active orbital space
is redefined such that its two-electronic structure is taken into account. This is done by

Dyall’s partitioning of the Hamiltonian: '8

HY = HP + HD + HD (5.21)

where the first and last terms are one-electron Fock-type operators that interact with
the inactive and virtual orbitals respectively, and the ’z’:laD term is an exact two-electron
Hamiltonian for the active subspace. In the full-active space limit, this term is equal to the

FCI Hamiltonian. A multiconfigurational wavefunction is also a true eigenfunction of the
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Dyall Hamiltonian (7:[{)3 ), meaning that it does not need to be projected onto the MCSCF
state and its interaction space separately. Apart from the definition of 7:10, CASPT2 and
NEVPT2 methods are very similar, both relying on internally contracted FOIS.

The benefit of NEVPT2 over CASPT2 and all its variants, is that it is completely free
of parameters, and far less susceptible for intruder state problems. In general, NEVPT2
186,187

and CASPT2-IPEA yield comparable dissociation energies and excitation energies,

and the latter can be tuned with the IPEA shift.

5.7 Density Functional Theory

The wavefunction theory states that all information of a quantum system is described
by its wavefunction. However, according to the first Hohenberg-Kohn (HK) theorem,
all information pertaining to ground electronic states are also contained in the electron
density function p.'®® The second HK theorem states that the minimum of the energy
density functional E[p] corresponds to the true ground state electron density, and that a
variationally obtained minimum of the energy functional is an upper-bound to the exact
energy. These two theorems are the basis of the density functional theory (DFT). One
way to obtain solutions for E[p] is by using the Kohn-Sham method (KS-DFT),'® where
the electron density function is approximated with a determinant of non-interacting one-
electron spin-orbitals {¢;} that have the same electron density as the true system of

interacting electrons.! In KS-DFT framework, the exact energy functional is

Elp] = Tkslpl + Unelpl + Jeelp] + Vaclpl, ~ where — p= Z nalgil” (5:22)

where the Txg[p] term is the kinetic energy of the non-interacting particles, Uy[p] the
nuclei-electron attraction potential, J..[p] the Coulombic self-interaction of the electron
density, and V,.[p] the exchange-correlation term. The first three terms are trivially
solvable, but the exact form of the V,.[p] term is not known. This term ideally corrects
for all approximations made in the kinetic energy term, electron-electron self-interaction,
and in exchange interactions. In contrast to wavefunction methods, there is no systematic
way of approaching the exact functional in KS-DFT, even though justified improvements

on the exchange-correlation term can be made.

fThese orbitals are identical to the spin-orbitals used in wavefunction methods, both methodologies

can use the same basis sets.
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The various DFT methods, known as DFT functionals, are otherwise identical but
have different ways for approximating the V,.[p] term. Popular DFT functional types

190,191 meta generalized

include generalized gradient approximation (GGA) functionals,
gradient approximation (meta-GGA) functionals, 219 global hybrid GGA and meta-
GGA functionals, 1%4% and range-separated hydrid functionals.'®® The GGA methods
approximate the V,.[p] term as a function of the p and its gradient Vp,'% which accounts
for the non-uniformity of the electron density in molecular systems. The meta-GGA
methods include also the Laplacians of the electron density V2p. In global hybrid methods,
a fixed fraction of the exchange energy is calculated with Hartree-Fock instead of DFT
exchange. In range-separated hybrid methods, the amount of HF-exchange is distance
dependent. At short distance, the exchange is more DFT-like, but the HF-exchange
contribution increases with distance.

The DFT functionals include short-range dynamic electron correlation by design, but
long-range correlation effects are neglected. These effects can be accounted for by using

empirical dispersion corrections, 197198

which enable more accurate description of weakly
bound systems, such as intermolecular complexes. Due to the partial inclusion of electron
correlation at a fraction of the computational cost of post-HF methods, DFT methods are
great for calculating ground-state structures and properties, whenever suitable. However,
the KS-DFT is a single determinant approximation for the ground state electron density,
and has similar limitations for its applicability as the HF method, i.e., is not suitable
for strongly correlated systems, for which the multiconfigurational methods are required.
There are also multiconfigurational variants of DFT methods, such as multiconfigurational
pair-density functional theory (MC-PDFT),'% where the MCSCF method is used for
assessing the static correlation and DFT is used for the dynamic correlation.

In the research underlying this thesis, DF'T methods were used to obtain initial molec-
ular structures for further calculations, like single-reference electron correlation calcula-
tions or multireference calculations. The DFT methods most extensively used in this

thesis work were B3LYP,200:201 M(6-2X,292 and wB97X-D3,2% which are hybrid-GGA,
hybrid meta-GGA, and range-separated hybrid functionals, respectively.
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5.8 Thermodynamics and Kinetics

In computational studies of chemical reactions, the most valuable results of electronic
structure calculations are the nuclear energies and electronic energies, which are used
to map the PES of the reactions. These surfaces can be used to estimate qualitatively,
whether certain chemical reactions are feasible or not. However, even at absolute zero
temperature, the total energies of molecular systems depend on their vibrational energy
structure. Furthermore, at finite temperature, also rotational and translational energies
contribute to the energy; therefore, to describe any real reaction system theoretically, the

aforementioned contributions to the total energy need to be accounted for.

5.8.1 Molecular Vibrations and Thermochemical Analysis

At the stationary points on the molecular PES, where the gradient of the potential energy
is zero, the molecular vibrations can be treated with the quantum harmonic oscillator
model, where the vibrational energies are obtained from the molecular Hessian — the
second derivative matrix of the potential energy as a function of the 3N Cartesian nuclear
coordinates. Thereafter, the Hessian is mass-weighted with respect to the nuclear masses
of the system and diagonalized to obtain 3N orthogonal eigenvectors. Of these vectors, 6
(5 for linear molecules) describe the translational and rotational degrees of freedom, while
the rest are known as the vibrational normal modes, whose eigenvalues are proportional
to the vibrational energies. The energy of the lowest vibrational state is known as the
zero-point vibrational energy (ZPVE). The sum of ZPVEs and the nuclear energy and
electronic energy of the system (E+ZPVE) defines the lowest possible internal energy of
the system.

At finite (i.e., non-zero) temperatures, thermal contributions by vibrations, rotations,
and translations are calculated with statistical mechanics. The rotations are usually
treated with the rigid-rotor model, and translations with the ideal gas model. The usual
vibrational and rotational models (rigid-rotor harmonic oscillator, RRHO) can be im-
proved if the corresponding fine-structure is of particular interest. This can be done for
example by accounting for the anharmonicity of the vibrations, or motions that resemble
rotations with free or hindered rotor models. The internal energies (U), enthalpies (H),

entropies (S), and Gibbs energies (G) obtained with statistical mechanics are used to
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predict the spontaneity of chemical reactions and are essential in the study of theoretical

chemical reaction kinetics.

5.8.2 Reaction Kinetics

The rates of chemical reactions can be estimated with the thermodynamically corrected
reaction potential surfaces. The kinetic rate laws relate the reaction specific rate coeffi-
cients and the concentrations of the participating reactants with the rate of the chemical
reaction. The rate coefficient depends on the available thermal energy of the reacting
molecules and the thermodynamical features of the reaction potential surface.

A simple, but often used approximation for calculating the rate coefficients, is the
transition state theory (TST),2%4 26 which estimates the rate coefficients as a product
of an encounter frequency, which depends, e.g., on the temperature and the reaction
molecularity, and an exponential Boltzmann factor, which describes the fraction of the
reaction system that is able to attain energy equal to energy state E; with respect to
a lower energy reference state Ej. In TST, the reference energy I corresponds to the
energy level of the reactants, and the E; to the energy of a saddle-point that connects the
reactants to products, so the energy difference E; — E; is the minimum energy required
for the reaction to occur (AE?Y), and the Boltzmann factor describes the probability of
this event. It is convenient to express the Boltzmann factor in terms of Gibbs energies
(G) instead of electronic energies (E), because then the TST rate coefficient equation does
not explicitly depend on partition functions:

©
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AG ) , where p° = — (5.23)
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where k(T') is the temperature (T') dependent rate coefficient, x the transmission
coefficient, kp Boltzmann’s constant, h Planck’s constant, p® the volumetric number
density of ideal gas at a reference pressure p®, M the reaction molecularity, and AG*
the quasi-thermodynamic Gibbs energy of activation.®# The value of the transmission
coefficient is usually assumed as unity, except for reactions where reaction barrier widths
are narrow enough for quantum tunnelling to enhance the reaction rates. This condition
usually only applies for dissociation or isomerization reactions involving hydrogen atoms.

The tunnelling coefficients can be estimated with various tunnelling models, such as Eckart

gQuasi-thermodynamic means that the motion corresponding to the reaction coordinate is excluded.
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potential approximation. 2%’

Apparent limitations of the TST approach is that it is well defined only for reactions
with saddle points in the Gibbs energy surface (AG* > 0), and the exponential part of the
rate coefficient equation assumes that whenever the system has energy larger than AGH,
the reaction is certain to occur, which is not true. Even if the value of AG? is exactly
correct, the rate coeflicient is larger than in reality; therefore, the TST rate coefficient
should be regarded as an upper-limit. To estimate rate coeflicients for barrierless reactions,
more sophisticated methods, such as variational TST,2%%210 are required to obtain reliable

results.
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Practical Guidelines for Carrying Out

Multireference Calculations

6.1 Do you really need to use MR methods?

If the answer to the question above turns out to be no, then you probably should not use
multireference methods, because acquiring good results with them often requires a lot of
trial and error, and you might even obtain more accurate results with other methods that
are considerably easier to use. There are multiple ways to diagnose the electronic structure
of the system of interest before doing any sort of multireference treatments. Many of these
diagnostics rely on comparing the accuracy or weight of the one-determinant reference
approximation to the magnitude of post-HF corrections. The larger these corrections are,
the worse the single-determinant approximation is. Simple diagnostics such as the 77, D1,
and %TAE,[(T)] diagnostics,?!*213 can be obtained using the output of a few CCSD(T)
calculations.

The 7T; diagnostic is based on the magnitude of the ¢; amplitudes, which in turn
express how much singly substituted configurations contribute on average to a total CC
wavefunction. These amplitudes can be obtained from any CC calculation of at least
CCSD quality. The 7 is defined as the Frobenius norm of the ¢; amplitudes divided
by the square-root of the total number of electrons that are substituted in the CCSD
expansion. Generally, 77 values smaller than 0.02 demonstrate that the Hartree-Fock
reference is qualitatively appropriate and that the corrections provided by the CCSD

expansion are minor. Larger values mean that singly-substituted configurations have a
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substantial contribution to the overall state, and that the electronic state may be strongly
correlated. The D; value is defined as the maximum of the matrix 2-norm of the ¢;
amplitude-matrix. Large D; value (> 0.02) means that there are some singly-substituted
configurations that are very strongly correlated with the reference, again suggesting for
static correlation. Similar diagnostics also exist for double-substitution amplitudes,?*
and the recommended threshold values for these are bit more forgiving, because double-
substitutions tend to have larger contributions to the CC wavefunctions than single-
substitutions. It is important to emphasize that the mentioned limit values are based
on empirical observations, so blindly following these thresholds is not necessarily a great
idea.

The %TAE[(T)] diagnostic, i.e., the perturbative triples contribution to the total elec-
tronic atomization energy is another way for assessing the need for multireference methods.
The %TAE[(T)] value requires CCSD and CCSD(T) energies for the system of interest

as well as for its constituent atoms:

_ TAE,[CCSD(T)] — TAE,[CCSD]

% TAE[(T)] TAE,[CCSD(T)]

x 100 (6.1)

where the TAE, are calculated from the atomization energies at the corresponding level

of theory. For example, the total atomization energy for C, H,0. molecule is defined as:
TAE.(CH,0,) = xE¢(C) + yE.(H) + zE.(O) — E+(CH,0,) (6.2)

It has been shown that the size of the %ATAE[(T)] values are proportional to the mag-
nitudes of ¢, and ¢; amplitudes.?'® For electronic states dominated by a single electron
configuration, the correlation energy is usually almost converged already at the (T) level.
However, %TAE[(T)] values larger than 2% suggest the opposite, which means that the
electronic state is statically correlated and converging the correlation energy would require
either multiconfigurational expansion of the reference state or energy contributions from
higher than third-order CC substitutions, which are practically unobtainable for other
than very small systems. In other words, "moderately multireference” systems can be
treated with single-reference coupled-cluster calculations, if these higher-order terms, or
approximations to these terms, are computationally feasible to obtain.

The 71, Dy and %TAE,[(T)] diagnostics provide numbers that can be used to assess the

need for multireference methods, but they do not easily demonstrate how the electronic
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state is correlated; however, the strongly correlated areas of the molecule can be visual-
ized by plotting the fractional occupation number weighted electron density (FOD),?!5
which can be obtained with finite-temperature DFT calculations. Details of the finite-
temperature DFT methods are beyond the scope of this work, further information is
provided elsewhere. 26

If all or some of the diagnostics discussed above indicate that using multireference
methods would be beneficial or necessary, the next two sections discuss general guidelines

for where to start and how to solve some of the issues that will inevitably occur with

these methods.

6.2 Constructing the Multiconfigurational Reference Wave-

function

The selection of the configuration space is likely the most time-consuming part of mul-
tireference calculation workflow, but arguably the most important. The CASSCF method
can be recommended as a default approach, due to its ease of use and robustness. The
CASSCF method involves the construction of the CAS, which in practice is formed by
selecting a set of orbitals most representative to the studied problem. For studying chem-
ical reactions, where bonds are formed or broken, this orbital set should include at least
all the bonding and antibonding orbitals of the chemical bonds relevant for the reac-
tion. For simulating excitation processes, the orbitals involved are often those around the
HOMO-LUMO gap.

Usually, the CASSCF calculations are preceded by calculations with another method,
such as KS-DFT, that is used to generate preliminary orbitals that can be visualized to
aid in the selection of the CAS. These calculations yield canonical molecular orbitals,
which are delocalized across the whole body of the molecule, and therefore offer little
guidance in CAS selection; however, these orbitals can be transformed into natural orbitals
(NOs), which are localized around specific bonds or non-bonding lone pairs of the system.
The NOs are similar to the valence-bond theory representation of molecular electronic
structure, which is more familiar to chemists. Another benefit of the NOs is that their
eigenvalues correspond to electron occupation numbers, which becomes very useful in

interpreting the results of a CASSCF calculations, as will be discussed shortly.
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The programs that carry out CASSCF calculations usually require that the active
orbitals are ordered in a sequence around the HOMO-LUMO gap. As an illustrative
example, consider a CAS(4e,40) calculation for a singlet state. The program initially
considers that the orbitals of the preceding calculation represent a closed-shell structure,
therefore the 4 electrons in 4 orbitals requirement is fulfilled by choosing the HOMO and
HOMO-1 as doubly occupied orbitals (2 orbitals, 4 electrons) with LUMO and LUMO+1
as unoccupied orbitals (2 orbitals, 0 electrons). However, these orbitals may not be the
orbitals desired to be included in the CAS, so the actual active orbitals must be moved
or “rotated” into these specific orbital indices before the CASSCF procedure. After the
CASSCF optimization, the natural orbitals corresponding to the active orbitals should be
inspected again to verify that they are indeed the orbitals that were selected.

Like mentioned, the eigenvalues of the NOs are electron occupation numbers. For
usual HF or DFT calculations these are integer values of either 0, 1, or 2, depending
on whether the orbitals are unoccupied, singly occupied, or fully occupied. The natural
orbitals corresponding to optimized CAS orbitals have non-integer occupation numbers.
These values are useful in deciding whether the orbitals included in the active space
contribute to the static correlation or not. If the value is close to an integer, it means
that in the configurations that have large contribution to the total CASSCF wavefunction,
the occupation of the specific natural orbital is almost always the same, and consequently,
almost same wavefunction could be obtained by having that orbital in the inactive space
instead. Such orbitals are called weakly correlated orbitals. As a general guideline, orbitals
with natural orbital occupations of 0.02-1.98 demonstrate substantial contribution to the

static correlation,?'” and these should be included into the active space, if feasible.

6.3 Stability of the Multiconfigurational Reference Wave-

function

For studying chemical reactions, the method for generating the reference wavefunction
should be deterministic, meaning that the electron configurations included are always the
same, independent of the geometry of the system. This ensures that all the obtained
points in the reaction potential surface are comparable and that the potential is continu-

ous. Unfortunately, it is quite common that the active space composition changes during
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the simulated processes. This can be verified by inspecting the NOs and realizing that
some of the orbitals in the active space are not the ones that should be in there. The
changes that occur in the active space composition are related to the CASSCF energy
optimization problem. In the CASSCF method, the orbital coefficients and the CI coef-
ficients are constantly being reoptimized throughout the calculations to reach the lowest
energy solution. Sometimes it occurs that an orbital that was statically correlated in
the beginning, becomes weakly correlated during the simulated process. As a result, the
optimization algorithm decides to exchange that orbital with another orbital from the
inactive orbital space, aiming to reach a lower energy solution. An example of a pro-
cess where this behaviour can be observed is the hydrogen abstraction reactions by O,
where the O, forms HO,. The change in the static correlation, i.e., in the occupation
numbers of the frontier orbitals of O, — HO, process is illustrated in Fig. 6.1. In this
reaction, the hydrogen atom interacts with one of the 7*-orbitals of O, to form a bond,
which is observed as the change of occupation number from 1.04 to 1.98. Consequently,
the corresponding m-orbital of O, localizes on one oxygen atom and transforms into a
p-type lonepair. During the bond-formation process, this localization causes the orbital
to become weakly correlated, and ultimately it exchanges with an s-type inactive orbital

(not shown in Fig. 6.1), leading to the transformation of the active space.

N

4
O, m-orbital O, m-orbital O, 7*-orbital O, 7*-orbital
occ.=1.96 occ.=1.96 occ.=1.04 occ.=1.04

4 4 U
i~

5 ¢ & #

HO, w-orbital HO, 7 /lp-orbital HO, 7*-orbital HO, =*/o-orbital
occ.=1.98 occ.=2.00 occ.=1.02 occ.=1.98

Fig. 6.1: Evolution of the static correlation in the frontier orbitals of O, —— HO, reaction.

Fortunately, there are strategies to prevent or reduce these unwanted transformations.
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After obtaining the wanted active space, the energies of the internal inactive orbitals
can be shifted down in energy with respect to the lowest energy active orbital, or the
virtual inactive orbitals can be shifted up with respect to the highest energy active orbital.
These level-shifts create an energy separation between the inactive-active-virtual spaces,
which helps to preserve the active space composition; however, level shifts should be
used cautiously, because they often enforce convergence also with bad or ill-defined active
spaces. Sometimes not being able to reach reasonable energy convergence with a certain
active space composition is a sign of a poor active space design.

Another way to get around the orbital-rotations is to include the orbitals that cause
the unwanted rotations into the active space. This naturally increases the active space
size, and makes the calculation more expensive, but also makes the resulting wavefunc-
tion more accurate. Lastly, it is noteworthy to mention that rotations within the different
orbital subspaces do not change the CASSCF wavefunction or affect the dynamic corre-
lation energies calculated with any state-specific method, such as CASPT2 or NEVPT2.
However, certain state-averaged dynamical correlation methods, such as MS-CASPT2 and
MC-QDPT are not invariant with respect to orbital-rotations within the active space, but
their newer ”extended” versions (XMS-CASPT2 and XMC-QDPT) do not suffer from this

problem.?!®



Chapter 7

Results and Discussion

7.1 Publication |

The premise of the publication I was that the theoretical modeling of the reaction path-
ways connecting the peroxyl radicals to the tetroxide intermediate and further to the
experimentally observed products had proven extremely difficult and unsolved problem
for quantum chemistry.2!® This is because both the association reaction and the decom-
position reactions involve open-shell electronic structures (Fig. 7.1), whose accurate de-
scription requires multireference electronic structure methods. This requirement was first

realized back in 2003 in a study by Ghigo et al.™

, where they investigated the self-
reaction of methylperoxyl radicals using CASSCF and CASPT2 methods (see Sections
5.5 and 5.6.2 for details of these methods). The same study was also the first to suggest
that an intersystem crossing (ISC) in the decomposing tetroxide (RO - - - O, - - - OR’) is
required to facilitate the formation of the ROOR’ products and ground state carbonyl
compounds in the HAT reactions between the alkoxyl radicals. These ISC processes and
related product formation reactions have been studied in detail in our research group
(publications IV, V| VI and IX).

In publication I, we studied the association and decomposition reactions with a larger
selection of atmospherically relevant model compounds (Fig. 7.3) using multireference
methods. For the most part, we adopted the methodology from Ghigo et al.,™ such that
the stationary structures along the reaction potentials were obtained using the CASSCF
method, using the same CAS(10,8) active space (Fig. 7.2), but the dynamical electron

correlation at the relevant stationary structures was addressed with XMC-QDPT?2 method
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Fig. 7.1: Schematic of the electronic structures involved in the formation and decomposition of

the tetroxide intermediate, black and red arrows represent electrons with opposite spins.
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Fig. 7.2: Natural orbitals corresponding to the optimized CAS(10,8) orbitals,

[CH30--- O, - - - OCH;] decomposition transition state structure.

instead of CASPT2. The CASSCF and XMC-QDPT2 calculations were done using Firefly
software version 8.20.%20

One of the key results from the study was that while the CASSCF(10,8) method
can be used to produce qualitatively correct electronic structures, both the molecular
structures and absolute energies are strongly affected by dynamical correlation. This was
manifested in the relative energy differences of the stationary points when comparing
CASSCF energies and XMC-QDPT2 single-point corrections on the CASSCF stationary
points (Table 7.1). For example, the XMC-QDPT?2 results show that for some systems
the formation and decomposition transition states are below the tetroxide intermediate in
energy. However, the most alarming discrepancies between CASSCF and XMC-QDPT2
were the relative energy differences of the tetroxide intermediate, the reactants, and the
dissociation products. CASSCF results suggested that the decomposition is exoergic
with respect to the tetroxide by 12-24 kcal mol!, depending on the system, while the
XMC-QDPT?2 single-point corrected CASSCEF stationary points show that the dissociation

products are systematically above the tetroxide in electronic energy, with the largest
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Fig. 7.3: The peroxyl radicals studied in publication I.

deviation between CASSCF and XMC-QDPT?2 relative energies being more than 70 kcal
mol™? (R=R’=R-PrNO;—0,, in Table 7.1). Similar deviations were observed also in the
relative energies of the reactant peroxyl radicals with respect to the tetroxide, albeit these
were not as pathological.

Nevertheless, these discrepancies led us to believe that the CASSCF optimized ge-
ometries for the stationary structures are likely quite far off from what XMC-QDPT2
level geometry optimizations would yield, and this was further verified by comparing
the CASSCF optimized stationary structures for the MeO, + MeO, system with XMC-
QDPT?2 optimized structures from I'V. Unfortunately, at the time of the study, we could
not perform geometry optimizations at the full XMC-QDPT2 level for the other studied
reactions.

However, we realized that the isolated reactants, the tetroxide intermediate, and the
isolated products could also be investigated using single-reference methods, so we did
DFT geometry optimizations at wB97X-D/aug-cc-pVTZ level of theory and calculated
single-point corrections at CCSD(T)-F12/cc-pVDZ-F12 level of theory to obtain more
accurate relative energies for these systems (Table 3 in publication I). These relative
energies were much more in line with the XMC-QDPT2 energies than with the CASSCF
energies, but still far from quantitative agreement. The DFT calculations were carried out

using Gaussian16 software, 2! and the coupled cluster calculations were done with Molpro
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Table 7.1: CASSCF(10,8)/6-311++G(d,p) and XMC-QDPT2//CASSCF energies of the station-
ary points along the total reaction path RO, + R'O, — RO....0,...R’O, energies relative to

the RO,R’ intermediate, in kcal mol.12]

R R’ RO, + R0, RO,..R0, [ROO---O0R]! RO,R’ RO---0,---OR" RO...0,...R'O
H H 3.92 (8.42)  -0.32 (2.95) 419 (4.13) 0.00 2.71 (1.71) -12.46 (9.57)
Me H 3.09 (10.88)  -1.23 (4.06) 3.87 (4.65) 0.00 1.21 (1.03) -16.63 (12.62)
Me Me 0.88 (3.72)  -1.27 (-0.56)  1.40 (-3.00) 0.00 2.31 (-3.42) -17.41 (3.98)
Et Et 0.69 (10.71)  -1.73 (5.38) 1.53 (-0.30) 0.00 1.21 (-0.74) -18.37 (13.64)
iPr iPr 047 (6.98)  -2.92 (1.23) 1.06 (-3.69) 0.00 2.97 (-5.40) -17.17 (12.08)
Ac Me 7.48 (19.37)  4.66 (15.82) - 0.00 1.09 (-0.44) -20.33 (14.30)
Ac Ac 1223 (32.04) 8.66 (26.33) - 0.00 0.05 (-0.99) -23.94 (16.59)
Allyl Allyl  1.31(14.30) -1.06 (10.41)  2.73 (3.67) 0.00 0.71 (0.32) -20.17 (18.02)
Ace Ace 236 (19.65) -0.73 (14.24)  3.41 (5.10) 0.00 0.91 (0.72) -22.92 (18.66)
Ace  S-BuOH 3.67 (21.28) -1.64 (13.48)  3.26 (3.58) 0.00 35 (-2.82) -21.49 (45.69)
R-BuOH R-BuOH 3.02 (21.55) -2.40 (1345)  6.64 (6.76) 0.00 1.11 (-3.25) -21.86 (47.58)
R-BuOH S-BuOH  3.57 (20.00) -1.57 (14.26)  3.52 (2.52) 0.00 1.36 (-3.65) -20.87 (18.70)
R-PINO, R-PrNO, 3.44(28.03) -1.82 (18.61)  3.72 (5.08) 0.00 1.46 (-5.11) -22.52 (50.56)

R-PINO; S-PrNO, 4.02 (28.40) -1.32 (17.50) 273 (2.14) 0.00 2.18 (-4.59) -21.65 (25.09)
[ The values outside brackets are CASSCF(10,8)/6-3114+-+G(d,p) relative energies, values inside the

brackets are XMC-QDPT2(10,8)/6-311++G(d,p) energies calculated at the CASSCF optimized

stationary points.

software version 2019.2,%*2?% except for the DLPNO-CCSD(T) calculations, which were
done with ORCA software version 4.2.1,%224225

One thing where the CASSCF and XMC-QDPT?2 descriptions did agree was that for
the most part the barrier heights for the formation reactions were higher than for the
decomposition reactions, suggesting that the association step is the rate-limiting step in

the total reaction, which is in agreement with what has been found in earlier studies. 8052

7.2 Publication ll

In publication II, we continued the work started in publication I. One of the major short-
comings in the methodology that was used in the previous work was that the CASSCF
method yielded reaction potential energy surfaces that were not quantitatively represen-
tative for the studied reactions, even when the energies were corrected with the XMC-

QDPT2 method. Also, it was shown that the CASSCF and XMC-QDPT2//CASSCF
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relative energies did not agree with the relative energies obtained at CCSD(T)//DFT

level of theory.

It is important to clarify why it is beneficial if not crucial that the relative energies
calculated with a multireference methods should ideally agree with the relative energies
obtained at CCSD(T) or higher single-reference methods. The ground electronic states
of individual peroxyl radicals, tetroxides, alkoxyl radicals, and molecular oxygen can be
described with a single determinant reference wavefunction. This enables the use of single-
reference dynamic electron correlation methods, such as CCSD(T), in the calculation of
more accurate absolute energies for these molecules. These absolute energies can then
be used to construct the relative energy picture in the RO, + R'O, — RO,R’ —
RO + R'O + O, total reaction (Fig. 7.4). For systems that require multiconfigurational
reference wavefunctions, such as the open-shell reaction potentials that connect these
molecules in the reaction above, reaching comparable accuracy for the dynamic electron
correlation simply is not computationally feasible due to much steeper computational
scaling of these methods. In other words, computationally tractable multireference meth-
ods are more approximated than the corresponding single-reference correlation methods;
hence, whenever single-reference methods can be used to describe the system or property

of interest, they should be used instead of multireference methods.

SR MR SR MR SR

RO +R'O+0,
RO, + RO,

Electronic energy

ROO:--OOR' RO---0,---OR'

RO,R'

Reaction coordinate

Fig. 7.4: Schematic of the potential energy curve of the RO, + R'O, — RO4R’ — RO +
RO + O, total reaction. SR entails that the corresponding structures and energies may be
solved with single-reference methods, while the MR sections of the reaction surface require

multireference methods.
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In this work, we limited the study to the MeO, + MeO, — MeO,Me — MeO +
MeO + O, model reaction. This was done because this reaction system is small enough
in size that very high accuracy single-reference methods can be used to calculate the
absolute energies of the related species. We used three single-reference approaches: com-
plete basis set limit (CBS) extrapolated CCSD(T) as well as W2X and W3X-L composite
methods.?? The CCSD(T)/CBS calculations were done with ORCA version 5.0.3,%%*7
while the W2X and W3X-L calculations were done using Molpro version 2022.3,228229
and MRCC softwares.?®® In CBS extrapolation, successive calculations of the energy are
carried out using correlation-consistent basis sets, then the convergence of the absolute
energies with respect to increasing basis set size is used to extrapolate to the energy value
at infinite basis set size. The W2X composite method is an all-electron relativistic ap-
proximation to CCSD(T)/CBS, where in addition to the CCSD(T)/CBS calculation for
valence electrons, all-electron effects are accounted with core-valence correlation calcula-
tions and scalar-relativistic approximations. The W3X-L composite builds upon the W2X
method by adding correlation contributions from CCSDT and CCSDT(Q) calculations
with smaller basis sets. Of the three used methods, W3X-L is by far computationally
the most demanding but yields extremely accurate energies. Currently, computationally
tractable W3X-L single-point energy calculations are limited to systems with six or less

heavy atoms.

Then, with the goal to reach accuracy similar to the single-reference methods, we ex-
plored multiple variables underlying calculations with multireference methods: different
active space compositions, basis sets, and different approaches for assessing the dynamic
electron correlation, both as single-point energy corrections and already at geometry opti-
mization level. All multireference calculations were done with the ORCA software version

5.0.3.%27

Using the CASSCF method, we carried out geometry optimizations for the MeO,Me
intermediate, as well as for supermolecular systems of the reactants (MeO, + MeO,) and
the decomposition products (MeO + MeO + O,), where all the species were separated by
30 A such that there is no interaction between the molecules. This ensures that the energy
of the supermolecular system is equal to the sum of energies of the isolated molecules,
given that the method is fully size consistent [E(A+B) = E(A) + E(B)], and thus directly

comparable to the relative energies obtained with the single-reference methods. The
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CASSCEF calculations were done with three active spaces: CAS(6e,60), CAS(10e,80), and
CAS(22e,140). The CAS(6e,60) includes all oxygen-oxygen o-bonding and antibonding
orbitals, and is the smallest complete active space that qualitatively describes the forma-
tion and dissociation of the various O-O bonds in the total reaction. CAS(10e,80) adds
two lonepair/m-type orbitals of the two terminal peroxyl oxygen atoms. Addition of these
to the CAS yields better description of the static correlation between the 7 and m*orbitals
in the molecular oxygen that forms during the decomposition. This CAS(10e,80) is iden-
tical to the one used in publication I. The CAS(22e,140) active includes all oxygen valence

orbitals and electrons, except for the C-O ¢ and ¢* orbitals.

Then, we used CASPT2 and CASPT2-IPEA methods to calculate single-point en-
ergy corrections (see details of these methods in sections 5.6.2 and 5.6.2) for the ob-
tained stationary points. These corrections only gave reasonable relative energies with
the CAS(22e,140) active space. CASPT2 method systematically underestimated the ener-
gies of the open-shell structures, which manifested as too small relative energy differences
in comparison to the CCSD(T)/CBS and W3X-L results. The CASPT2-IPEA method,
which is designed to account for these underestimations, yielded relative energies that
were in excellent agreement with the single-reference energies. Various IPEA-shift values
were tried, with the optimal value being 0.20 a.u. We further optimized the geometries
of the stationary points with CASPT2 and found that for calculating the relative en-
ergies of the isolated species, both CASSCF(22e,140) and CASPT2(22¢,140) geometry

optimizations yield similar results, when the energies are corrected with CASPT2-IPEA.

Lastly, we investigated the reaction potentials of both the association and the decom-
position reactions with CASSCF and CASPT2 geometry optimizations, to address possi-
ble saddle points corresponding to the bond formation or bond breaking transition states
(Fig. 7.5). While the reaction potentials for the association reaction are quite similar
with both approaches (Fig. 7.5a), for the decomposition reactions it turned to out matter
quite a lot, whether the geometries are optimized with CASSCF or CASPT2. CASSCF
optimized reaction potential shows a clear saddle point for the decomposition and a post-
reaction complex, while in the CASPT2 optimized surface the saddle point does not exist
when the CASPT2-IPEA corrections are applied (Fig. 7.5b). It appears that both the
tetroxide formation and decomposition reactions occur on a barrierless potential energy

surface, at least for the studied reaction system. Moreover, the CASPT2(22e,140)-IPEA
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Fig. 7.5: The reaction potential energy curves of the association (a) and decomposition (b)
reactions. CASPT2 (v) and CASPT2-IPEA (o) single-point energy corrections on geometries
optimized with either CASSCF(22e,140) (hollow) or CASPT2(22¢,140) (solid), with cc-pVTZ
basis set. Reprinted (adapted) with permission from J. Phys. Chem. A 2024, 128, 10, 1825—
1836. Copyright 2024 American Chemical Society.

method is able to reproduce the relative energies obtained at high level single-reference
methods, meaning that this method can be recommended for future studies of the various
product formation pathways that occur after the initial decomposition (cf. Fig. 3.3).
However, the CASPT2-IPEA method has its limitations. The optimal value for the IPEA
shift depends on the studied reaction, and while the shift value of 0.20 a.u. was found
to work nicely for the reactions studied in this work, this result is not universal. Here,
we were able to carry out very expensive single-reference calculations to obtain relative
energies to benchmark against, but for larger systems, these calculations would not be fea-
sible. Thus, other methods that would yield results comparable accuracy without relying
on empirical parameters are highly desirable for the study of reactions involving open-shell
electronic structures. Also, to obtain accurate information about the reaction mechanism
pertaining to the decomposition reaction, CASPT2-level geometry optimizations had to
done. CASPT?2 geometry optimizations are resource-heavy calculations to carry out, and
with the currently available computational capabilities, these optimizations are limited
to relatively small systems, so cheaper alternatives are desired for investigating larger

molecular systems.
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7.3 Manuscript Il

The manuscript III deals with the atmospheric oxidation of ammonia. More specifically,
it is concerned with the reaction of aminyl radical (NH,) with molecular oxygen, a re-
action that has been assumed insignificant in atmospheric conditions. Aminyl radicals
are formed when ammonia reacts with the OH radicals or Cl radicals by HAT reaction.
Current consensus is that further reactions of the NH, radical in atmospheric conditions
are bimolecular reactions with NO, NO,, and O, which differs from what is known for
the reactions of carbon- and sulfur-centered radicals that readily add molecular oxygen
to yield the corresponding peroxyl radicals.

The motivation to study the NH, 4 O, reaction specifically is twofold: First, results
from previous theoretical studies of this reaction are inconclusive. While the studies agree,
that the reaction yields aminoperoxyl radical (NH,0,), some studies report that its for-
mation is highly endothermic, while others suggest that it is exothermic. The past studies
have been done using methods that either are not suitable at all for studying reactions
between radicals, or have been correctly done using multireference methods, but the ac-
curacy of the specific methods has been insufficient to make any credible estimates of the
thermodynamics or kinetics of the reaction. Multiconfigurational methods are required,
because NH, is a doublet and molecular oxygen a triplet, so the reaction occurs on an
electronic state consisting of three unpaired electrons. Second, the currently accepted
bimolecular reaction rate coefficient for the NH, + O, reaction, which is about 102! ¢cm?
molecule! s, appears extraordinarily small for a reaction between two radicals. Thus,
we wanted to study, what is the underlying reason for such a slow observed reactivity.

We began the study by calculating the potential energy surface of the association re-
action NH, + O, — NH,0, using NEVPT2/aug-cc-pVTZ level of theory and found
out that the bond formation reaction is exothermic, but considerably less than carbon-
centered radical + O, reactions. This means that NH,O, is relatively unstable with
respect to dissociation back to NH, and O,. We were able to find a saddle-point corre-
sponding to the bond-formation, which enabled the use of transition state theory (TST)
for estimating the rate coefficients for both the formation and dissociation reactions. All
calculations done in this work were carried out using ORCA version 5.0.3.2%7

The calculated rate coefficient for the NH,O, formation reaction was 3.5x1071® cm3

-1

molecule! s at 298 K, which is much more in line with what is known for similar
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Fig. 7.6: Free energy reaction potential surface of the total reaction from NH, + O, to HNO and

NO, at 298 K and 760 Torr, red=oxygen, blue=nitrogen, gray=hydrogen.

reactions. This raised a question of why the currently suggested rate coefficient differs
by eight orders of magnitude from the value obtained in our calculations. It turned out
that the current estimate is from a study that assumes that NO and HNO would form as
the end products in the NH, + O, reaction, and the suggested rate coefficient is an upper
bound for the formation of these compounds. Therefore, we calculated the full reaction
pathway from the reactants all the way to the NO and HNO (Fig. 7.6). We found that
the rate-limiting step in the total reaction is the isomerization of NH,0O, to HNOOH,
and that the calculated bimolecular rate coefficient corresponding to the formation of
NO and HNO is 102* cm? molecule! s! at 298 K, which is even smaller than the upper
bound estimate. In conclusion, the NH, + O, reaction does not yield NO and HNO in
atmospheric reaction conditions, but the initial association reaction between NH, + O, is

rapid and may compete with other bimolecular reactions available to NH,.

Whether the NH, + O, reaction has any relevance in atmospheric conditions, depends

on three factors: 1) the rate at which the NH,O, is formed in comparison to the other
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bimolecular reactions of NH,, 2) the stability of the NH,O, radical, and 3) the rate at
which the NH,O, reacts further. The last factor was not explicitly studied in this work,
but the bimolecular reaction rates of NH,O, are likely similar to those of other peroxyl

radicals.

The competition between the various bimolecular reactions of the NH, radical can
be estimated by comparing the corresponding pseudo-first-order rate coefficients, which
depend on the bimolecular rate coefficients and the concentrations of the reacting species:
NO, NO,, O, and O,. The atmospheric concentration of oxygen is always at least five
orders of magnitude higher than the other compounds, which means that even if the
bimolecular rate coeflicient of the NH, + O, reaction was five orders of magnitude smaller
than for the other reactions, it would still be competitive reaction pathway. Our results
suggest that the NH, + O, reaction rate coeflicient is similar to that of NH, + O; and
only two orders of magnitude smaller than those for reactions with NO and NO,. So the
rate at which NH, and O, react in atmospheric conditions greatly exceed the rates of the

competing reactions.

Because the NH, + O, — NH,0, reaction occurs with a much higher rate than the
other possible reactions, it can be assumed that the association and dissociation reactions
reach equilibrium before the other reactions can occur. The relative concentrations of
free NH, and NH,0, at equilibrium can be estimated from the equilibrium constant of
the NH,, + O, == NH,0,, reaction, which in turn depend on the rate coefficients of the
association and dissociation reactions, and the concentration of O,. It is important to note
that rate coefficients calculated with transition state theory can be larger than in reality,
but because both the association and dissociation reactions were studied with TST, the

possible overestimation is cancelled in the formulation of the equilibrium constant.

Finally, we proceeded to model the equilibrium in different temperatures and pres-
sures, as well as a function of altitude (Fig. 7.7).* We found that the fraction of NH,O0,
is surprisingly large in various atmospherically relevant conditions, especially at low tem-
perature and high pressure, and is the dominant species in these conditions. These results
suggest that large fraction of ammonia oxidation proceeds through the NH,O, radical,

which greatly changes the current understanding of how ammonia oxidation affects the

aThe temperatures and pressures at the varying altitudes were calculated with the barometric formula,

see section S5 in the Supporting Information of Manuscript ITI for details.
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Fig. 7.7: Fraction of NH,O, at typical tropospheric conditions, and 21% O, percentage. (a) At
total pressures of 200 Torr (black), 400 Torr (red), 570 Torr (blue), and 760 Torr ( ), in
temperature range of 230-330 K, and (b) as a function of altitude 0—10 km, the square symbols
represent global mean surface temperature of 288 K, and dashed curve with triangle symbols

corresponds to polar surface temperature of 263 K.

global NO,-cycle (cf. Fig. 4.2 and Fig. 4.3).



Chapter 8

Conclusions and Future Outlook

In the beginning of this thesis, three main objectives were introduced: 1) find and optimize
computational methodologies required for accurate descriptions of chemical reactions oc-
curring on complex electronic states, 2) apply these methods to further the knowledge of
reactions relevant for the atmosphere, and 3) promote the use of multireference electronic

structure methods as a tool for studying chemical reactions.

The first two objectives have been a central theme in all the original publications of this
thesis, and these goals have been improved in each successive publication. This progress
highlights that the methodologies chosen for carrying out the research have turned out
to be successful. The last objective has also been an integral part of the research and
publications, but even more so some kind of personal goal that I wanted to use this thesis
to convey. In my experience, the multireference methods are praised and recognized in
the computational chemistry community, but not many people know how to use them
properly, and many tend to steer away from them. I also had no idea how to use them
when I began my PhD studies. I hope that this thesis reduces the intimidation associated

with the use of these methods, and enables them for a wider audience.

One of the original research questions, that my PhD studies began with, was to develop
a methodology, with which the chemistry between peroxyl radicals can be comprehensively
studied. The research done for this dissertation has successfully solved a part of this
problem, but important aspects are yet to be explored. For example, the studies of the
various product formation reactions with these methods remains largely unfinished. These
reactions are just as central as all the processes that this dissertation specifically dealt

with. However, potential tools for studying these have now been identified, and their



Chapter 8. Conclusions and Future Outlook 74

applicability remains to be determined in future work.

The reactions selected as topics for this dissertation are just a few examples of im-
portant reactions in the atmosphere. Now that methods suitable for their description
have been found in this dissertation, the natural next step is to continue to study other
relevant reaction systems, for which the current understanding is limited. However, one
clear limitation of the methods used in this research work is that at the present moment
they are only readily applicable for small systems. Therefore, there is a clear call for
new methods that are able to handle larger systems with similar accuracy, or alterna-
tively, the computational scalability and parallelizability of the existing methods should
be improved.

I conclude this thesis with a personal anecdote of this entire doctoral journey. The day I
started doing my PhD, my supervisor set me out with words that were equally encouraging
and depressing: ”This is a very high risk-high reward project. It is very likely that we will
not solve this problem at all during your PhD, but if we find something, even just a little,
it will be a big thing.” So naturally I, who had close to zero experience in computational
chemistry and equally much ability to judge how difficult it would be, accepted the task,
because what I did have was all the healthy self-confidence to fool myself into it. I had
become aware and interested in computational chemistry already some time earlier after
attending a seminar, where the speaker proclaimed that ”...computational chemistry, yeah
the theory of it is hard, but you can do all the cool simulations first, and learn the theory
later.” Now that I am reflecting back to the days I started this PhD, I feel I followed this
instruction too much to the letter. If only I had known then what I know now: I can
wholeheartedly recommend anyone adopting multireference methods to their toolkit to
do some research into the underlying theory before running extensive sets of calculations.

I know it sounds like a pain, but you can thank me later.
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